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Aerial view of fringing reef in Indonesia.
[Source: Scuba Diver Life, 2017]
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ABSTRACT

As the sea level rises, millions of vulnerable homes will be put at risk. Simultaneously, vital coastal habitats are
disappearing due to pollution and rising ocean temperatures. The domain for this thesis will focus on a coastal
region in Makassar, Indonesia, where the research ambition is to generate ecologically resilient, multifunctional
offshore structures for urban living. The design of these structures aims to perform at multiple scales. Firstly, it
seeks to support an underwater ecosystem through a porous topology capable of occupation by marine life from
the cellular level. This will provide opportunities for the structure to act as a substrate for coral grafting and as a
sheltered habitat for reef fish. Secondly, the larger aggregation and distribution of these structures will be tested
using fluid dynamics simulations to demonstrate resilience to wave action. The objective of these experiments will
be to prevent erosion while maintaining a dynamic, living coastline. The research will further investigate fabrication
processes and construction systems appropriate for the local conditions, which will inform the architectural
configurations for vertical adaptation above sea level. The final design proposal will endeavor to synthesize the
desired ecological and hydrodynamic outcomes with long-term architectural strategies for a changing climate.

REEFormation
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Where it all began...
[Source: Jennings, 2012]
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INTRODUCTION

This document describes thesis work pertaining to an original inquiry of
design research. The intent is to develop a design solution for multiple
interrelated problems caused by an emerging climate regime. This is
achieved through a process of synthesis, by advancing and combining
existing independent strategies. The result is a new, multi-functional
design typology for climate-adaptive urbanism grounded in an ecologically
engineered building system.
The thesis takes place within a context of a design studio. As such, the
knowledge outcomes consist not only of the theoretical project, but also in
the development of an active design and material practice, which applies
theoretical principles to digital modelling, advanced fabrication, and
scientific experiments. Case studies and solution precedents provide the
initial data and evaluation criteria for these studio explorations. Subsequent
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investigations consist of iterative design processes. This mode of work allows
for the realization of new insights, forms, and techniques which contribute
to the latest architectural and urban discourse.
Three fields of inquiry are explored in this thesis: dynamic material systems,
advanced fabrication, and ecological urban design in emergent biomes.
The book is divided into critical design stages, each of which is organized
into chapters. The first chapter defines the research foundation, which
culminates in a research question defining the design ambition. Subsequent
chapters describe research and design development, and close with the
final proposal. Supporting text and design illustrations work to express both
the design ambition and the outcomes. In the concluding chapter, outputs
are evaluated against the original intent and assess whether a significant
contribution was made in the fields of architectural and urban design.
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Satellite photograph of a dynamic coastline.
[Source: Arnold, 2018]
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CLIMATE CHANGE

The Earth is in a climate crisis. Since the preindustrial era, anthropogenic greenhouse gas
emissions have driven unprecedented volumes
of carbon dioxide, methane, and nitrous oxide
into the planet’s atmosphere. (IPCC, 2014, p. 4)
The consequences of these activities present
tremendous hazards to both natural and human
systems, and must be addressed in order to
preserve life on the planet. (IPCC, 2014, p. 6)
Every year, life in the biosphere has been
successively warmer than the last. (IPCC, 2014, p.
3) The Earth’s climate system consists of complex
interactions between the planetary air and water
supplies which are fuelled by the Sun’s energy.
Global warming is caused by an increase in stored
energy within the system, which is altering longestablished patterns. The Earth’s oceans account
for more than 90% of the stored energy, which
is affecting global hydrological networks. Ocean
warming is the largest near the surface at a depth
of up to approximately 75 meters, and the presence
of carbon dioxide in the water has increased its
acidity by 26%. Most marine organisms occupy this
upper layer of the ocean, known as the epipelagic
zone, and they have responded to these effects
by shifting their geographic ranges and migration
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patterns. (IPCC, 2014, p. 6) As their abundance is
threatened, human food resources will be severely
impacted.

based coastal management will be required. (IPCC,
2014, p. 27)

The successive loss of sea ice each season is also
affecting the Earth’s oceans; in the last century,
the global mean sea level rose by 0.19 meters
as a result of this phenomenon. (IPCC, 2014, p.
6) The overall rise in sea level has also directly
contributed to an increase in extremes. Flooding
caused by storm surges has also been observed
to intensify, compounded by the increase in
frequency and strength of storm events. (IPCC,
2014, p. 7-8) According to the IPCC, (2014, p. 13)
this trend is projected to “continue for centuries
even if the global mean temperature is stabilised,”
which signifies that low-lying coastal settlements
and ecosystems around the world are already at
risk.

The Intergovernmental Panel on Climate Change
(IPCC) is the general authority on the climate
crisis. Their latest report at the time of writing
generally suggests two possible modes for
coastal adaptation: fight or flight. The first mode
consists of building sea walls to provide shortterm protection from inundation and erosion.
However, employing this strategy will eliminate
or put additional pressure on vital ecological
zones, like coastal wetlands and intertidal areas.
These ecologies provide vital habitats for a species
which, directly or indirectly, contribute to human
resources. Though sea walls effectively protect
human interests, they undermine the ecological
component necessary to ensure health and
survival.

To survive, both human and natural systems
will have to adapt to the changing climate. This
approach will require local, community-based
strategies for managing natural resources,
supporting biodiversity, relieving stress on the
ecosystem, and preventing habitat loss. Coastal
protection structures that integrate ecosystem-

The second mode is managed retreat, or
migration out of low-lying areas threatened by
inundation. This approach would allow natural
coastal and ecological processes to subsume the
coast. However, though this provides long-term
protection to human life, it presents significant
challenges by undermining property rights and

19
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An island protected by seawalls.
[Source: Battleship Island, 2008]
20

Emergent Technologies and Design

enabling the loss of communities and ancestral
lands. (IPCC, 2014, p. 98) It also potentially
creates distance between human settlements and
much-needed coastal resources. Retreating to a
permanent location away from flood zones may
inadvertently cut people off from the coastlines
on which they depend.
Both methods have one thing in common: they
solve one problem while exacerbating another,
resulting in equally ineffective long-term strategies
for human living. This thesis proposal aligns itself
with a third approach: in-situ retreat. This strategy
allows dynamic ecological processes to take place
as longs as there is a gradual, managed transition
of inhabitants from vulnerable sites to new
developments equipped for vertical adaptation
to water. This implies that the lower portions of
these structures must be able to support marine
life, by contributing actively to the regeneration
of coastal ecologies – in parallel to any productive
landscapes, as economically required.
To design for climate change effectively, it is
important to first understand the IPCC projection
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models, known Representative Concentration
Pathways (RCPs). These are emissions scenarios
used to calculate future greenhouse gas
concentrations. The RCPs essentially provide the
base data for other simulations, such as those
used to project storm surges and sea level rise.
At the time of writing, there are four emissions
scenarios until key year of 2100: RCP2.6, RCP4.5,
RCP6.0, and RCP8.5. The first (RCP2.6) describes
a stringent mitigation scenario in which emissions
are resolutely restrained. This scenario maintains
global warming below 2°C above pre-industrial
temperatures (per the Paris Agreement). The
second and third scenarios (RCP4.5 and RCP6.0)
describe intermediate outcomes. The fourth
(RCP8.5) describes a worst-case scenario, in which
emissions are not constrained at all. (IPCC, 2014,
p. 8)
In architectural practice, it is standard to adopt
the most stringent or conservative margins –
whether for life safety, structural parameters,
code conflicts or accessibility. This thesis will
adopt in the same approach with respect to a

changing climate, by referencing the best available
regional data for a RCP8.5 scenario wherever
possible. This does not, in any way, indicate a
resignation to pessimism. Rather, it represents an
ambition to propose a design that works across a
multitude of contingencies. Where this data may
not be available, a more conservative figure will be
implemented.
Anthropogenic greenhouse emissions will
affect economic activities, energy use, land
use, technology, and policies – all of which
will influence the local human lifestyle and
population. This thesis proposal will not be able
to comprehensively address climate change, and
therefore may not even be as radical as it ought
to be. However, the objective of this proposal is
not to provide a fixed solution to these problems,
but rather present a prototype which is based on a
broad enough and deep enough body of research,
so that other practitioners across disciplines may
be able to expand on and improve the paradigm it
is attempting to project.
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[Sources: Macky, 2013; Misachi, 201;
ReefBase, n.d.; Sobel, 2018; Weller, 2017]
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I. DOMAIN_site
Satellite image of Makassar, South Sulawesi.
[Source: Bing Maps, n.d.]
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SITE

This thesis aims to demonstrate the potential of
an in-situ retreat strategy for urban adaptation to
climate change. To do so, a biome and site must
be selected to give context to the proposal. Of
particular concern are coastal cities whose exposure
to sea level rise and storm surges is compounded
by rapidly degrading marine ecosystems. In the
northern and southern latitudes, salt marshes and
other wetlands are disappearing or moving inland
primarily due to rising sea levels. In the tropic and
sub-tropic zones, coral reefs are diminishing as a
result of ocean warming and acidification. Both
systems play a critical role in protecting coasts
worldwide; reefs, however, are significantly less
adaptive due to their biological dependencies and
their relatively slow development rates. (Spalding,
Ruffo, et al., 2014)
This dependency signifies that tropical coasts
are under serious threat. Coral reefs around the
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world are experiencing mass bleaching events. In
2016 and 2017, two successive heat waves caused
half of the Great Barrier Reef to bleach. Regional
bleaching naturally takes place every 27 years;
this frequency has increased to an average every
six years. Since it takes about ten years for reefs
to regenerate, the fact that the rate of bleaching
is now exceeding the rate of recovery is cause for
alarm. (James, 2018)
Ocean warming and acidification are the cause
of these events. Marine heat waves cause
coral polyps to expel the photosynthetic algae
(zooxanthellae) upon which they depend on for
nutrients. Approximately 25% of all marine species
live in coral reefs; if corals suffer, it would severely
damage the global marine food network (Rafferty,
n.d.)
It is not only the marine ecosystem that is affected;

human coastal settlements depend on reefs as
well. Reefs are important habitats and breeding
grounds for many species of fish which are
consumed as food. They also protect coastlines
from erosion by dissipating incoming wave energy.
A study on the potential of coral reefs to reduce
storm and flood risks demonstrates that reefs
reduce wave energy by an average of 97%.
This finding suggests that coral reefs provide
comparable wave attenuation to artificial systems
like breakwaters. It is estimated that more than
100 million people benefit from this natural
coastal protection. Simultaneously, 40% of the
world’s population lives within 100 kilometres of
the coast. (Ferrario et al., 2014, p. 1-2) In terms
of risk, Indonesia sits at the top of the list. An
estimated 19 million people in Indonesia live less
than 10 meters above sea level and less than 10
kilometres from a coral reef; 41 million live within
50 kilometres. (Ferrario et al., 2014, p. 6)
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Indonesia is located at the centre of the Coral
Triangle - a six million square kilometre region
known for its staggering marine biodiversity,
including 76% of the world’s coral species.
(World Wildlife Fund, n.d.) Much of the country’s
population of 261 million depends on these reefs
for food, income, and coastal protection. (BBC,
2018) It is the largest supplier of yellowfin tuna
in the world, exporting more than 620,000 metric
tonnes in 2014. (Summers, 2019)
As reefs face growing climate threats, so will coastal
cities. One Indonesian city stands out in particular
for its high population and local concentration
of fringing and barrier reefs: Makassar, South
Sulawesi (formerly Ujung Pandang) is a coastal
city with approximately 1.3 million residents.

The population consists primarily of an ethnic
group known as the Makassarese – relatives of
the Malay and Bugis peoples. The city itself has a
colonial history as a Dutch port, with products of
the region’s fisheries constitute a major export to
the present day. (Encyclopædia Britannica, n.d.)
The city lies on the coast of the Makassar Strait,
which is of great ecological significance to the
region. The strait is vital corridor for migration and
larvae dispersal via the Indonesian Throughflow
(ITF). This current is the foundation of local
biodiversity in Makassar, where humans live in
proximity to a richness of rare species and unique
habitats like coral reefs. The Makassar Strait is thus
both a vital marine ecoregion and an important
resource for local fisheries. (Huffard et al., 2012)

Makassar, like many cities, is dependent on
the local ecology for coastal protection and
sustenance. It is likely that climate change will
contribute to the loss of these resources, exposing
the city to potential environmental and economic
crises. If that is the case, Makassar – like many
other tropical coastal cities around the world – will
need to adapt. For this reason, this thesis proposal
will explore the environmental and ecological
context of Makassar as a case study for future
developments in ecologically adaptive urbanism.
In order to design effectively, however, further
research is necessary to determine the specific
environmental conditions.

Maps identifying high climate risk areas.
Makassar is one city situated on a stress nexus.
[Sources: (Top) Ferrario et al., 2014; World
Wildlife Fund, n.d.; (Bottom) Macky, 2013;
Misachi, 201; ReefBase, n.d.; Sobel, 2018; Weller,
2017]
REEFormation
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Wind and tidal forces.
[Source: Massel, 1999]
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tides

OCEANOGRAPHY

Tides
The tide is a natural rise and fall of the ocean
level that occurs twice a day (or, more accurately,
once every lunar day). This movement is caused
by the gravitational attraction of the Moon and
Sun, which draw the Earth’s waters from one
side to the other. When the Sun and the Moon
are in alignment, the Sun enhances the Moon’s
gravitational pull, creating higher tides than
normal. These are called spring tides, and they
occur during the full and new Moon phases. Neaps
tides are the lowest tides in the month which fall
on the first and third quarter phases. The tide is
therefore a pattern of change that has both daily
and monthly oscillations. (NTSLF, n.d.)
Due to the relative positions of the Sun and Moon,
regions in proximity to the Earth’s equator will
experience smaller tidal ranges than those closer

to the poles. However, tidal ranges depend on
many factors, including barometric pressure and
the geomorphology of the continents. In the open
ocean (points beyond the continental shelf) the
tidal range is only around 0.6 meters due to the
extreme depths. In contrast, high tidal ranges
typically occur in places with shallow, continental
seas, where the largest recorded tidal ranges can
be up to 12m. (NOAA, n.d.-g)
The Indonesian Sea is both shallow and equatorial,
which explains why the maximum tidal range in
the Makassar is limited to 1.24 meters. The lowest
tide is approximately 0.04 below mean sea level,
while the highest tide is approximately 1.20 above
mean sea level. (Tide Forecast, n.d.) The maximum
velocity induced by these movements is 0.50
meters per second. (Gordon & Susanto, 2005, p. 2)

Tide Predictions
20.5.2019 - 20.6.2019

[Source: Tide-forecast.com, 2020]
REEFormation
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“High tide and low tide at Crosby, Liverpool, where the
human figures of the modern sculpture Another Place
disappear twice daily under the rising water.”
[Source: Living on Earth, 2017]
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sea level rise

Sea Level Rise

Global warming is responsible for the two
phenomena which contribute to sea level rise:
firstly, the melting of ice sheets and glaciers,
and secondly, the expansion of seawater warms.
(Willis, Kemp and Strauss, n.d.) Sea level is derived
from coastal tide gauge data, which goes back
to 1870. Data collection on the global sea level
using satellite imagery started in 1993. Trends
in both the current and historical data are used
to estimate the annual rates of rise and predict
future sea levels. (NASA, n.d.)

comparison to the global mean values. This
occurs due to a variety of factors, many of which
similarly cause the worldwide variation in tidal
ranges. For this reason, it is important to refer to
regional data. According to the a climate change
vulnerability assessment by the United Nations
Human Settlements Programme, the sea level in
the Makassar Strait rose 7.5 centimetres between
1993 and 2002. Simulations based on this trend
estimate that the regional sea level will rise by
88.16 centimetres by 2025, 1.14 meters by 2050,
and 1.44 meters by 2100. (Taylor et al., 2014, p. 8)
An article published by Bando et al. in the
Australian Journal of Basic and Applied Sciences
uses a different model. According to the simulation
results, the sea level in Makassar will rise by 32.34
centimetres in 2025, 62.45 centimetres in 2050,
92.56 centimetres in 2075, and 122.67 centimetres

Sea level rise projections vary regionally in

in 2100. (Bando et al., 2017, p. 17) This discrepancy

Sea level rise is a serious issue that will impact
both coastal settlements and ecosystems across
the globe. The intent of this project is to design
for dynamic ecological adaptation to sea level
rise, a consideration which will have profound
implications on future coastal urbanism.
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in the results may be attributed to the climate
change pathway used in the simulation. However,
neither source refers to a specific RCP model.
This thesis will therefore refer to a conservative
estimate of 2.0 meters of sea level rise by the year
2100.
The second study indicates areas along the
Makassar Coast considered vulnerable to sea
level rise – particularly the peninsula to the
north of Makassar City. (Bando et al., 2017, p.
18) The peninsula is used entirely for agricultural
land, possibly due to frequent inundation by
storm surges which make the area otherwise
uninhabitable. Due to its vulnerable condition, this
segment of coastline was selected as the site for
design experimentation and development at the
core of this thesis.

31

I. DOMAIN_oceanography

Typhoon Haiyan pounding Hainan Island, China.
[Source: NASA, 2013]
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storm surge

Storm Surge
Storm surges are sea level anomalies caused
by atmospheric pressure changes and winds
associated with a storm event – measured from
the height of water above normal tide. (NOAA,
n.d.-f) Both the frequency and intensity of surges
are projected to increase as a result of climate
change. (IPCC, 2014, p. 15) These surges can be
extremely destructive to coastal areas, and many
cities are not adequately protected from such
conditions.
One common approach towards surge resilience
is to establish a regulatory elevation based on a
maximum anticipated flood scenario, such as one
projected to occur once every 100 or 500 years.

REEFormation

The logic of this approach is that designing for a
worst-cast scenario will greatly reduce the risk
of more frequent or typical conditions. A design
flood elevation may be determined by evaluating
historical information on past surge events.
(FEMA, 2011)

impact of climate change. Researchers in Japan,
having created an accurate computational model
of Typhoon Haiyan, re-simulated the storm under
RCP 8.5 conditions in 2100. The results indicated a
height of approximately 2.5 meters on top of the
original surge. (Nakamura et al., 2016, p. 1673)

Storms in the Indo-Pacific are called typhoons or
cyclones, depending on their location. One of the
most disastrous storms on record in the region was
Typhoon Haiyan in 2013, which had a maximum
surge of approximately 6 meters in the Philippines.
(Nakamura et al., 2016, p. 1650) However, since
surges are expected to become worse by the end
of the century, it is important to account for the

Surge levels, like tides, are highly dependent on the
local bathymetry. While this study does not in any
way suggest that Makassar, in particular, should
anticipate an 8.5 meter storm surge in 2100, it is
represents the best available reference elevation
for design purposes.
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“A powerful wave, captured just North of Margaret River”
[Source: River, 2020]
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currents

Currents
Ocean currents differ from tides in that they are
not caused by the gravitational pull of celestial
bodies, but rather by a combination of the physical
properties of the water itself and the radiant
energy the Earth receives from the Sun.
There are two main types of oceanic currents:
deep water currents and surface currents, which
are separate but not entirely independent from
one another. The separation is determined by a
zone of significant temperature change known
as the thermocline layer. Since most of the Sun’s
heat energy is absorbed within a few meters of the
surface, the relative depth distribution of a surface
current is far less than a deep water current.
(NOAA, n.d.-e)
Deep water, or thermohaline, currents are those
caused by changes in water temperature (thermo)
and salinity (haline) that affect the water’s relative
density. The global thermohaline system is critical
to the Earth’s climate and nutrient structure.
(NOAA, n.d.-c) Surface currents run above the
thermohaline current, driven largely by global
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wind systems. These winds themselves are caused
by temperature and pressure variations as the
ocean water comes into contact with the air. Most
currents are regional, rather than global, typically
forming patterns of movement known as gyres at
the ocean surface. (Gordon & Cenedese, 2018;
Shirah, 2012)
Deep water currents form an inter-oceanic route
that circulates the globe. The Makassar Strait is
part of a circulation system known as the “global
conveyor belt.” The major regional pathway of this
system is the Indonesian Throughflow (ITF), which
carries ocean water from the equatorial Pacific
to the eastern Indian Ocean. (Gordon & Susanto,
2005)
Unlike surface currents, deep currents are not
controlled by winds, surface temperature, or
atmospheric pressures. Rather, these movements
are caused by a complex exchange of heat and
salinity. The process begins with the formation of
sea ice in the northern arctic waters. Salts, unable
to freeze, precipitate into the surrounding waters

and increase their relative density. As this cold,
dense ocean water sinks, a current is formed as
warm, low-salinity water moves to take its place.
Eventually, the global thermohaline current
reaches equatorial seas of the Indo-Pacific, where
it warms and rises. (NOAA, n.d.-d)
Though a slow, deep water current like the ITF has a
reduced effect on coastal dynamics in comparison
to more rapid surface currents, it is important to
establish that the typical depth of the thermocline
zone in the strait – approximately 50 meters – is
what determines the vertical boundary extents of
surface water movements.
The surface currents of the Makassar Strait are
largely controlled by a periodic phenomenon
known as the El Niño – Southern Oscillation (ENSO).
ENSO affects the equatorial Pacific and describes a
broad and complicated range of atmospheric and
temperature variations.
The ENSO phenomenon has two components – sea
surface temperature and atmospheric pressure.
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Makassar Strait Dynamics
Currents

Zones

El Niño-Southern
Oscillation (ENSO)
Wind-driven surface
currents

Simulation
El Niño-Southern
Oscillation (ENSO)
Epipelagic Zone

Temperature

Mesopelagic Zone

Thermocline

Tides

Tides

-50.0 meters

Mixed

-200.0 meters
Indonesian Throughﬂow
(ITF)
Thermohaline deep
water currents

Bathypelagic Zone

Sectional distribution of currents in the Makassar Strait.
[Source: Gordon et al., 2003; NOAA, n.d.-e]
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currents

ENSO currents form when the sea surface
temperature increases and transfers heat to the
adjacent air. In doing so, the atmospheric pressure
directly above the sea surface decreases, initiating
a change in the pressure gradient, causing both
wind and water currents to form. Specifically, the
winds across the tropical Pacific are weakened or
strengthened, which causes the resulting water
currents to oscillate. (NOAA, n.d.-b)
In the Makassar Strait, the observed surface
layer flow (the upper 50 meters in particular) is
shown to correlate with these regional winds.
Notably, these surface currents change directions
seasonally from south to north as the northward
pressure gradient is reduced during the summer
monsoon. (Gordon et al., 2003, p. 824-828) This
current – though irregular – runs north in summer
months at a maximum of 0.80 meters per second,
and south in winter months at a maximum of 0.85
meters per second. (Gordon et al., 2003, p. 827)
In physics, waves are caused by a transfer of
mechanical energy from one material to another.
This transfer of energy propagates through the
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material; the material particles themselves do not
move substantially. Common ocean waves – or
more specifically, surface waves – are driven by
non-periodic wind energy, transferred via friction
between the air and the water.
Waves are described in terms of their wavelength
(L), wave height (H), and periodic amplitude (A),
which is twice the height of the wave. The period
of the wave (T) is the time interval between two
successive crests or troughs. The size, shape, and
break point of waves is determined largely by wind
velocities and depth of the water; thus, coastal
geomorphology is a big factor on wave dynamics.
Water particles affected by wave motion are
characterised by orbital paths. At the top of
the wave crest, the water particles move in the
direction of wave propagation; at the trough,
these particles move in the opposite direction.
This motion is described by elliptical orbits. Since
the upper surface particles induce movement
in adjacent particles, this elliptical movement
penetrates the water continuously to the sea

floor. The diameter of these orbits decreases
exponentially with depth, so at the bottom the
motion is negligible.
Upon observing the seaside, it is possible to
perceive that ocean waves will always approach
the beach perpendicularly to the contour of the
coast. This may seem strange at first, given that
winds travel in all directions. This phenomenon
is due to a complex process known as refraction.
In essence, the wave motion will always re-orient
perpendicularly as a result of changing depths
affecting the orbital paths of water particles.
(Massel, 1999, p. 79-106)
Generally speaking, there are many different types
of waves other than wind-induced ones. Tsunamis
are a special type of one-off wave caused by Earth
tremors. These types of waves, however, appear
to be rare in the Makassar Strait and will therefore
not be included in the design considerations for
this project.
Wind-induced waves, however, are very common.
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Principles of wave refraction, which also describe erosion processes.
[Source: Massel, 1999]
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They are especially of importance to this project
because waves are the primary cause of coastal
erosion, as their energy is transferred to a hard
land surface. During the process of erosion,
waves will create sand and occasionally transport
sediments away from beaches, which move the
coastline inland. (National Geographic, n.d.)
The most important principles regarding wave
motion in this particular project are refraction and
wave-breaking depth. This information is helpful in
making useful design decisions regarding coastal
protection structures, which must therefore be
positioned along coastal contours at locations

in advance of the wave-break point to prevent
erosive forces. In general, a wave will break as it
reaches a depth approximately 1.3 times the wave
height. (Surfing Waves, n.d.)
In Makassar, the typical wave height is in the range
of 0.5-1.5 meters, which means that the waves will
typically break at 1-2 meter depths. (Pradnyana &
Korloo, 2006) This project will therefore situate
structures in advance of the 5 meter depth, which
will force waves to break much sooner. This will
dramatically reduce the risk of erosion, even as the
sea level rises.

“Aerial drone view of surfers in the ocean at Guernsey
Surf School beach surfing”
[Source: Nohat.cc, 2020]
REEFormation
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Principles of wave motion.
[Source: Massel, 1999]
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“A drone image of the coast”
[Source: Anon, 2017]
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COASTAL GEOMORPHOLOGY

The coast is a region where a body of land meets
a body of water. On most maps, the separation
of these bodies is denoted by a line indicating
the mean seal level (MSL). A rather unfortunate
characteristic of this line – from the broader
ecological perspective – is its stubbornness. This
line persists in maintaining an illusion that the
position of the land is fixed, when in fact the
opposite is true. Yet, it is probably no accident that
humans draw maps in this way; land is, after all,
the human domain, the natural habitat of Homo
sapiens. Early advancements in agriculture have
led to a present civilisation organised around
land ownership. It is therefore unsurprising that
humans have grown to depend on the idea of the
land staying put; it is beneficial not only physically
and financially, but to a deeper collective feeling of
habitat security.
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Land, however, is not fixed. While it is relatively
easy to understand water as something that
moves constantly, it takes more time to come to
a realisation that land is also something dynamic
– albeit much more slowly and less obvious to the
human eye. Architects, through the expertise of
soil engineers, must come to this realisation at one
point or another. Many buildings are supported by
foundations that “float” in the soil like “rafts;” a
poorly designed foundation may cause a building
to “sink” or experience differential settlement;
and in certain conditions, the “liquefaction” of
soil can occur. This language, at least conceptually,
illustrates the inherently unstable nature of soil.
To the typical architect, engineer, geologist, or
similarly knowledgeable professional, it is generally
common knowledge that land is not a static body
and has the potential to exhibit dynamic, fluid
properties.

Land situated in proximity to water moves around
– a lot. The term coastal dynamics refers to the
interactions between water and land that cause soil
to shift in its shape or configuration. (USACE, n.d.)
There are two main processes by which this occurs:
erosion and accretion. Erosion is the removal of
soil by the movement of water, while accretion
is the addition of soil by water. The resulting land
formations – known as geomorphologies – are
determined by the magnitude and direction of
current forces, as well as the type of soil affected.
Both processes often act simultaneously – in fact,
a more accurate description would be that erosion
occurs when the rate of erosion exceeds the rate
of accretion, and accretion occurs when the rate of
accretion exceeds the rate of erosion. When these
rates are equal, the result is a coastal equilibrium
in which the profile of the land is more or less
stable. (National Geographic, n.d.)
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Processes of erosion and sediment transport.
[Source: NPS, n.d.]
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As the changing climate alters water dynamics,
so will land dynamics. It is therefore important to
understand how these processes work and how
they will change, in order to effectively design for
a dynamic coastline.
Throughout history, humans have devised a
number of methods by which equilibrium can be
maintained to better serve cities. The study of
maintaining this stasis is called coastal protection,
the primary agent of which is a variety of coastal
protection structures designed by coastal engineers
and maintained through coastal management.
(National Research Council, 1990) However, as
indicated by the IPCC, fighting to keep the coastline
static comes at a tremendous financial cost. This
cost is increasing every year as the changing ocean
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dynamics start to put additional pressure on longestablished cities. (IPCC, 2014, p. 98)
The immediate solution to this problem is to
armour the coastline by expanding the line of
hard defences like seawalls. However, this will not
only require building vertically, but also extending
the line horizontally into new territories beyond
the immediate city. Often, these territories are
home to a variety of creatures which inhabit
the “in-between” spaces of land and sea. Some
spend their lives in water, migrating to shore to
forage. Hard defences meant to stop erosion
cut off these creatures from reaching their food
source. The pressure this places on local ecologies
is concerning. As humans engage in a war with
ocean, marine life is caught in the crossfire.

Many plants and animals rely on dynamic coastal
environments; if these disappear, so do human
resources. (Knapp, 2012)
For this reason it is vitally important to design
future cities to permit a changing and dynamic
coast. Designers, architects, city planners, and
investors together must abandon ideas of trying
to subjugate nature, and work with nature in
achieving their goals. Difficult, expensive, and
time-consuming though this may be, the longterm benefits will outweigh these initial trials. This
thesis aims to show that this is possible, as long as
there is a willingness to think creatively to accept a
new ecologically-oriented urban paradigm.
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Reef crest and drop-off in the Red Sea.
[Source: Guillen, 2013]
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coral reefs

MARINE ECOLOGY

Coral Reefs
“The vast quantities of limestone produced
by corals, their high productivity in otherwise
unproductive seas, the richness of species and
subtlety of biological interrelationship engendered
by them, put coral reefs at the centre of attention
of numerous scientists from geologists and
biochemists to biologists.” (Barnes & Hughes,
1999)
Over six hundred unique species of reef-building
coral are found in the waters surrounding the
islands of Indonesia, a region informally known
as the Coral Triangle. (World Wildlife Fund, n.d.)
This diversity of organisms is astounding, but
even more astounding is their architecture. Large
aggregations of corals – known as reefs – are one
of the few biological communities to be classified
as geological formations. This is because reefbuilding coral species form an underlying limestone
structure, which takes millennia to emerge. A
single colony may produce anywhere between 3
and 15 meters of limestone every thousand years.
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(Barnes & Hughes, 1999, p. 127)
Charles Darwin was the first person to document
reef morphologies in 1842. During his voyages, he
observed and classified the three main categories
of reef formations still in use today: fringing reefs,
barrier reefs, and atolls. Fringing reefs are those
formed close to the shorelines, typically around
rocky coasts. (Barnes & Hughes, 1999, p. 118-119)
As they enlarge and expand, they move outward
from the shore to become barrier reefs. These
colonies are separated from land by a reef flat
or lagoon, which is caused by coral subsidence.
Occasionally the landmass itself disappears from
erosion, while the emergent coral community is
left behind. These formations are known as atolls
– annular reef patches found in the middle of the
ocean, with no protruding landmass. Typically
these formations occur around volcanic islands
that have receded. (Barnes & Hughes, 1999, p.
121-122)

Reef structures are generated by large colonies
of polyps, which occupy a substrate. Though
they are often mistaken for plants, each polyp is a
single animal, closely related to the sea anemone.
They are attached to the substrate via a cup-like
depression known as a clayx. The entire polyp
colony is connected by a thin tissue, within which
reside unicellular, photosynthetic algae known as
zooxanthella. The presence of these algae in the
tissue is what gives corals their distinct colors.
(Barnes & Hughes, 1999, p. 118)
The coral is thus the algae’s biological host. The
two species are engaged in a mutual symbiotic
relationship, in which there is a beneficial
exchange of resources (namely, photosynthates
and metabolites). This exchange is required for a
principal biological activity of coral, which is the
secretion of limestone. This process – an additive
deposition of cementitious material - is what
forms the morphological composition of the reef
matrix. (Barnes & Hughes, 1999, p. 118)
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[Source: NOAA, n.d.-a]

The precise communication between the coral and
the algae – in terms of energy and material flows –
is not exactly understood. What is clear, however,
is that the presence of sunlight accelerates reefbuilding. (Barnes & Hughes, 1999, p. 118) This
explains why reefs located on mainland coasts
emerge only wherever water runoff is low – in
other words, away from river deltas, where
brackish mixing results in suspended sediments.
Since corals rely on photosynthetic algae to
survive, the surrounding water must be clear of silt
and debris, which prevent sunlight from entering
the upper layer of water.
Reefs not only support permanent biological
communities, but also serve as important feeding
and breeding grounds for migratory species of
mammals, fish, and even certain types of seabirds.

(The Blue Planet, 2001) Given that ecological
relationships may be observed even between
individual biomes, there may even be many
more species that benefit from reefs farther
downstream. This list undoubtedly includes
humans dependent on fishing for their income or
diet. Reefs in the Coral Triangle are a vital habitat
for over two thousand species of fish, including
yellowfin tuna – a commercially important
species, of which Indonesia is a top exporter.
(World Wildlife Fund, n.d.; Summers, 2019) Thus
coral reefs, though confined to a narrow range
of environmental conditions, form a critical part
of a larger global network of biological exchange,
which places them at an exceptionally high priority
in the maintenance of life on Earth.
There is a frustrating absence of means by which

to express the perceived injustices of nature,
certainly by those who possess a non-scientific
persuasion, and especially by those who do.
Perhaps there is some perverse law of nature
which decrees that those species most critical to
sustaining life are also most vulnerable to demise.
If there is, it is somehow a betrayal to describe it
in any other way. The fact of it is that coral reefs
are precisely those biological communities most
threatened by climate change; and the other fact
of it is that this is a profound sadness.
The principal threats are the increases in both
the acidity of the ocean and the frequency
of underwater heat waves. The heat wave
phenomenon is known to cause the zooxanthella
(for as of yet unknown reasons) to reject their
coral hosts; this, in turn, is what causes corals to

Hard coral Turbinaria peltata.
[Source: BioQuest Studios, 2018]
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coral reefs

[Source: Drazen, J., 2019]

[Source: Coral.org, 2019]
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A close up of an Acanthastrea sp. coral

Maze coral surface extreme close-up. Possibly
Pectinia sp.

Cyclosteris sp. coral, relative of Fungia sp.

A Tubastrea sp. coral opening at night to feed
on plankton

Side-by-side stereo image for those who are
comfortable with eye-crossing.

Acropora sp coral small branch of a young
colony, around 8 cm in size.

Chalice coral (Pectiniidae). In focus are the
polyps on the periphery. In the background
the center of the colony is visible.

Hard coral (Acropora sp.) ultra-macro. This
image is available as a limited edition print.

Fungia coral with green tentacles.
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coral reefs

Physiology and taxonomy of different types of corals.
[Sources: Barnes & Hughes, 1999, (Top) p.117; (Bottom)
p.119]
Left: Hidden details and colours of corals from the Great Barrier Reef.
[Source: BioQuest Studios, 2018]
REEFormation
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blanch, or become white in colour. Though articles
published recently have proclaimed white corals
to be “dead,” such statements are incorrect;
dead corals are notably black in colour. White
corals are essentially deprived of their required
nutrients, which are otherwise supplied by absent
zooxanthella. Though bleaching may precede
death, a blanched coral is not actually dead; it
is, however, in a state akin to starvation. (James,
2018)
The phenomenon of coral bleaching in of itself
is not the principal cause for alarm. Periodic
bleaching of reefs is a natural process which
accompanies seasonal heat fluctuations within
a standard range as determined by a “normal”
climactic regime. Under these conditions, reefs
have historically demonstrated resilience and
the necessary capacities to recover. However,
as the Earth shifts into a new climate paradigm,
the stresses incurred by reefs will be determined
by the characteristic patterns of climate change
– dramatic increases in frequency and intensity.
Between 2016 and 2017, for example, the Great
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Barrier Reef experienced two underwater heat
waves in rapid succession which collectively
bleached half of the entire colony. The alarming
observation is that the frequency and intensity
of these heat waves is now exceeding the rate of
coral recovery. (James, 2018)
Initiatives have already launched in an effort to
stay ahead of the consequences of corals actually
becoming extinct. Many of these appeared rather
recently in the public eye, evidently in the wake of
the 2016-2017 news coverage about the bleaching
event in the Great Barrier Reef. Since many
solutions remain to be tested under emerging
conditions, it is unclear whether any of them will
be successful long-term. It is promising, however,
that such a high level of public interest has been
observed in response to the threat, and that its
causes have already been identified.
This implies that the public would be willing
to support reef restoration projects, and more
importantly, that engineers and biologists are
able to design solutions. Such initiatives include

biological solutions – such as genetic modification,
selective breeding and transplant of resilient
species of coral onto existing or artificial reefs.
(Warne, 2018) Engineering solutions may also
augment the environment to create climatecontrolled localities by modulating acidity and
temperature through counteractive measures.
The specific features of such biological and
engineering solutions lie outside the scope of
this thesis, as they require high levels of expertise
in fields outside the architectural discipline.
Nonetheless, the objective of this proposal is
to conceive a scenario in which such solutions
could be deployed effectively. In contemporary
coastal cities, it is likely that the demand for reef
restoration technologies is far below the scale
of the threat. By developing an urban paradigm
which prioritizes the integration of ecological
processes, such technologies would not only be
desired, but essential.
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Coral bleaching at Heron Island Feb 2016
[Source: The Ocean Agency / XL Catlin Seaview Survey,
REEFormation
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peoples, cultures, and architecture

ANTHROPOGENIC SYSTEMS

Peoples, Cultures, and Architectures
“The Indonesian national motto, “Bhinneka tunggal
ika” (“Unity in diversity”), makes reference to the
extraordinary diversity of the Indonesian population
that has emerged from the ongoing confluence of
peoples, languages, and cultures.” (Legge et al.,
n.d.)
Situated in Southeast Asia between the Pacific
and Indian oceans, the Indonesian archipelago is a
nation composed of approximately 17,500 islands.
Indonesia is a blend of cultures from Oceania and
the Asian mainland, mixed with Arabic, Indian,
and European influences. In general, people live in
one of two primary environments: fertile volcanic
mountains covered in dense tropical forest,
and 81,000 kilometers of coastline dotted with
peripheral reefs. (Legge et al., n.d.; IPSOS, 2016)
Over time, the region has evolved over 300
indigenous ethnic groups and 600 distinct
languages. The isolating effect of these islands
is a major contributor to the nation’s diversity.
Furthermore, diversity within a single island
often parallels the variations in landscape; ethnic
features, languages, and cultural practices differ
noticeably between inland peoples and coastal
peoples. (Legge et al., n.d.)

About half the population lives in rural areas. Those
that live inland reside in village-style settlements
known as kampongs. (Schefold, 2008) Typically,
kampong communities are engaged in subsistence
agriculture such as wet rice cultivation. (Legge
et al., n.d.) Meanwhile, the coastal communities
rely on fishing and other products of the sea.
Some indigenous groups even practice a maritime
lifestyle, in which they spend their whole lifetimes
offshore (Planet Doc, 2015)
According to anthropologist Lioba Lenhard, for
people like the Orang Suku Laut “the sea and
littoral shore are their living space.” (Schefold,
2008, p. 329) This is in contrast to fishermen who
spend the day at sea, but otherwise live on land.
In the early 1990’s, the Indonesian government
attempted to resettle these offshore communities
unsuccessfully. Following interviews, Lenhard
observed the following:
“People told me that living in houses on land
had been a bad experience. They argued
that they were not used to living on land or
in settlements with a big population. They
were also not able to reach their boats
during low tide…” (Schefold, 2008, p. 333)

One of the reasons the Orang Suku Laut prefer to
live on water – other than the fact that they are
accustomed to it – is for the very reason that it
is located in proximity to the fish that are their
livelihood. Furthermore, living inland exposed
them to an uncomfortably humid, mosquitoridden environment. (Schefold, 2008, p. 333)
The globalized Western perspective assumes that
dry ground is a necessary prerequisite for human
life. Architects, for example, are well acquainted
with the threat that moisture and hydrostatic
pressure poses to buildings. To build, after all, is
to defy the elements, one of which is of water;
in response, people have engineered an entire
arsenal of technologies to divert it – site drainage
techniques, gutters, rain-screens, façade pressure
chambers, sump-pumps, and protective coatings
for damp-proofing and waterproofing. With rising
sea levels, all of these defenses may soon become
symbols of a lost battle.
Yet – as Indonesians have known for centuries –
the presence of water is not inherently antithetical
to human settlement. The wooden dwellings of
the Orang Suku Laut are constructed entirely on
water. Human adaptation is possible, not only

Left: Bamboo stilt houses sit off Bodgaya Island.
[Source: National Geographic, 2019]
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from an architectural perspective, but from a
biological one as well. In South Sulawesi, scientists
have demonstrated that the Bajau people have a
genetic mutation enabling them to free-dive for up
to 13 minutes in depths up to 20 meters. (Gibbens,
2018) In choosing how they live, human beings are
able to control how they develop. In doing so, they
give themselves the opportunity to adapt.
If mutation is an embodiment of adaptation as a
biological directive, perhaps it may be said that
design is an embodiment of adaptation as a human
directive. The architectural diversity of Indonesia
parallels ethnic, cultural, and linguistic features in
that it has developed in response to environmental
conditions. Over three hundred unique traditions
exist, including a type of Austronesian dwelling
known as a tongkonan belonging to the Toraja
people of South Sulawesi. (Manurung, 2017)
According to field measurements and computer
simulations, the design of this residential typology
is environmentally optimised. The interior spatial
patterns, exterior form, and site orientation
of the tongkonan collectively contribute to
stable daylighting and reduced solar heat gains.
(Manurung, 2017) The dwelling is divided into
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three stories: a raised lower level built on piles,
to protect inhabitants from harmful insects and
reptiles; a middle level, for daily activities; and a
top level, for more important or sacred functions.
(Schefold, 2008, p. 333) Village families trace their
ancestral lineage, creating multi-generational
hierarchies which are reflected in the architecture.
(Manurung, 2017) Though fishing is vitally
important to indigenous coastal communities, it
is becoming increasingly difficult. The significance
of mariculture is therefore positioned to increase,
since the changing climate will continue to
disperse and threaten endemic species. According
to the UN Climate Change Vulnerability Report for
Makassar:
“For coastal settlements and the
communities lying off the coast…fishing
is the main economic activity. Fishing is
becoming an increasingly difficult livelihood
due to declining stocks and having to travel
further from the shore. But while fish
production has declined, the value of fish
products has increased.” (UN-Habitat, 2013,
p. 26)
This problem heralds a potential shift toward

mariculture. Indonesia is already the second largest
maricultural producer in Asia, even as it uses only
7.38% of its potential aquaculture area. (IPSOS,
2016, p. 2) According to a 2003-2004 assessment
by the UN Fisheries and Agriculture Organization
(FAO), the total number of mariculture employees
in Indonesia stood at 91,400. The total area
utilized for mariculture production is 981 hectares
– only a fraction of the total potential area of
3,775,539 hectares. The annual output over 981
hectares is 249,242 tons. (FAO, 2019) These figures
correspond to a proportion is 2.73 tons per person
per year, over 100 square meters of productive
area.
Given the steady decline of natural fish
populations, mariculture may indeed be the
best option when considering the special and
longstanding relationship of indigenous peoples
to the coasts. While fishing implies a nomadic
lifestyle, mariculture implies one that is fixed.
This distinction signals the need for a new urban
typology. That is what makes the precedent
for living on water so significant. A new coastal
settlement for Makassar can revisit these
indigenous archetypes, some of which have
already been optimised for the local climate and
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Left: A Bajau man free dives off Mantabuan Island.
[Source: Paley, 2018]
Right: A typical Koraja tongkonan dwelling.
[Source: Connolly, 2016]

have a minimal impact on the environment. This,
in effect, describes the architectural and urban
ambitions of this thesis.
The site is located in Makassar, the largest city in
South Sulawesi. Though Makassar is not a rural
village, most of its inhabitants will share in the
island’s ancestry and culture. Out of respect for
this, it is imperative to state that the focus of this
thesis is ecological. The aim is not to ‘improve
upon’ traditional design – this is a wrongful and
inappropriate sentiment. Rather, this thesis will
suggest a method for climate adaptation by
integrating existing traditional architecture in a
new, ecologically-oriented productive landscape.
As such, the intent is not to appropriate indigenous
design culture, but to situate it within emerging
contexts.
That being said, there are certain design aspects
to consider specific to the project’s location. The
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typical household size, for example, is 5.3 people,
(UN-Habitat, 2013, p. 24) and according to a
publication on Indonesian housing, the standard
of living is set to a minimum of 9 square meters
per person. (Salim, 2015, p. 7) To ensure that the
project is able to provide a good quality of life for
its location, these are the parameters which will
be used to determine the residential areas. The
scale of development must also be addressed with
respect to the impact that sea level rise will have
on the city. An estimated 55,268 households are
vulnerable to displacement. (UN-Habitat, 2013,
p. 50) If each household averages 5.3 people, this
means that approximately 292,920 individuals
will need to be resettled if the city is unable to
absorb the expense of maintaining its current
coastline. The project will aim to accommodate
this displacement and establish food security for
future generations.
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Coastal Protection Measures
The interface between land and sea is subjected to
a constant process of change, which is perceived
as a threat to coastal communities. For this
reason, innovations in engineering have produced
a catalogue of marine structures designed to
secure the coastline. Their primary purpose is to
protect buildings and land masses from erosive
damage. Though there are many different types
of structures and methods, all of them work by
either absorbing the energy of moving water or
disrupting the sediment transport system. (Smith,
2016, p. 46)
Existing strategies are categorized as either hard
or soft defenses, based on their relative levels of
sustainability. In general, increased sustainability
corresponds to decreased permanence. This
means that the methods that work best for
preventing change, though beneficial from a
human perspective, are worst for the dynamic
environment. It is for this reason that coastal
defenses need to be redesigned around the idea
of adaptability, and through knowing the critical
difference between stability and equilibrium.
Neither material nor form is eternal – and coastal
architecture must come to reckon with this by
becoming symbiotic with nature in the face of

increasingly rapid change.
It is important to review the current methods
of coastal protection in detail to illustrate why
they will not work in the long term. Revetments,
bulkheads, and seawalls are hard defenses, often
used in areas subject to high levels of erosion.
(Oyster Restoration Workgroup, n.d.) Observing
these structures battered by extraordinary waves,
it is easy to perceive them as being effective
barriers against the sea. However, any protection
they provide locally is only possible creating larger
problems and shifting them elsewhere in the
region.
In contemplating their design, it becomes obvious
that the presence of hard defenses, by increasing
resistance to a force, must necessarily induce an
increase in water pressure. This pressure must be
relieved somewhere, which is why seawalls have
been described to exacerbate regional upland
erosion. (Nordstrom, 2014) These consequences
are not perceptible to the person standing
observing a seawall; they will be felt, however, by
increased erosion and flooding kilometers away.
Water has way of finding weak points, even at the
larger scale.

Hard defenses will also inevitably cause longterm environmental problems. These include
the elimination of beaches, the intensification
of the surf, and the acceleration of both passive
and active erosion. (Nordstrom, 2014) Since
these structures are permanent, they cannot
allow for a future dynamic coast. They destroy
vital habitats that occur within the intertidal and
littoral zones. Reversing these environmental
problems by dismantling such structures – or even
doing the opposite by expanding them to increase
protection – are both extremely expensive
undertakings. (Beachapedia, n.d.-a; Nordstrom,
2014) Hard defenses therefore provide no
situation in which there is a mutual, long-term
benefit for both people and nature. Even if the
environmental problems are ignored, people want
access to beautiful seascapes, not coasts armored
in concrete. (Watts, 2019)
For these reasons, defenses on the soft side of the
spectrum are a much better choice moving forward.
Yet not all of these options are appropriate, either.
Beach nourishment is a strategy considered to be
a soft defense; it consists of replacing sand on a
beach where it has been lost. However, the sand
supply must be dredged or mined from another

Left: A breakwater under construction.
[Source: GIM, 2018]
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Taxonomy of proprietary designs for
breakwater concrete armour units.
[Source: Smith, 2016, p.49]

Left: Breakwater modules construction and assembly.
[Sources: (Top ) Wikipedia Commons, 2003; Acropod (Bottom Left)
Martín, 2017 (Bottom Right) Abubakr, 2017 ]
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location, after which it is transported by truck
or pipeline to the beach. This method is laborintensive and represents a perpetual expense
if the coast is subject to continued erosion.
(Beachapedia, n.d.-a) Beach fill is therefore highly
impractical.
‘Green’ strategies such as vegetation, edging, and
sills use trees and plants to stabilize the soil along
the coast. They are also complimentary to the
principles of conservation and habitat restoration,
if appropriate plant varieties are selected. It may
be that some long-term management is necessary,
but this is a small price to pay for maintaining
the natural beauty of coasts. Though vegetation
is most environmentally friendly approach, the
downside is that it does not offer a very high level
of protection. This method works well for sheltered
bays with gentle slopes and small waves, but not
for areas of high erosion. (Oyster Restoration
Workgroup, n.d.)
Breakwaters and groynes are ‘softer’ structures
than sea walls and revetments but ‘harder’ than
vegetation and beach nourishment. Groynes
extend perpendicular to a coastline, for the reason
that they are designed to trap sediments being
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transported parallel to the shore by a longshore
drift current. (Climate-ADAPT, 2015) This natural
transport process, also known as the littoral
cell, typically occurs near rivers or headlands.
(Beachapedia, n.d.-b) Breakwaters are structures
that are positioned parallel to the shore; they
work by decreasing the water depth gradually and
in doing so, force waves to break in advance of
the coastline. This creates sheltered areas of slowmoving water, as often observed in marinas.
Breakwaters can either be fully or partially
submerged, known as ‘low-crested’ or ‘highcrested.’ (Nordstrom, 2014) Like some other
coastal defenses, breakwaters may be constructed
using modular armour units – unreinforced,
precast concrete forms designed to pack together
when deployed. There is an extensive catalogue
of proprietary designs, which can range from
ordinary cubes to tetrapods and akmons. These
units are usually extremely large and can weigh in
the range of 30 tonnes. (Smith, 2016, p. 49-50)
Of all these structures, breakwaters provide the
best trade-off between coastal protection and
sustainability. There are many reasons for this, one
of which is that they can contribute to sediment

deposition if placed offshore, thus reversing erosion
by taking advantage of natural hydrodynamic
processes. This encourages new vegetation to
emerge along the coastline. Breakwaters also tend
to encourage mussel and barnacle aggregation
on the exposed side of the surf, while oysters are
attracted to their landward side. This is believed to
occur because the structure induces a variety of
flow regimes. In addition to this, the sloped profile
of a breakwater – as opposed to a vertical face of
a seawall – creates environmental gradients which
act to induce this gradient of species. (Nordstrom,
2014)
Coral reefs also provide coastal protection – though
they are not manmade, and take a long time to
develop. Their performance as a mechanism of
coastal protection has been evaluated, however,
and they have been shown that they provide
protection similar or greater to that of low-crested
artificial breakwater systems. (Ferrario et al., 2014,
p. 4-5) This is largely due to their morphology; the
reef crest absorbs 86% of incoming wave energy
while the reef flat dissipates the remaining 65%.
Altogether, coral reefs have the capacity to reduce
forces of coastal erosion by a staggering 97%.
(Ferrario et al., 2014, p. 2)
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Biomimicry of mangrove systems is applied for more effective coastal protection
and increased ecological value.
[Source: (Top) Natural Capital Coalition, 2017; (Bottom) Volvo, 2019a]
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Reef Morphology and Coastal Performance
[Sources: (Top) Barnes & Hughes, 1999, p. 121;
(Bottom) Ferrario et al., 2014, p. 2]
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This performance is largely due to the unique
structural diversity of coral reefs. Engineers
have evaluated the efficiency of reef structures
at five different scales: the material scale of
biological composition, the component scale
of a coral colony, the system scale of diverse
reef components, the spatial scale describing
component relationships, and regional scale
describing the reef geomorphology. (Chen, Ross &
Klotz, 2015)
The conclusion of this study demonstrated
that reefs have similar strength to engineering
materials, but are more effective, since they
use less material overall. The reason the coral
structure has a better strength-to-weight ratio is
due to its porosities. Furthermore, these porosities
were also shown to adjust precisely according
to their proximity to areas of higher stress. This
graded functionality is what enhances the reef’s
performance in effectively reducing the forces of
water. (Chen, Ross & Klotz, 2015)
In contrast to natural reefs, most manmade
breakwaters currently do not possess these
porous features. In fact, one criticism of
breakwater structures is that, despite their
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propensity for attracting organisms, they are
still quite a poor imitation of natural habitats.
Breakwaters lower overall biodiversity specifically
because they lack surface complexity. Concrete
units, though constructed of an environmentally
benign material, currently “lack the crevices, small
fractures, pits and holes” that would otherwise
allow organic settlements to comprehensively
emerge. (Nordstrom, 2014) Breakwater units must
therefore be designed with a variety of pores
and surface textures to provide better growth
conditions, something that can be achieved
“without decreasing the safety level of structures
for protected areas.” (Nordstrom, 2014, p. 18)
These observations have opened a new research
area into porous reef-breakwaters for coastal
protection purposes. Such structures have even
been shown to yield better results than standard
impermeable models. This signals significant
changes in how coastal protection is understood
and considered relative to the ecological design
approach. According to one research paper:
“The philosophy for [the reef breakwater]
approach differs significantly from
traditional shore protection thinking. Shore

protection is designed to resist, generally by
brute force, the full fury of the waves. The
reef approach entails using a little finesse
to control rather than resist wave activity.
The result is a significantly different design
method…which has generally proved to be
more cost effective, while being far more
desirable environmentally, aesthetically,
and technically.” (Ahrens et al., 1990)
Recent advancements in mathematical modelling
have allowed for more accurate results for
porous materials, meaning that fluid dynamics
simulations are now capable of demonstrating
free surface wave interaction with the added
geometric complexity. The outcomes of these
experiments show that porous reef-breakwaters
are highly efficient in absorbing wave energy
and reducing scour, which threatens structural
stability. In contrast, impermeable structures
prevent the effective dissipation of wave energy
and encourage wave run-up. (Liu et al., 1999)
In addition, the overall performance of a reef –
breakwater (in terms of wave transmission and
energy dissipation) is shown to be controlled by its
specific porosity value. When porosity is optimised
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for the local site conditions, the result is a 90%
reduction in wave height, in addition to a 70%
increase of wave energy dissipation. (Pereira et al.,
2018, p. 9) Structures with high levels of porosity
and wide ranges of porosity gradation also offer
more hydrodynamic stability. Even fully porous
structures without a solid core are also effective in
a variety of situations to stabilize different types of
coastlines. (Ahrens et al., 1990)
This information greatly encourages the application
of reef ecological principles to breakwater design.
These principles highlight not only the ecological,
but also the hydrodynamic advantages of porosity.
Furthermore, graded porosities at wide ranges
have been shown to provide a greater potential
for structural durability than the models currently
in use. This thesis will incorporate this information
in order to expand and advance reef-breakwater
functionality to include the structural context of
an urban settlement.

Left: Types of coastal protection and their relative
ecological value. New models are emerging that
integrate porosity and biota to improve hydrodynamic performance.
[Sources: (Top) Oyster Restoration Workgroup,
n.d.; (Left) SCAPE Landscape Architecture PLLC,
2014; (Right) Volvo, 2019b]
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Artificial Reef Systems
“There has been an increasing frequency of use,
world-wide, of artificial structures in efforts to
increase fish abundance and diversity, improve
catch rates of targeted species, manipulate
habitats, and restore damaged coral reefs.”
(Sherman, 2002, p. 1)
Coral reefs are an essential habitat in tropical
marine ecosystems, and are consequently
necessary to sustain healthy populations of both
migratory and non-migratory fish. However, if the
reef suffers damage – whether from storms, heat
waves, diseases, or human activities – fish stocks
will also decline. For people highly dependent on
seafood, the destruction of reefs exposes coastal
settlements to food insecurity. Fishermen are
especially vulnerable if reef habitats are lost.
Early peoples of the Indo-Pacific adapted to
these ecological pressures through design of the
environment itself. This practice, likely dating back
thousands of years, is the earliest known use of an
artificial reef structure, or fish aggregation device
(FAD). Fishermen would submerge geodesic
or basket-like objects constructed from woven
bamboo or palm leaves, with the intent to increase
the structural diversity of the sea floor and thus

replace lost habitats. (NHRCP, n.d.)
The first guide on FAD design was published by John
Holbrook in 1860. The book discusses deployment
in areas where reefs had been destroyed by human
development, as opposed to natural causes.
This ecological concern began to shift the design
priorities from fish attraction to coral restoration.
The idea of an artificial reef as a stable substrate
for coral growth is credited to Charles Darwin, who
on one of his voyages experimented with grafting
corals onto sticks of bamboo. Interestingly, he
observed that the corals were able to survive for
a short duration - however, coral cannot colonize
bamboo, since the material degrades underwater
far too rapidly for the graft to secure. (NHRCP, n.d.)
In order for coral grafts to be successful, a
variety of environmental conditions must be
met. The optimum temperature falls between
23-29 degrees Celsius, and the optimum salinity
between 32-42 ppm. Sunlight is necessary for the
presence of photosynthetic algae, so water quality
and clarity is essential. (NHRCP, n.d.) Though reefs
may take millennia to develop on a large scale,
corals can grow relatively quickly; massive corals
grow from 0.3-2 cm/year, while branching corals

achieve up to 10 cm/year. (NOAA, n.d.-a) For longterm reproductive sustainability, it is vital to select
an appropriate material onto which coral larvae
can attach.
The first successful coral colonization was likely
an accident, given that it was observed on WWII
shipwrecks. This gave way to the objectionable
practice of using human waste as ‘recycled
material’ for artificial reefs. While recycled parts
may seem like a sustainable approach to artificial
reef-building, it quickly becomes difficult to justify
when considering the biological requirements.
Waste reefs are a cut-rate excuse for purposefully
designed solutions; marine organisms require
structural diversity to thrive, which is unlikely to
be achieved through industrial waste parts. This
is due to the fact that most of these components
often have smooth concrete or plastic surfaces.
(NHRCP, n.d.)
In addition, reefs that have not been purposefully
design present the risk of introducing toxic
chemicals into the ocean, causing extensive
ecological damage. In the decade between 1970
and 1980, all imaginable forms of refuse - tires,
PVC pipes, ash, and construction waste – have

The MARS artificial reef by designer Alex Goad.
[Source: Goad, n.d.]
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contaminated the tropical seas. It is still common in
Southeast Asia for companies to sponsor otherwise
popular artificial reef projects by donating waste
material. Fish and the people who consume
them have suffered under these practices. For
this reason, it is important to be critical of such
‘sustainable’ approaches which are often not in line
with the principles of conservation. Inappropriate
materials will degrade and release toxins, will not
provide adequate resistance to storms, and will
not recruit fish or corals. (NHRCP, n.d.)
Concrete and steel are the materials offering the
most stability; but of the two, concrete is much
more preferable, for several reasons. For one
thing, it provides a cementitious, textured surface
not dissimilar to natural reef limestone. And unlike
steel, it is resistant to the corrosion caused by
saltwater electrolysis. Steel also promotes more
algal and bacterial growth, which may compromise
the growing environment for corals. (NHRCP, n.d.)
Though both materials offer the required strength
and structural diversity, in the end it was concrete
that became the most widely used material in reef
restoration projects. (Baine, 2001)
Unfortunately, the cement industry has attracted
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enormous criticism (particularly by architects)
for its emissions. As David Wallace-Wells writes
in his book, The Uninhabitable Earth, “if the
cement industry were a country, it would be the
world’s third-largest emitter.” (2019, p. 180) Once
a wonder-material of the modern movement,
concrete is now a pariah of the climate age. The
trouble is that nothing seems to exist that can
replace it entirely.
It is particularly troubling when considering how
uniquely suited concrete is for coastal structures,
and artificial reefs in particular. Its cementitious
matrix is biologically compatible as a substrate
for coral larvae, and it is also proven to attract
more fish than other materials. (Baine, 2001) To
master the concrete matrix is a highly specialized
line of work that is not appropriate for this thesis;
therefore, it may only be possible to suggest
different admixtures as a potential solution. Some
examples are fly ash or graphene, which may either
be used to reduce emissions directly or to reduce
the amount of concrete required by increasing its
strength. (Dimov et al., 2018) Research has been
published on zero-emissions concrete in Japan,
but nothing conclusive enough to suggest that it
can yet be produced at a large scale for marine

applications. (Higuchi et al., 2014)
Aside from the material, one critical design aspect
of artificial reefs is modularity. This is simply
for the reason that individual units are easier to
transport, and they can be easily assembled into
larger structures underwater. Modules come in
every shape and size, and though the variety of
proprietary systems on the market is still narrow,
it offers an exciting preview of future design
possibilities.
Commercial reef units, like Reef Balls, are mass
produced. The chief advantage of proprietary
systems (over recycled parts, such as concrete
blocks) is their design, which makes them better
suited to their function. The Reef Ball features
a sheltered enclosure, access portholes, and a
highly textured surface – all features designed
to attract fish and create micro-turbulence
environments favored by marine organisms. (Reef
Ball Foundation, n.d.)
Reef Balls appear to be popular with small
community groups as well; one (rather morbid)
initiative even allows the ashes of the deceased to
be mixed into the reef concrete. Sponsors of such
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[Source: Sherman, 2002]

[Source: Relini, Torchia & Relini,
1994]

[Source: Moffitt, Parrish and
Polovina, 1989]

[Source: Foster et al., 1994]

[Source: Clark & Edwards, 1999]

[Source: Clark & Edwards, 1999]

[Source: Davis, 1985]

[Source: Reguero et al., 2018]

A taxonomy of artificial reef designs from the last forty years that have been achieved success in their objectives. Some are used for fish attraction, while others for coral grafts; however, it is not possible to identify just
by looking at the design. Nearly all are made of concrete modules.
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[Source: Goad, n.d.]
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[Source: Volvo, 2019c]
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“reef memorials” feel comfort in the notion that
death can have meaning in bringing life back to
the sea. (60 Second Docs, 2019) That being said,
if there are people willing to participate in reef
burials, it’s possible that artificial reef design has
never been more culturally significant than at the
present time.
Perhaps this is why new models are beginning to
surface not only in marine biology fields, but also
in the design fields. The MARS (Modular Artificial
Reef System) is one such prototype, possibly unique
in its design-driven approach. Unlike Reef Balls,
MARS focuses specifically on coral growth rather
than fish recruitment, and was originally designed
to function as a nursery rather than a permanent
reef. It mainly features a textured ceramic surface
with few spaces for fish to shelter. Uniquely to
artificial reef systems, however, the design makes
use of a digitally fabricated mould for slip-casting
to produce this texture. One obvious disadvantage
of this system is that it requires joinery. Most
reef modules are loosely aggregated or arranged
without requiring a diver; this severely limits the
scale at which it may be reasonably deployed.
(Goad, n.d.)
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The design of reef units is growing increasingly
sophisticated, and there are countless other
examples of artificial reefs used by scientists to
repopulate former habitats. However, one of the
ecological failures in many of these projects is that
they are often purposed toward a single species
that is commercially valuable, instead of serving
the ecosystem as a whole. This is evident in the
fact that complex variation between individual
modules appears to be almost completely
unexplored. (Baine, 2001)

in a system and their unique functions, structural
diversity may refer to any number of aspects
describing an organizational pattern of biological
parts. For example, a system with a high structural
diversity may be describing a high variation in
phenotypical characteristics (such as colour)
morphological characteristics (such as height or
shape), or both. (Oklahoma Envirothon, n.d.) As
such, the environmental characteristics used to
measure structural diversity likely depend on the
priorities of the ecosystem in question.

Technologies like 3D printing have been
recognized in these spheres as a method for
creating “exponentially greater surface area and
structural diversity than could be achieved through
traditional means.” (NHRCP, n.d.) The primary
excitement about 3D-printed reefs appears to be
precisely this unprecedented structural diversity.
This is a term used in the biological sciences to
broadly describe the level of physical or spatial
complexity within a given environment.

Through knowledge accumulated over generations
of experience, indigenous fishermen arrived to
an intuitive understanding of structural diversity
and its correlation to increased biological activity
within the marine environment. There has clearly
been significant advancement in artificial reef
design since then; this research territory has been
studied extensively, especially in the last fifty
years. However, though structural diversity has
been identified as a primary mechanism by which
artificial reefs work, its understanding remains
highly ‘intuitive’ – in other words, lacking any clear
measurements that can be used to quantify and
evaluate it.

The term biodiversity itself is the product of
structural, compositional, and functional diversity.
While compositional and functional diversity
refer to variation in the number of components
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As an example, one of the few studies to actually
compare different design scenarios measured
fish aggregation for three different artificial reefs
arrangement using Reef Balls. The paper frequently
uses terms such as “void space,” “structural
complexity,” and “surface complexity” to describe
certain physical features. Yet nowhere did the
authors collect numeric data to indicate how the
prototypes differed from one another, nor did
they offer information on how these prototypes
compared to a natural coral reef. (Sherman, 2002)
It is worth noting that the scenario that was
described as more “structurally complex” than
an ordinary Reef Ball unit was another unit with
a single concrete block placed within its central
cavity. (Sherman, 2002) This introduced at least
two uncontrolled variables into the experiment:
a reduction in volume of the inner cavity, and
increase in the exposed surface area. Structural
complexity appears to describe a relationship
between these two – but this raises the question,
what is the optimum proportion? Meanwhile,
structural diversity (implying a difference in
textures and scales, as would be found in a natural

environment) is not mentioned at all.
This thesis suggests that structural diversity may
be articulated more clearly through research
development in the design disciplines. Through
knowledge advanced by the mathematics
and engineering sciences, and with access to
computational design tools, the window of
possibility is open for designers to both produce
complex morphologies and collect meaningful
data on their physical characteristics for
comparative evaluation. The result of this would
be that artificial reefs can begin to more closely
approximate natural environments through higher
degrees of complexity.
Though biologists may not have a readily
established method for quantifying the structural
diversity of reefs, the language suggests that
a high level of porosity and surface-to-volume
ratio across a range of scales is desired. This is
further supported by looking more closely at
the geometric properties of natural reefs. The
morphologies of many corals and sea creatures
have been mathematically described as hyperbolic

geometry. These forms are characterized by frilly
crenellations that – in a single method and across
scales – increase both the surface area and the
void spaces defined by the surface itself. As the
mathematical space of nature, these geometries
provide some valuable insights on how to emulate
the structural diversity of coral reefs. (Wertheim,
2009)
An understanding of both coral biology and
morphology is critical to the design of a successful
artificial reef system. Artificial reefs can be a
reliable tool of marine conservation, as long as
they are purposefully designed using appropriate
materials. In order to increase coral resilience to
sea temperature and salinity changes, advanced
technologies, like localized climate control
or mineral accretion devices (MADs), may be
necessary. (NHRCP, n.d.) Aside from enhancing
biodiversity, artificial reefs now also serve as sites
for awareness, art, and sustainable tourism. All
of these factors underscore the importance of a
holistic approach and suggest opportunities to
rethink fishing practices and coastal development
in the emerging climate era.

Right: Artificial reef units.
[Sources: (Top left) Rems Production, 2019; (Top
right) Bernard, 2019; (Mid Left) Anon, 2019 (Mid
right) Artificial reefs in Japan, 2019 (Bottom left)
Artificial Reefs and coral, 2019 (Bottom right)
Stelian, 2017]
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Maricultural and Ecological Strategies
The overall maricultural strategy will identify
the natural ecological zones on site and situate
compatible productive areas within them. The
approach will spatialize these productive areas as
maricultural inlets and use the modular reef units
for local velocity control. The productive landscape
of the site will combine principles of integrated
multi-trophic aquaculture (IMTA), traditional
wild fishing and pearl farming, environmental
restoration, and opportunities for sustainable
tourism.
The tropical Pacific is a vast marine habitat, home
to some of the largest tuna fisheries in the world.
Indonesia’s biggest export is tuna. (Summers,
2019) This fishing economy is highly dependent
on a stable ecosystem. Since this project will
incorporate maricultural productive landscapes, it
is vital to understand the ecological system of the
Makassar Strait.
The nearshore coastal ecosystems of Indonesia
exist within specific oceanic zones. These zones are
divided into layers, both vertically and horizontally,
determined by water movements and photic
depths. (Kingsford, n.d.) Each layer is biologically
significant – for this reason, organisms inhabit

coastal waters in highly predicable ways. Some
cannot thrive outside of a particular region. Others
(those, at least, who are mobile) periodically
migrate between strata for mating and feeding
activities. The presence of organisms will inevitably
have an impact on the immediate ecology. Byproducts like spawn and waste secretions provide
sustenance for other proximate organisms. (The
Blue Planet, 2001)
Photosynthetic plankton (including zooxanthella)
provides the primary source of all biological
energy in the ocean, which is acquired from the
Sun. These organisms are found in the photic
zone of the ocean, also known as the epipelagic
surface layer. Energy is not the only ingredient
for life; nutrition is also required. Hydrodynamic
processes transport these essential nutrients
(such as nitrogen, phosphorus, and silicon) from
the bottom of the ocean to the surface. Together,
these two ingredients create a ‘soup’ of energy
and nutrition that forms the backbone of the
trophic pyramid. (Le Borgne et al., 2011)
A trophic pyramid describes how energy and
nutrient transport occurs through the ocean’s
biology. The first organisms to receive energy

are zooplankton, a category of animals which
includes larval fish. These organisms feed
macrozooplankton, such as jellyfish. Micronekton
– squid, shrimp, and small fish – feed on these
creatures in turn. Nekton such as tuna and other
large pelagic fish consume the micronekton. The
biological byproducts of nekton, like waste and
spawn, eventually turn back into the system in the
form of nutrients. (Le Borgne et al., 2011, p. 191192)
Farther down the trophic pyramid, species
typically increase in size and dietary requirements
by volume. A successful artificial reef design must
address this diversity by providing opportunities
for a variety of marine organisms to thrive,
from the cellular level upward. However, global
warming is expected to affect the nutrient
availability, temperature, and oxygen levels – and
thus diminish the overall species diversity. (Le
Borgne et al., 2011, p. 191-192) The loss of coral
reefs, for example, is not merely a loss in habitat –
it is caused by a widespread loss of organisms, key
members of the oceanic food web whose unique
abilities keep many other types of organisms
alive. (Barnes & Hughes, 1999) Design cannot
directly address the problem of biodiversity on the

Mollusc farming at low tide.
[Source: WordSmith, 2017]
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global scale; additional intervention is required.
Nonetheless, habitat restoration is a critical first
step.
It is important to understand that trophic
relationships are a highly specialized study. This
proposal, being concentrated in architectural
scholarship, will not endeavour to address the
biological aspect comprehensively; however, it
will fully investigate the compatibility of artificial
processes with natural ones. It is important that
future ecological urbanism targets a wide range
of potential solutions to increase the probabilities
of climate survival. That being said, certain critical
species may be missing from this project. Of
course, architects provide only a fraction of the
knowledge base required to design any successful
system, and the expertise of architecture is
limited in tangential research fields. Any future
development to this proposal will therefore
require substantial interdisciplinary consultation.
The maricultural strategy for this project will apply
this knowledge toward a multi-trophic integrated
aquaculture (IMTA) approach. This will include a
number of species endemic to the region, whose
collective purpose will be to combine ecological
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restoration with production. (Chopin, 2013) One
of the principal benefits of IMTA is that it provides
an integrated means to deal with human waste.
Wastewater can be processed for up to three
hundred users using a gravity-based sewage
treatment requiring no power. It consists of both
filtration and aerobic bacterial digestion, whose
final product is effluent. (BIOROCK, n.d.) When this
effluent is mixed with sea water, it may be used
as a source of nutrients for unicellular marine
algae – a source of food for oysters, mussels, and
other bivalve molluscs. Any nutrients not initially
consumed by the algae may provide nutrients for
other species, such as sea grasses. (Thrash, 2003)
The strategy will include the following species:
Plants: Marine Algae, Sea Grasses
Human-produced effluent may be mixed
into seawater to provide nutrients for
marine unicellular algae and sea grasses.
(FAO, n.d.-a; Abdel-Raouf et al., 2012)
The optimal condition for marine algae
is a velocity range of 0.17-0.42 m/s
(Thanapisudwong, 2016) and a depth of
0.2-0.5 meters. (Show et al., 2017) For
seagrasses, the optimal condition is a
velocity range of 0.05-1.0 m/s (de Boer,

2007) and a depth range of 1.0-3.0 meters.
(Reynolds, n.d.) The algal nutrients will
provide sustenance for molluscs.
Molluscs: Green Mussel (Perna viridis),
Pacific Oyster (Pinctada maxima)
Both species are endemic and have
been successfully cultured in nearshore
environments, with the added benefit
that they are not mobile (a reduced “flight
risk”). Their meat features frequently in
local dishes. (Indonesia Eats, n.d.) Green
mussels are a bio-monitor for pollution;
they are an invasive species but endemic to
the Indo-Pacific. (GISD, n.d.; GSMFC, n.d.)
The optimal condition for green mussels is
a velocity range of 0.2-0.3 m/s and a depth
6-8 meters or more. (Soon & Ransangan,
2016) For oysters, the optimal condition is
a velocity of approximately 0.15 m/s and a
depth ranging from the intertidal zone to
up to 40 meters. (Campbell & Hall, 2018)
They are also highly temperature tolerant.
(FAO, n.d.-c) Molluscs are a staple diet for
crustaceans, which use their claws to pry
open their shells.
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Species

Indonesian Trophic Pyramid

Scales

Indonesian marine trophic pyramid. This describes the
‘food chain’ of energy and nutrient transport between
different groups of speceis. Scales are indicated at right.
[Source: Le Borgne et al., 2011]
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Primary
Secondary
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Integrated Multi-Trophic Aquaculture
Habitats

Humans
Homo sapiens

Residence

Spiny Lobster
Panulirus ornatus
Panulirus homarus

Effluent
Seagrass

Yellowfin Tuna
Thunnus albacares

Microalgae

Reef Fish
Green Mussel
Perna viridis

Spawn
Mangrove Crab
Scylla serrata

Pearl Oyster
Pinctada maxima

Pacific Oyster
Magallana gigas

Corals

Red Mangrove
Rhizophora stylosa

The proposed ecological strategy for this thesis.
See text for references.
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Crustaceans: Mangrove Crab (Scylla
serrata), Spiny Lobster (Panulirus ornatus/
homarus)
Crabs and lobsters are also popular for
local human consumption. Unlike molluscs,
these species are mobile and migrate
between the intertidal zone (represented by
the mangrove line) and the shallows. Both
species must be completely underwater
to thrive, (Cardone, n.d.; FWC, n.d.) with
the exception of juvenile crabs, which live
among the mangrove roots at low tide.
(Hill, Williams & Dutton, 1982) Mangrove
crabs therefore thrive at various depths in
a velocity environment of approximately
0.2 m/s. (Muhammad et al., 2019; FAO,
2001) Spiny lobsters prefer velocity ranges
between 0.2-0.4 m/s at various depths.
(Mulyadi et al., 2018)
A more ecological approach to crustacean
mariculture may be “free range” movement
throughout the porous structure. The benefit of
these species is that they migrate locally and their
behaviour is highly predictable. Though females
migrate to deeper waters to spawn, they do not
remain there and must return to their natural
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depths, where they seek shelter. The reef structure
will function as a habitat for crustaceans as well as
fish.
By integrating these species, the IMTA strategy will
incorporate waste management with mariculture,
targeting edible molluscs and crustaceans as a
final product. In balancing human waste and
consumption, this project proposes a system
that is more likely to be both sustainable and
economically productive.
Species-diverse mariculture creates a balanced
system for environmental restoration, and
diversifies production to reduce economic risk.
Secondary productive activities will therefore
include the following:
Yellowfin Tuna (Thunnus albacares)
Prized species like yellow tuna are naturally
migratory, and are better sourced in
the wild. Shallow-water fish penning
attracts fierce negative criticism due to
the hypertrophic consequences on local
ecosystems. (FAO, n.d.-b) For this reason,
the project will focus on providing a habitat
for larval and juvenile tuna, which naturally

thrive in reefs. (AFMA, n.d.) The desired
consequence of this is to increase the
population of wild tuna in the Indonesian
Sea. A thriving population will sustain
the local fishing economy, which receives
substantial returns on tuna exports. Wild
fishing may present a greater risk in the
face of climate change. The artificial reef
structure aims to provide a sheltered
environment during the spawn season.
Ideally, it will protect juveniles from
predators and thus protect the regional
population from dwindling.
Pearl Oyster (Pinctada margaritifera)
To reduce the productive risk of wild fishing,
traditional pearl farming – a successful
enterprise in Indonesia – may provide
additional diversification. Pearl oysters are
farmed on rafts in deeper waters, or may be
sustainably harvested from the ocean floor
by experienced divers. They are important
to the Indonesian perliculture economy.
(Sea Life Base, n.d.)
Both activities will require access to deeper
waters by boat; as such, the project will
provide a marina for this purpose. The
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added benefit of living on water is proximity
to the sea, which creates an ease of life
otherwise not available to people of these
industries.
In addition to these productive strategies,
environmental restoration will address the longterm environmental management. Target species
will include:
Coral Grafting
A reef restoration program will take place
on the outer crest of the artificial reef at
suitable depths. Climate change is causing
a rise in global sea temperatures and
alkalinity which are causing a worldwide
coral bleaching epidemic. The aim of
this restoration effort is to prevent the
complete decimation of natural reefs,
which play a unique role in supporting
global biodiversity. If this endeavour
is successful, the corals will eventually
subsume the artificial structure. If not,
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the artificial reef can still function as a fish
aggregation device (FAD).
Red Mangroves
Mangroves provide soil stabilization,
carbon storage, and a habitat for juvenile
crabs. This variety thrives in the intertidal
marine waters, and may be planted close to
the shoreline to prevent erosion. (Spalding,
McIvor, et al., 2014)
The settlement can also integrate sustainable
tourism. Scuba diving, snorkeling, and swimming
are popular activities that attract visitors to
Indonesia. As natural reefs disappear, artificial dive
sites – like the Molinere Underwater Sculpture
Park by British sculptor Jason deCaires Taylor –
may indeed soon become top tourist destinations.
Rather than ignore this reality, policies should
be put in place to reap the potential economic
benefits of tourism without damaging the
ecological systems in place.
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CONCLUSION

The information presented in this chapter is a highly
detailed account of many distinct research fields,
which together provide the theoretical foundation
for this thesis. Most of this knowledge is not part
of the main body of architectural discourse, which
is why it is essential to communicate it from this
vantage point. In doing so, this chapter gives
context to the overarching research question and
all subsequent design decisions.
Since the thesis domain draws on so many
diverse topics, summarizing it requires a level of
abstraction. In this sense, the domain chapter
is a narrative about the prevailing complexity
of natural systems and their dynamic processes
of change. Adopting a tactic of resistance not
only requires superhuman effort - it is also
ecologically damaging. The consequence of this
places additional pressure on anthropogenic
systems, which are already facing the challenge of
adjusting to the new climate era. The chapter then
discusses the current methods for adaptation,
which are becoming ever-more essential, but
must still acquire higher orders of complexity and
intelligence if they are to be successful.
The thesis proposal will focus on the design of
an ecological urban settlement in an emerging
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tropical biome vulnerable to sea level rise. To be
truly ‘ecological,’ the design must synthesize and
coordinate hydrodynamic, biological, and human
systems. The relationships between these systems
are what define the site ecology, and consequently
the design drivers for the project. Specifically, the
hydrodynamic-biological interface is determined
by reef habitat parameters; the biologicalhuman interface is determined by maricultural
parameters; and the hydrodynamic-human
interface by coastal protection parameters.
The architectural project of this thesis is embodied
in the design synthesis, which proposes a new mode
of human living. More often than not, however,
human dwellings and productive landscapes are
designed in ways that are inadvertently disruptive
to their environment. These challenges will be
addressed by integrating habitat functionalities
with the building structure, and by integrating
waste processes into a closed-loop trophic
system. These approaches aim to develop a higher
design consciousness for architecture in synergy
with nature through a deeper consideration of
productive and restorative ecologies.
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RESEARCH QUESTION
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How can a fabricated system
of artificial reef structures
support human settlement
and provide adaptive
ecological resilience?
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Multi-Functional Performance

Dependent Variables
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Design Experiments
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METHODS

This section gives an overview of the tools,
strategies, and techniques used to evaluate, select,
and refine the final thesis proposal. Most tools are
state-of-the-art, adopted from current research
and practice. These include the Rhinoceros
3D computer-aided design (CAD) application
in combination with the visual programming
environment of Grasshopper.
One particularly significant tool used was
Wallacei, an evolutionary solver for Grasshopper
first released in January 2018. Wallacei has
been developed for design optimisation by AA
PhD students Mohammed Makki and Milad
Showkatbakhsh, the latter of whom contributed
direct expertise toward the development of this
thesis.
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These advanced programming processes allowed
for an extremely high degree of parametric
control, without which climate-adaptive design
would truly be impossible. The principal advantage
of computation is that it enables a data-driven
process that allows designers to address a range of
issues simultaneously across multiple scales. These
skills are vital in designing buildings, structures,
and environments for a new climate paradigm.
One technique outlined in this section, entitled
‘porosity analysis,’ was developed specifically
for this thesis based on principles derived from
research. This method of analysis endeavours to
address the issue of structural diversity. No method
was found in the research spheres of marine
biology and artificial reef design that addressed

how to measure and evaluate reef geometry for
its habitat potential. For this reason, a CAD-based
experiment was developed unique to this thesis,
to measure and evaluate the criteria described in
research papers.
Though the approaches are many and varied,
each was employed specifically for its capacity to
answer critical design questions. These questions
were not predetermined, but rather emerged
throughout the process as a result of investigation.
Though the overall development of this thesis
parallels the traditional, iterative design process,
it also introduces greater sophistication and
design complexity through experimentation, data
collection, and scientific observation.
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Porosity Analysis
According to research, artificial reefs recruit biota more
successfully when there is an increased structural diversity.
In order to evaluate design topologies for artificial reefs,
it is necessary to compare their structural diversity in
geometric terms: mainly, as a relationship between pore
volume and surface area. Since the reef modules will
also be assessed for hydrodynamic performance, the
topological projection area is also a factor to be evaluated,
for its ability to induce non-laminar flows.

Packing Analysis
This method compares the space-filling efficiency of
tessellated polyhedra. The analysis measures the spatial
relationships between vertices using a method a method
described in Structure in Nature is a Strategy for Design
by Peter Pearce. The purpose of this analysis is to achieve
a higher material efficiency while maintaining a practical
boundary figure. The intent is to create a stable, modular
structure for construction.

Meshing Algorithm
This thesis uses a Grasshopper plug-in called Cocoon to
develop a volumetric mesh from a series of 2-dimensional
parametrically defined surfaces. The plug-in uses an
algorithm called “marching cubes” that uses points
defined by the surface to create a voxel space. The
resulting mesh is then processed using the Catmull-Clark
algorithm provided by the Weaverbird plug-in, which
results in a higher-integrity design output.
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Fabrication Experiment
The purpose of the fabrication experiment is twofold:
firstly, to verify that the module design is cast-able, and
secondly, to generate a proxy estimate for the total
fabrication time for the reef. Though the test geometries
are able to be 3D-printed, it is unlikely that this technology
would be ideal for monolithic, high-strength concrete.
The test shows that casting such complex geometry is
possible, but that the mould must be sacrificial. These
results informed subsequent fabrication considerations.

CFD Analysis
The design ambitions of this thesis are to design a multifunctional system that performs on three levels: as an
artificial reef, as an architectural foundation, and as a
breakwater. The purpose of a breakwater structure is to
provide coastal protection, which is why the porous reef
aggregation must also be capable of absorbing water
energy effectively. In doing so, the reef will modify local
hydrodynamic processes, which will not only create
environmental gradients, but also moderate undesired
coastal erosion.
In order to evaluate the hydrodynamic performance of
a given design, it is necessary to observe and compare
how different topologies affect the behaviour of moving
water. Autodesk CFD is a software which provides the
tools for doing so, by allowing the user to generate fluid
flow simulations and demonstrate how a given fluid may
interact with solid objects. In this thesis, fluid dynamics
simulations are used at different scales and for different
purposes.
The first simulation addresses the hydrodynamics of
the Makassar Strait using seasonal dynamics of surface
currents and tides. The outcome of this experiment
determined the range of local water velocities to which
the breakwater would be exposed. The second simulation
uses the outcome of the first to assess how individual reef
modules affect water performance across a parametric
gradient. This experiment determined how the parameters
affecting performance should be modified according to
depth and coastal proximity. Finally, a second regionalscale simulation was used to understand the effects of
the global distribution strategy. The velocity data from
this simulation, in combination with the water depth,
subsequently informed the distribution of species on site
for mariculture.
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Structural Optimisation
This process takes advantage of combining the multiobjective optimisation of Wallacei with the structural
analysis of the Karamba plug-in for Grasshopper. The
results of this investigation show that the reef structure
can be densified for strength at specific user-defined
points while maintaining material efficiency. Meanwhile,
while other locations on the reef can remain light and
porous. The concept behind this experiment draws
biomimetic inspiration from the functional grading of
natural coral reefs, whose structural strength varies
according to stress. However, it is not comprehensively
applied and only indicates a potential feature of the
project.

Refraction Analysis
This analysis is a computational script developed using
the principles of wave refraction as described by Dr.
Stanislaw Massel. It uses the site terrain contours to
produce a similar field as a flow analysis, only that it works
in reverse – which occasionally causes the results to differ
significantly, depending on the point inputs. Nonetheless,
the result shows where high concentrations of waves
would be expected to occur on site, and consequently
produce zones of high erosion. These patterns are used
to determine the reef morphology, which is positioned to
counteract these effects.

Design Optimisation
The final method used in this thesis is a design
optimisation routine, which generates a solution
population determining both the distribution of the
urban settlement across the reef and the individual
building morphologies therein. The algorithm, developed
in Wallacei, optimises for three distinct and potentially
conflicting environmental criteria. These objectives are
derived from local architectural precedent research and
an understanding of human comfort requirements for the
particular biome.
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Photograph by Tracey Jennings
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OVERVIEW

The research development phase of the thesis
focuses on the topological development of a
modular, porous artificial reef-breakwater system.
The system will be assessed according to the
criteria identified in the thesis domain, which
will expand the reef’s performance capabilities.
The purpose of developing a new structure is to
achieve unprecedented multi-functionality on
three levels: as an artificial reef, as a breakwater,
and as a foundation structure.
Artificial reef performance is assessed through
structural diversity. Geometric analysis is used
to evaluate relative measures of pore volume
and surface area. The design is developed using
cutting-edge computational tools and digital
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fabrication technologies. These tools offer specific
advantages, one of which is to produce graded
porosities mapped precisely to the coastal habitat
ecoclines.
The breakwater performance is determined by
velocity reduction potential. The topology is
evaluated initially by measuring projection area
through geometric analysis, and later by fluid
dynamics testing through CFD analysis. Since
the reef-breakwater also provides a foundation
for housing, this is explored through structural
optimisation, which applies vertical and lateral
loads consistent with the local environment.
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Pore Size Domain
Indonesian Trophic Pyramid
Indonesian Trophic Pyramid
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Indonesian marine trophic pyramid.
[Source: Le Borgne et al., 2011]
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Size distribution of reef species.
[Source: Allen et al., 2003]
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PORE SIZE DOMAIN

The first step in designing a porous structure is to
determine the initial design parameters. In this
case, the most important parameter is the pore size
domain, which refers to the approximate minimum
and maximum diameters of the available void
spaces. This domain will subsequently determine
the range of habitat sizes within the artificial reef.
To establish the pore size domain, it is necessary
to study the relative scales of marine organisms.
The first study examines the entire trophic
pyramid for species native to the Indo-Pacific.
The size spectrum varies considerably: from 0.2
micrometers for unicellular bacteria to 2 meters
for a large pelagic fish. This represents a difference
of 107 between the smallest and largest animals
in the regional food chain. (Le Borgne et al., 2011)
When considering these scales in the context of
design and fabrication, it is clear that pore sizes
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under 2000 micrometers (or 2 millimeters) must
necessarily be ascribed to textural or material
properties.

species requiring rough-textured surfaces. It should
be emphasized that this range encompasses most
micronekton, macrozooplankton, and nekton.

In considering the target range upwards of 2
millimeters, a second, more detailed study
examines individual species common to
Indonesian reef habitats. These include reef
fish, eels, and seahorses, among others, which
transition between trophic levels at different
stages of maturity. With all this considered, the
majority of the species actually inhabiting the
reef are typically no more than 0.5 meters in size.
(Allen et al., 2013)

Although this may appear to be a very narrow
band when compared to the full range of species
sizes, this domain is also informed by a few
additional observations. Firstly, most of the large
reef predators are typically pelagic and reside in
deeper waters at the reef periphery; not in the
reef itself. These species are also in the secondary
or tertiary trophic levels, meaning that they are
important for population management, but do not
provide a primary energy source to the food web.
(Le Borgne et al., 2011) For these reasons, they are
excluded from the design consideration.

This second study led to a conclusion that the pore
size domain should range from approximately 0.3
– 0.8 meters, with the intention to accommodate
species up to 0.5 meters in size, excluding those

Secondly, species less than 50 centimeters in
size, but larger than 10 centimeters, are grouped
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together, for the reason that they are largely found
on the same trophic level – meaning that little or
no predation occurs between them. These species
also consist of larger populations and frequently
inhabit similar environments in nature. (Allen et
al., 2013)
Finally, species smaller than 10 centimeters –
such as macrozooplankton – are excluded for the
reason that they are observed to float freely in the
currents rather than “inhabiting” any particular
space. They also do not appear to exhibit any
behaviour to imply that they actively take shelter
from predators; their only natural defense is
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rapid reproduction and gestation, which creates
extremely large populations.
As a supplementary note: according to Le Borgne
et al. (2011), ocean acidification is projected to
have minimal impact on organisms living in the
epipelagic zone. Pelagic fish such as tuna, on
the other hand, may be endangered by a loss of
nutrients triggered by climate change. Though the
selected pore size domain does not include large
pelagic fish, supporting the lower trophic ranges
may signal potential security for future fish stocks.
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OCEAN

REEF
Observations
»» Predation generally
follows size.
»» Smaller fish prefer
shallow, high complexity
habitats.
»» Larger fish occupy the
outer reef or open ocean
habitats.
»» Reef species diversity
increases with habitat
complexity.

SIZE (M)

»» Species diversity supports healthy population
sizes.

Principles are used to determine
pore size thresholds.

Size distribution of reef species (detail).
[Source: Allen et al., 2003]
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Experiment Setup

Dependent Variables

Experiment Setup
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8
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positive / negative area
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Pore Volume
Percent total
volume of
convex solid
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POROSITY ANALYSIS

The porosity analysis consists of two parts. The
first part analyzes existing artificial reef topologies
documented previously during the precedent
research. Based on these results, the second part
analyzes alternative candidates, which explore a
range of computationally-generated geometries
selected for their potential in achieving the design
objectives. These objectives are described in terms
of the following dependent variables:
[1] Surface Area. Surface area is an important
consideration. Microorganisms inhabit rough
marine surfaces, and their existence is concurrent
with a bloom of nutrients in the surrounding
waters. The abundance of such microorganisms
and nutrients is critical to the development of a
stable and healthy trophic pyramid (“food chain”).
It is therefore a priority to maximise the surface
area of the artificial reef.
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[2] Porous Volume. The porous volume indicates
the amount of void space within the structure
which may be inhabited by macroorganisms, like
reef fish. Pore sizes are determined according to
the selected pore size domain. This habitat space
must be maximised and varied in size if it is to
provide protection from predators.
Projection Areas. The projection (“shadow”)
area is useful as a proxy measurement indicating
whether laminar water flows will occur within the
artificial reef. If the flow is undisrupted by surface
contact, it follows that some kinetic energy will
not be absorbed by the structure. Controlling
the velocity is desirable for the purposes of both
mariculture and coastal protection. At this point,
it is generally clear that the water velocity should
be decreased for both conditions – so increasing
the projection area is desirable. (The precise
modulation of the velocities will be determined in

subsequent experiments, and will depend on the
current water velocities on site and the desired
performance of the global system.)
The data extracted from the analysis, which is
used in the comparative evaluation the systems,
consists of these dependent variables. The control
variables include the approximate pore diameters
and the size of the bounding box. Both of these are
informed by previous studies; the former targets
the size range of reef species native to the IndoPacific, while the latter is based on the typical
fabrication scales of artificial reef systems.
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Precedent Analysis

EXPERIMENT A

01

02

Design
Relini et al. (1994)
Name:
Location:
Purpose:
Species:
Material:
Dimensions:
Void Size:
Depth:

Unspeciﬁed
Loano, Italy
Increase Biodiversity
Fish (Various)
Concrete
2.0 x 2.0 x 2.0 m
20, 30 cm
18 m

Data

Projection 01

88.4%

Projection 02

88.4%

Projection 03

100.0%

Pore Volume
Surface Area

68.7%
69.9 sq.m.

Name:
Locatio
Purpos
Specie
Materi
Dimen
Void Si
Depth:

Precedent Analysis
03
02

01

Design
Relini et al. (1994)
Name:
Location:
Purpose:
Species:
Material:
Dimensions:
Void Size:
Depth:

112

03

Unspeciﬁed
Loano, Italy
Increase Biodiversity
Fish (Various)
Concrete
2.0 x 2.0 x 2.0 m
20, 30 cm
18 m

Data

Projection 01

88.4%

Projection 02

88.4%

Projection 03

100.0%

Pore Volume
Surface Area

68.7%
69.9 sq.m.

Design
MoﬃttDesign
et al. (1989)
Clark et al. (1999)
Name:
Unspeciﬁed
Location:
Penguin Bank, Hawaii
Name:
SHED
Purpose:
Increase
Biodiversity
Location:
Kaafu Atoll,
Maldives
Species:
Fish
(Various)
Purpose:
Reef Restoration
Material:
Concrete
Species:
Corals
& Fish
Dimensions:
30-45 cm inside
dia.
Material:
Concrete
Void
Size:
30-45 cm
Dimensions:
Unspeciﬁed
Depth:
61 m
Void Size:
Unspeciﬁed
Depth:
0.5-1.8 m

05
04

04

Data
Data

Projection 01
Projection02
01
Projection
Projection03
02
Projection
Projection
Pore
Volume03
Pore Volume
Surface
Area
Surface Area

76.0%
73.9%
100.0%
73.9%
100.0%
73.9%
57.3%
72.2%
137.8 sq.m.
58.0 sq.m.
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Name:
Locatio
Purpos
Specie
Materi
Dimen
Void Si
Depth:

06

Design
Design
Relini et al. (1994)
Relini et al. (1994)
Name:
Unspeciﬁed
Location:
Loano, Italy
Name:
Unspeciﬁed
Purpose:
Increase Biodiversity
Location:
Loano, Italy
Species:
Purpose: Fish (Various)
Increase Biodiversity
Material:
Concrete Fish (Various)
Species:
Dimensions:
2.0
x
2.0
x
2.0
m
Material:
Concrete
Void Size:
Dimensions: 20, 30 cm 2.0 x 2.0 x 2.0 m
Depth:
18 m
Void Size:
20, 30 cm
Depth:
18 m

Data
Data

88.4%
01
88.4%
Projection 02 Projection
02
Projection 03 Projection
100.0%
Projection 01

Pore Volume
Surface Area

Projection
03
68.7%
Pore69.9
Volume
sq.m.
Surface Area

88.4%
88.4%
100.0%
68.7%
69.9 sq.m.

Design
Design
Clark et al. (1999)
Moﬃtt Design
et al. (1989)
Clark et al. (1999)
Name:
Name:
SHED
Unspeciﬁed
Location:
Location:
Kaafu Atoll, Maldives
Penguin Bank, Hawaii
Name:
SHED
Purpose:
Purpose:
Reef Restoration
Increase
Biodiversity
Location:
Kaafu Atoll,
Maldives
Species:
Species:
FishRestoration
(Various)
Purpose: Corals & Fish Reef
Material:
Material:
Concrete Corals
Concrete
Species:
& Fish
Dimensions: Dimensions:
30-45 cm inside
dia.
Material: Unspeciﬁed
Concrete
Void Size:
Void
Size: Unspeciﬁed
30-45 cm
Dimensions:
Unspeciﬁed
Depth:
Depth:
0.5-1.8 m
61 m
Void Size:
Unspeciﬁed
Depth:
0.5-1.8 m

Data

Data
Data

Projection 01 Projection73.9%
01
Projection
01
Projection 02 Projection
73.9%
02
Projection
Projection 03 Projection
73.9%
0302
Projection
03
Pore Volume Pore
72.2%
Volume
Pore58.0
Volume
Surface Area Surface
Area
sq.m.
Surface Area

76.0%
73.9%
100.0%
73.9%
100.0%

Nam
Loca
Purp
Spec
Mate
Dim
Void
Dep

73.9%
57.3%
72.2%
137.8 sq.m.
58.0 sq.m.

Precedent Analysis
03
02

Design
Design
MoﬃttDesign
et al. (1989)
Clark et al. (1999)
Moﬃtt et al. (1989)
Name:
Unspeciﬁed
Location:
Penguin Bank, Hawaii
Name:
Name:
SHED
Unspeciﬁed
Purpose:
Increase
Biodiversity
Location:
Location:
Kaafu Atoll,
Maldives
Penguin Bank, Hawaii
Species:
FishRestoration
(Various)
Purpose:
Purpose:
Reef
Increase Biodiversity
Material:
Concrete
Species:
Species: Corals
& Fish Fish (Various)
Dimensions:
30-45 cm inside
dia.
Material:
Material:
Concrete
Concrete
Void
Size:
30-45 30-45
cm cm inside dia.
Dimensions:
Dimensions:Unspeciﬁed
Depth:
61 m
Void Size:
Void Size: Unspeciﬁed
30-45 cm
Depth:
Depth:
0.5-1.8 m
61 m

88.4%
88.4%
100.0%

68.7%
9.9 sq.m.

05
04

76.0%
100.0%

57.3%
7.8 sq.m.

REEFormation

06

Data
Data

Data

Projection 01
76.0%
73.9%
Projection02
01 Projection
01
Projection
100.0%
Projection03
02 Projection
73.9%
02
100.0%
Projection
Projection
73.9%
03
Pore
Volume03 Projection
57.3%
Pore Volume
72.2%
Volume
Surface
Area Pore
137.8
sq.m.
Surface Area Surface
Area
58.0
sq.m.

76.0%
100.0%
100.0%
57.3%
137.8 sq.m.

Data
Data

Projection
100.0%
03
Pore
Volume03 Projection
30.1%
Pore Volume
55.7%
Volume
Surface
Area Pore
168.5
sq.m.
Surface Area Surface
Area
118.9
sq.m.

72.7%
100.0%
94.8%
30.1%
168.5 sq.m.

06

Data

Data
Data

Projection 01 Projection72.2%
01
Projection
01
72.2%
Projection 02 Projection
02
Projection
Projection 03 Projection
100.0%
0302
Projection
03
Pore Volume Pore
55.7%
Volume
Pore
Volume
Surface Area Surface
Area
118.9
sq.m.
Surface Area

72.7%
72.2%
100.0%
72.2%
94.8%

Nam
Loca
Purp
Spec
Mate
Dim
Void
Dep

100.0%
30.1%
55.7%
168.5 sq.m.
118.9 sq.m.

06

Design
Goad (2013)

Data

72.7%
Projection 01
72.2%
Projection02
01 Projection
01
Projection
100.0%
72.2%
Projection
02
Projection
02
94.8%
Projection 03

05
04

Design
Design
Design
Davis (1985) Foster et
al. (1994)
Davis (1985)
Name:
Name:
Unspeciﬁed Waﬄe-Crete
Location:
Location:
Biscayne Bay, Florida
Delaware Unspeciﬁed
Bay, USA
Name:
Purpose:
Purpose:
Mitigate HabitatMitigate
Loss Habitat
Loss
Location:
Biscayne
Bay, Florida
Species:
Species:
Lobster
Fish (Various),
Blue
Mussel
Purpose: Spiny
Mitigate
Habitat
Loss
Material:
Material:
Concrete Spiny
Concrete
Species:
Lobster
Dimensions: Dimensions:
0.2 m
Material: Unspeciﬁed2.4 x 4.9 xConcrete
Void Size:
Void
Size:
Unspeciﬁed
20
cm
Dimensions:
Unspeciﬁed
Depth:
Depth:
2.0 m
9-13 m
Void Size:
Unspeciﬁed
Depth:
2.0 m

06

05

Design
Design
Design
Foster et
al. (1994)
Davis (1985) Foster et al. (1994)
Name:
Waﬄe-Crete
Location:
DelawareUnspeciﬁed
Bay, USA
Name:
Name:
Waﬄe-Crete
Purpose:
Mitigate Habitat
Loss
Location:
Location:
Biscayne
Bay, Florida
Delaware Bay, USA
Species:
Blue
Mussel
Purpose: Fish (Various),
Purpose:
Mitigate
Habitat
Loss
Mitigate
Habitat Loss
Material:
Concrete
Species:
Species: Spiny
Lobster
Fish
(Various), Blue Mussel
Dimensions:
2.4 x 4.9 Concrete
x 0.2 m
Material:
Material:
Concrete
Void
Size:
20 cm 2.4 x 4.9 x 0.2 m
Dimensions:
Dimensions:Unspeciﬁed
Depth:
9-13 m
Void Size:
Void Size: Unspeciﬁed
20 cm
Depth:
Depth:
2.0 m
9-13 m

100.0%

04

03

Design
Goad (2013)
Name:
MARS
Location:
Summer
Name: Island, Maldives
MARS
Purpose:
Nursery Island, Maldives
Location:CoralSummer
Species:
Corals Coral Nursery
Purpose:
Material:
Ceramic
Species:
Corals
Dimensions:
Unknown
Material:
Ceramic
Void Size:
Dimensions: Unknown
Unknown
Depth:
Unknown
Void Size:
Unknown
Depth:
Unknown

Data
Data

Projection 01

61.2%
01
Projection 02 Projection
61.2%
Projection
02
Projection 03
61.2%
Pore Volume
Surface Area

Projection
03
69.5%
Pore56.5
Volume
sq.m.
Surface Area

61.2%
61.2%
61.2%
69.5%
56.5 sq.m.
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Topological Analysis

EXPERIMENT B

01

02

Topological System
Cellular Automata
Data

Topological Analysis

98.9%

Projection 03

93.3%

Pore Volume
Surface Area

66.0%
34.0 sq.m.

04

Topological System
Topological
System
Minimal Surface
01
Voronoi Cells

Topological System
Cellular Automata

Data
Data

Data

03

92.6%

Projection 02

03
02

01

114

Projection 01

Projection 01
Projection02
01
Projection

62.4%
78.1%
63.0%
78.4%
63.6%
75.9%
81.8%
84.0%
39.7 sq.m.
58.7 sq.m.

Projection 01

92.6%

Projection 02

98.9%

Projection 03

93.3%

Projection03
02
Projection
Projection
Pore
Volume03

Pore Volume
Surface Area

66.0%
34.0 sq.m.

Pore Volume
Surface
Area
Surface Area

05
04

Emergent Technologies and Design

06

Topological System
Topological System
Topological
System
Voronoi Cells Minimal
Surface
01
Voronoi Cells

Topological System
Topological System
Cellular Automata
Cellular Automata

Data

Data
Data

62.4%
78.1%
63.0%

93.3%

Projection
Projection 03 Projection
75.9%
0302
Projection
03
Pore Volume Pore
84.0%
Volume

78.4%
63.6%
75.9%
81.8%

66.0%
34.0 sq.m.

Pore58.7
Volume
Surface Area Surface
sq.m.
Area
Surface Area

84.0%
39.7 sq.m.
58.7 sq.m.

92.6%
01
Projection 02 Projection
98.9%
02
93.3%
Projection 03 Projection
Pore Volume
Surface Area

Topological Analysis
03
02

Projection
03
66.0%
Pore34.0
Volume
sq.m.
Surface Area

92.6%
98.9%

04

03

05
04

Data
Data

Data
Data

Projection
75.9%
03
81.8%
Pore
Volume03 Projection
Pore Volume
84.0%
Volume
Surface
Area Pore39.7
sq.m.
Surface Area Surface
58.7
sq.m.
Area

05
04

73.9%
87.4%
73.9%

63.6%

Projection
0302
87.4%
Projection 03 Projection
Projection
03
Volume
Pore Volume Pore
49.0%

94.0%
73.9%
87.4%
86.7%

81.8%
39.7 sq.m.

Pore70.1
Volume
Area
Surface Area Surface
sq.m.
Surface Area

49.0%
46.1 sq.m.
70.1 sq.m.

62.4%
63.0%

06

Topological System
Topological System
Topological
System
Delaunay
Triangulation
Delaunay
Triangulation
Minimal Surface
02

Topological System
Topological System
Tessellated Lattice
Tessellated Lattice
Data

03
87.4%
Projection
Pore
Volume03 Projection
86.7%
Volume
Pore Volume
49.0%
Surface
Area Pore46.1
sq.m.
Area
Surface Area Surface
70.1
sq.m.

06

06

Data

Projection 01
73.9%
87.4%
01
Projection02
01 Projection
Projection
73.9%
Projection
02
Projection
02
94.0%
73.9%
Projection 03

REEFormation

Data
Data

01
Projection 01 Projection87.4%
Projection
01
02
Projection 02 Projection
94.0%

05

Data
Data

06

Topological System
Topological System
Topological
System
Delaunay
Triangulation
Minimal Surface
02
Minimal Surface 02

Topological System
Topological
System
Topological
System
Minimal Surface
01
Voronoi Cells Minimal Surface 01

Projection 01
62.4%
78.1%
Projection02
01 Projection
01
Projection
63.0%
78.4%
Projection03
02 Projection
02
63.6%
Projection

Data
Data

Projection 01 Projection78.1%
01
Projection
01
78.4%
Projection 02 Projection
02

Projection 01

Data

Projection 01
73.9%
73.9%
73.9%
86.7%
46.1 sq.m.

100.0%
01
Projection 02 Projection
100.0%
Projection
02
Projection 03
81.4%
03
Pore Volume Projection
91.4%
Surface Area

Pore65.3
Volume
sq.m.
Surface Area

100.0%
100.0%
81.4%
91.4%
65.3 sq.m.
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Precedent Analysis Results

Topological Analysis Results

Analysis Results
EXPERIMENT APrecedent
| RESULTS
Precedent Analysis Results

EXPERIMENT BTopological
| RESULTSAnalysis Results
Topological Analysis Results

Pore Volume
Pore Volume
Pore Volume

Pore Volume
Pore Volume
Pore Volume

72.2%
72.2%
72.2%

68.7%
68.7%
68.7%

57.3%
57.3%
57.3%

69.5%
69.5%
69.5%

55.7%
55.7%
55.7%
30.1%
30.1%
30.1%

84.0%
84.0%
84.0%

66.0%
66.0%
66.0%

max.
max.
max.

86.7%
86.7%
86.7%

81.8%
81.8%
81.8%

91.4%
91.4%
91.4%

max.
max.
max.

49.0%
49.0%
49.0%

min.
min.
min.

min.
min.
min.

01
01
01

Relini et al.
(1994)
Relini et al.
(1994)
Relini et al.
(1994)

02
02
02

Clark et al.
(1999)
Clark et al.
(1999)
Clark et al.
(1999)

03
03
03

Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)

04
04
04

Davis
(1985)
Davis
(1985)
Davis
(1985)

Surface Area
Surface Area
Surface Area

137.8 sq.m.
137.8 sq.m.
137.8 sq.m.

69.9 sq.m.
69.9 sq.m.
69.9 sq.m.

05
05
05

Foster et al.
(1994)
Foster et al.
(1994)
Foster et al.
(1994)

06
06
06

01
01
01

Goad
(2013)
Goad
(2013)
Goad
(2013)

02
02
02

Cellular
Automata
Cellular
Automata
Cellular
Automata

Voronoi
Cells
Voronoi
Cells
Voronoi
Cells

03
03
03

Minimal
Surface 01
Minimal
Surface 01
Minimal
Surface 01

04
04
04

Minimal
Surface 02
Minimal
Surface 02
Minimal
Surface 02

05
05
05

Delaunay
Triangulation
Delaunay
Triangulation
Delaunay
Triangulation

06
06
06

Tessellated
Lattice
Tessellated
Lattice
Tessellated
Lattice

Surface Area
Surface Area
Surface Area

168.5 sq.m.
168.5 sq.m.
168.5 sq.m.

max.
max.
max.

118.9 sq.m.
118.9 sq.m.
118.9 sq.m.

58.0 sq.m.
58.0 sq.m.
58.0 sq.m.

56.5 sq.m.
56.5 sq.m.
56.5 sq.m.

min.
min.

34.0 sq.m.
34.0 sq.m.
34.0 sq.m.

min.

58.7 sq.m.
58.7 sq.m.
58.7 sq.m.

39.7 sq.m.
39.7 sq.m.
39.7 sq.m.

70.1 sq.m.
70.1 sq.m.
70.1 sq.m.

46.1 sq.m.
46.1 sq.m.
46.1 sq.m.

65.3 sq.m.
65.3 sq.m.
65.3 sq.m.

max.
max.
max.
min.
min.
min.

03
03
03

Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)

04
04
04

Davis
(1985)
Davis
(1985)
Davis
(1985)

05
05
05

Foster et al.
(1994)
Foster et al.
(1994)
Foster et al.
(1994)

06
06
06

01
01
01

Goad
(2013)
Goad
(2013)
Goad
(2013)

Cellular
Automata
Cellular
Automata
Cellular
Automata

04
04
04

Minimal
Surface 02
Minimal
Surface 02
Minimal
Surface 02

05
05
05

Delaunay
Triangulation
Delaunay
Triangulation
Delaunay
Triangulation

06
06
06

Tessellated
Lattice
Tessellated
Lattice
Tessellated
Lattice

min.
min.

81.4%
81.4%
81.4%
100.0%
100.0%
100.0%
100.0%
100.0%
100.0%

max.

73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%

max.

87.4%
87.4%
87.4%
94.0%
94.0%
94.0%
87.4%
87.4%
87.4%

93.3%
93.3%
93.3%
98.9%
98.9%
98.9%
92.6%
92.6%
92.6%

max.

61.2%
61.2%
61.2%
61.2%
61.2%
61.2%
61.2%
61.2%
61.2%

94.8%
94.8%
94.8%
100.0%
100.0%
100.0%
72.7%
72.7%
72.7%

100.0%
100.0%
100.0%
72.2%
72.2%
72.2%
72.2%
72.2%
72.2%

100.0%
100.0%
100.0%
100.0%
100.0%
100.0%
76.0%
76.0%
76.0%

73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%
73.9%

03
03
03

Minimal
Surface 01
Minimal
Surface 01
Minimal
Surface 01

Projection Area
Projection Area
Projection Area

Projection Area
Projection Area
Projection Area
100.0%
100.0%
100.0%
88.4%
88.4%
88.4%
88.4%
88.4%
88.4%

02
02
02

Voronoi
Cells
Voronoi
Cells
Voronoi
Cells

63.6%
63.6%
63.6%
63.0%
63.0%
63.0%
62.4%
62.4%
62.4%

02
02
02

Clark et al.
(1999)
Clark et al.
(1999)
Clark et al.
(1999)

75.9%
75.9%
75.9%
78.4%
78.4%
78.4%
78.1%
78.1%
78.1%

01
01
01

Relini et al.
(1994)
Relini et al.
(1994)
Relini et al.
(1994)

01
01
01
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02
02
02

Clark et al.
(1999)
Clark et al.
(1999)
Clark et al.
(1999)

03
03
03

Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)
Moﬃtt et al.
(1989)

04
04
04

Davis
(1985)
Davis
(1985)
Davis
(1985)

05
05
05

Foster et al.
(1994)
Foster et al.
(1994)
Foster et al.
(1994)

06
06
06

Goad
(2013)
Goad
(2013)
Goad
(2013)

max.
max.

min.
min.
min.

min.

Relini et al.
(1994)
Relini et al.
(1994)
Relini et al.
(1994)

max.

Projection
01
Projection
01
Projection
02
01
Projection
02
Projection
Projection
03
02
Projection
03
Projection
03

01
01
01

Cellular
Automata
Cellular
Automata
Cellular
Automata

02
02
02

Voronoi
Cells
Voronoi
Cells
Voronoi
Cells

03
03
03

Minimal
Surface 01
Minimal
Surface 01
Minimal
Surface 01

04
04
04

Minimal
Surface 02
Minimal
Surface 02
Minimal
Surface 02

05
05
05

Delaunay
Triangulation
Delaunay
Triangulation
Delaunay
Triangulation

06
06
06

Tessellated
Lattice
Tessellated
Lattice
Tessellated
Lattice

Projection
01
Projection
01
Projection
02
01
Projection
02
Projection
Projection
03
02
Projection
03
Projection
03
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The combined result of both analyses led to the
conclusion that a tessellated lattice topology inspired by the work of Erwin Hauer - performed
best in the latter two criteria. Three twodimensional tessellations are possible with this
system: rectangular, triangular, and hexagonal.
A subsequent study shows that the hexagonal
system is the most effective option, because it
achieves a total coverage in the projection area
with proportionately less material.
Despite this, the tessellated lattice topology it did
not perform well in surface area relative to the
other candidates. This may be enhanced in later

studies by adding surface features such as bumps
and depressions (which may also form a coral calyx
for coral grafts).
A more pressing criticism, however, is in the
fabrication of the system. This two-dimensional
tessellation cannot be fabricated without joints
between the modules. Since the reef modules
will be installed underwater, on-site joints are
not realistically feasible; for this reason, the
module must be adapted for three-dimensional
aggregation.

Topology 06 from Experiment B shows both the
highest overall projection area and pore volume.
Surface area is low; however this appears to be
inversely proportional to pore volume. Future
design iterations (outside of this thesis) may
employ hyperbolic surface textures to counteract
this issue.

REEFormation
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EXPERIMENT C
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This experiment shows geometric
variations of the previously
selected topology.
The hexagonal tessellation
achieves the highest coverage for
potential velocity attenuation.

REEFormation
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3D-printed model photographs of
selected topology.
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Detail view of model.

REEFormation
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REEFormation
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Packing Efficiency of Space-Filling Tessellations
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PACKING ANALYSIS

One problem with the geometric output of the
previous investigation is that putting it together
would require joinery. Since this would complicate
an assembly process meant to take place
underwater, the system needed to be modified
to become joinery-free and loosely assembled.
For this reason, this analysis was developed to
integrate a new assembly configuration using the
previous topological logic.
According to the study carried out for the
Mediterranean by the General Fisheries
Commission (Fabi et al., 2015), the placement of
reef structures within an artificial reef can affect
its impact on fish. Greater distance between the
reef units will increase the total volume of the

REEFormation

artificial reef, but it should be taken into account
that if the units are located too far from each
other, the effects on fish may be decreased. Reef
groups may act as isolated reefs if they are too
far apart. Right spacing of the reef modules, reef
sets and reef groups enables fish to easily transit
between shelters, which significantly improve the
production of the overall reef complex. Depending
on the target species and module size, the impact
area of each unit, set and group varies.
In biological systems geometric stability of threedimensional layout of polyhedral cells is enabled
naturally with a structural arrangement called
closest packing. (Pearce, 1990)

To determine the most efficient polyhedral form,
a study of polyhedral forms is done by simply
comparing the equal edge length polyhedrons’
overall volume themselves and the left over
volume after the packed spheres are subtracted
from this volume. Cuboctahedron (also called the
heptaparallelohedron or according to Buckminster
Fuller, dymaxion) is selected because having
minimum ratio between the remaining volume
and the overall volume while having maximum
number of spheres packed to form the geometry.
Put simply, the cuboctahedron is the simplest
shape with the highest packing efficiency out of all
the regular 3D space-filling tessellations.
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Solid Packing

Computational Definition

Cuboctahedron

Cross-Sections

Segments

Parameters (01)

Parameters (02)
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MODULE DEVELOPMENT

In order to achieve the variant porosity in the
module design, cuboctahedron split into its
components. A cuboctahedron is an Archimedean
solid (Weisstein, 2020). It is formed by removing all
the corners of a cube in a symmetrical fashion so
the resulting form has 6 square and 8 equilateral
triangular faces. Distance between the centre
of the solid and each vertex is equal to its edge
length. That makes it a good candidate to repeat
the geometrical operations symmetrically within
the form.

Firstly, to create holes, circles that are placed three
alternating corners of the hexagons are extracted.
So that diameter changes resulted with smaller
or bigger openings on the surface. Secondly the
shape is bended from the centre with a variable
parameter to increase the surface area and the
final complexity of the form. This operation also
enabled control on the aperture diameter. The
trifurcate form then mirrored with its central axis
which create a changing core area in the resulting
design.

Moreover there are four hexagons centred in the
centre of gravity of the cuboctahedron. These
intersecting hexagons are the components that
are mainly operated on the module development
to create openings in the form.

Finally the processed hexagons reassembled
to form the cuboctahedron and meshed with
Grasshopper Cacoon plug-in to refine. “The
refinement of the mesh requires inputting the
number of resampling iterations it should cap at,
a unit of length for resampling, and a tolerance of
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variance from the target iso value that will satisfy
the resampling goal. Basically, after each vertex is
smoothed or subdivided, the resampling process
tries to get it back to the target iso-value. The
larger the sample size you set, the fewer iterations
it should take.” (Stasiuk, 2015)
After meshing, scaling function is added to the
module to correspond with the requirements of
different zones in the overall system design.
It should be noted that morphological development
of the artificial reef design in this thesis is a design
based process that aimed to create a complex
permeable form and alternative solutions that
meets certain criteria are also conceivable.
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Parameters: Detail View

(x8)
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Meshing Geometry

Solid Packing

Surface

Mesh
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[P1]
Thickness

[P2]
Aperture
Diameter

[P3]
Module
Diameter
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Note: meshing is not applied.
REEFormation
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Biological
Considerations

Chemical
Compatibility

Larvae
Attaches
to Substrate

Limestone
Platelet
Deposition
Limestone
Calcium Carbonate
(CaCO₃)

Coral Colonisation & Growth
(Source: NOAA, n.d.-a)

Concrete
Artificial Reef

According to research,
concrete is the preferred
artificial reef material.

Lime
Calcium Oxide
(CaO)

(Source: Baine, 2001)

Fabrication
Considerations

3D Printing / Casting
Suitable for fabricating
geometries with higher
complexity.
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MATERIAL

As previously addressed in the thesis domain,
concrete is the most widely-used material in both
artificial reef and coastal protection applications.
It is also the most appropriate for producing highly
complex forms with efficiency. Furthermore, there
are many similarities between marine concrete
and natural reef limestone; increasing the lime
content of the cement or applying a lime coating
may be ecologically beneficial. Unfortunately, this
could not be tested with the available resources.
Some additional material considerations are
discussed below:
Embodied Energy
While designing an architectural system
that proposes a possible rehabilitation of an
environmental issue, the material selection is a
dilemma because the manufacture of building
materials and components, the construction, use
and demolition of buildings, contribute to the
generation of soil, water and air pollution (Aciu
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and Manea, 2014). Most commonly used building
materials in construction today are as concrete,
wood and steel. Within these, wood is commonly
considered to be the most sustainable option, since
it can be torn down to be reused and requires less
energy from manufacturing through the source
provision. However, in the ranking of embodied
energy (EE) efficiency, the energy associated with
the overall process of manufacturing of a product
or services (Hammond and Jones, 2008), concrete
surprisingly performs better. It is explained that
durable materials because they last longer, reduce
the overall embodied energy used over the lifetime
of the product.
Durability
When it comes to design a structure that is
assigned to protect land from eroding and sustain
under masses of water, durability is the key
consideration. The material to be used has to be
strong in terms of load bearing and in its chemical

properties to be able to survive under water. In
order to achieve this, number of conditions must
be met. First condition is the system is must be
as materially homogeneous as possible. In the
majority of concrete structures steel reinforcement
are added to provide tensile strength. When cracks
are appear in the concrete as a result of loading
or improper curing or other factors the water
reach steel reinforcement in the structure and
degrade them over time. Therefore the artificial
reef system design in this thesis seeks to minimise
these tensile forces. Stacking approach is much
like a brick works, never allowing excessive tensile
forces to occur. As a result minimum reinforcement
is needed and durability is increased. Additionally
concrete is a material that works well with water
because “…water is an ingredient of concrete.
When concrete sets, it is reacting with the water,
initiating a chain of chemical reactions to form a
complex microstructure deep within the material,
so that this material, despite having a lot of water
locked up inside it, it is not just dry but waterproof.”
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Cementitions Materials Comparison

Hydraulic Lime
(~1:1 lime)

More Lime
Less Structural
More Porosity

Concrete Emissions
White Cement
(~2:3 lime)

An average of 927 kg of CO2 are emitted for
every 1000 kg of portland cement produced.
Source: NRMCA

Standard Concrete
(~1:4 lime)

Less Lime
More Structural
Less Porosity

Concrete Reduction
Reduction
Concrete

Concrete (m³) / Module
0.5091
Total Concrete (m³)
184,949

Solid Module
Total Modules
363,287

vs.
Porous Module

Total Concrete
Reduction

86%
Concrete (m³) / Module
0.0715
Total Concrete (m³)
25,975
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environmental concerns

(Miodownik, 2014, p. 53)
Still it can be argued that water can mechanically
erode concrete blocks. However because the
structure is designed for coral grafting this
degradation can be reversed. Corals secrete
limestone which has similar structural properties
to concrete. “If you want to make your own
concrete you need some calcium carbonate, which
is the main constituent of limestone, a rock formed
the compressed layers of living organisms over
millions of years and then fused together by the
heat and pressure of the movement of the Earth’s
crust. “ (Miodownik, 2014).Therefore enabling
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coral growth on the reef blocks will contribute to
the overall strength of the system.
Reduction
The primary goal in the hierarchy of sustainable
actions is reduction of material. This implies
that any building or any piece of infrastructure
should do more with less energy. Taking this into
consideration, in this thesis the porous design of
artificial reef units uses 86% less concrete than a
solid module.
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Fabrication Experiment
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Mold Design

Mold Assembly

Cast Concrete Module

Symmetry Axis

Symmetrical Pieces

CNC Mold Slicing
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FABRICATION

Casting is a common method for production with
fluid materials; before it solidifies the material is
poured into a mould that contains a hollow cavity
of desired shape. Most widely, casting is used to
make complex shapes that would be difficult or
uneconomical to make in other ways. Casting can
be either on site or elsewhere. When casted parts
produced in a factory and assembled on site.
Pre-casting concrete is a preferred method for the
fabrication of the artificial reef units because it is
easy to manufacture and has a shorter assembly
process. The most common use of pre-cast
concrete can be seen in bridge constructions; parts
are cast with unique dimensions and then shipped
to the location. Many high rise buildings are also
made from precast concrete. Another benefit of it
is that it allows modules to be made with hollow
cores. So that, thicker slab with same strength,
however reduced in weight (therefore material)
can be achieved.
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In this thesis fabrication of the designed units
is experimented in order to extract data from
the process for latter measurements such as
construction time, method and material usage as
well as to see if there are any possible drawback
of the fabrication that cannot be presumed
computationally. In addition, it was clear that the
complex form of the modules required a special
mould design whose constructability was naturally
relative to design of the module itself apart from
the primary design drivers.

several different ways.

Mould Design

Another influence of the study was designing the
mould in layers. It is observed that even though
it is 3d printed, the mould is designed in layers
because of the complex morphology of the
casted form. The void inside the mould is forming
a continuous form when layers fixed in place,
however it is assumed that because of the convex
and concave parts of the form need support to
stand when printed in one piece. Separating the
complex forms into layers on top of each other is a

In 2017 ARUP and 3Dealize collaborated in a
research project that is focusing on manufacturing
of a steel structural node by using sand printed
mould to cast metal. In her article Pien Niehe
(2017) mentions that this method is advantageous
in terms of rapidness, sustainability and cost
efficiency. Fabrication design process of the
artificial reef modules are inspired by this study in

Sand printed mould casting is an efficient
method to propose for the mass production of
the modules, that is why it is investigated and
illustrated as the proposed method for fabrication
for this dissertation. However because it is being
a fairly new technology and lack of resources a
rather common method is researched for the
fabrication experiment and if preferred for mass
production as well.
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method that 3d printers mostly used. The method
proofs that when it is simplified to contour lines,
any form can be fabricated.

milling the foam in 90°, the pieces are processed
two sides to achieve the continuous curvilinear
form.

Additionally, a significant aspect of sand printed
mould is the ease of extracting the product from
the mould and reusing the material. Separating
a mould, from an intertwined form is impossible
without shattering, and breaking sand with a soft
binder into pieces is effortless.

Following the CNC process, foam pieces fixed
on top of each other with glue to form the final
shape of the mould and concrete was poured into
it. After two days of curing, the prototype is taken
out of the mould. As mentioned it was impossible
to save the mould.
The result was promising in terms of achieving
the desired form. However the process was
not efficient in terms of man power and waste
material.

Experiment
Finally, CNC foam milled mould is experimented as
an alternative for sand printed mould;
A selected module (which fits into 120 cm edge size
bounding box originally) within the library is scaled
1 / 2 (for the ease of logistics) divided into eight
identical pieces and then 5 cm contours. Contour
height is defined by the CNC machine settings and
available material dimensions. Because CNC is
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Subsequently, the whole experiment took 5 days
and the experiment was beneficial for recording
the time frame of manual construction of the
modules.
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Fabrication Process
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Final Result
Weight: 21.5 kg
Production Time: 5 days

Relative Scale
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3D Sand
Print Molds

Proposed
Fabrication
Method

3D Sand Print Molds
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Concrete Casting

Concrete Casting
Concrete Casting
Estimated Cure Time:
Estimated
1 Week
Cure Time: 1 Week

Cast Concrete Module
(Reusable Mold Material)

Completed Casts
Completed Casts

Print Sand Reused
Print Sand Reused
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System matrix for parametrically
graded module geometries.
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SYSTEM MATRIX

Once the system parameters are established,
a matrix is created to generate a catalogue of
parametrically graded modules to be distributed on
the site. The matrix describes graded modifications
across the x-, y-, and z-axis, corresponding to
width/thickness, overall module diameter, and
the central aperture diameter, respectively. These
individual parameters will subsequently control
the global porosity gradient of the reef morphology
based on spatial distribution.
Now that a graded system of porous modules has
been generated, it is unclear how it should be
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oriented relative to site conditions. Since species
size increases with depth, it is clear that aperture
diameter (which determines porosity) should
increase with depth also; however ecological
considerations are not the only concern. The
artificial reef must also function as a breakwater
by attenuating incoming water velocity;
hypothetically, this means that pore sizes should
gradually decrease with proximity to the coast.
(This hypothesis is consistent with the principles of
energy absorption; one such example familiar to
practicing architects is acoustical design. Though
this addresses different materials – spongy, porous

finishes like foam or gypsum – and a different fluid
medium – air, sound is a wave motion and thus
shares similar physics and energy-attenuation
design principles.)
However, this hypothesis must be verified
using experiments. Therefore hydrodynamic
performance of the reef modules must be
thoroughly assessed to determine the final
matrix orientation for in-situ graded porosity.
For this reason, eight modules representing the
boundary conditions of the matrix were selected
for subsequent CFD analysis and evaluation.
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Parametric boundary extents.
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Modules selected for CFD analysis to
determine hydrodynamic principles.
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Value used as input for module CFD experiment. Further details regarding the
site location and simulations are discussed in the Design Development chapter.
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HYDRODYNAMIC PERFORMANCE

Prior to running CFD simulations on the reef
modules, a test velocity must be established.
The first simulation therefore assesses the
hydrodynamics of the selected site, using seasonal
dynamics of surface currents and tides of the
Makassar Strait. This approximates the maximum
anticipated incoming water velocity to which the
porous reef breakwater would be exposed.
As discussed previously, surface currents in the
Makassar Strait are controlled by the El Niño –
Southern Oscillation (ENSO). Deep water currents
below 50 meters are excluded from the simulation
because they have a negligible effect on coastal
dynamics. The current runs north in summer
months at a maximum of 0.80 meters per second,
and south in winter months at a maximum of 0.85
meters per second. In addition, the maximum
velocity induced by tidal currents perpendicular to
the coast is 0.5 meters per second. (Gordon et al.,
2003)
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The simulation over three seasons incorporates all
three of these currents. The results show a range
of local water velocities to which the breakwater
would be exposed. The maximum local nearshore
velocity is 0.82 meters per second. This result
was used as a velocity input for subsequent CFD
analyses on the individual reef modules.
These analyses assess how individual reef modules
affect water performance across the eight test
samples from the system matrix. It was only
possible to test each module individually, due to
fact that a high-resolution mesh was necessary.
Each experiment ran twice for 100 iterations;
once with water coming in at a 90-degree angle,
and once at a 45-degree angle relative to the
module. The results were collected as two crosssectional stills from the simulation, both vertical
and horizontal, showing local vectors and a
velocity gradient. For this reason there are a total
of eight stills for each module. This is done with
the intent of giving a more detailed, 3-dimensional

understanding of the performance.
Both quantitative and qualitative results were
collected. Since each experiment result consists
of a range of velocities, the quantitative results
refer to the wake area and length. These were
measured at 1:1 scale using Rhino. The qualitative
result refers to the observed turbulence within
the wake. Reynolds numbers were not used to
measure this turbulence, since Autodesk CFD is
only able to collect this information at the tank
outlet. (Placing the tank outlet too close to the
module would compromise the experiment and
simultaneously make it impossible to measure the
wave area and length.)
The purpose of this experiment was twofold:
firstly, to determine whether there is a direct
relationship between the module parameters
and the CFD results, and secondly, to rank the
modules according to their ability to slow water.
This information subsequently informs how the
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Test Module 01

Parameters
[P1] Thickness:

0.15 m

[P2] Module Diameter:

1.25 m

P3

[P3] Aperture Diameter: 0.06 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 02

Parameters
[P1] Thickness:

0.35 m

[P2] Module Diameter:

1.25 m

P3

[P3] Aperture Diameter: 0.06 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s

REEFormation

0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 03

Parameters
[P1] Thickness:

0.35 m

[P2] Module Diameter:

2.00 m

P3

[P3] Aperture Diameter: 0.06 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 04

Parameters
[P1] Thickness:

0.15 m

[P2] Module Diameter:

2.00 m

P3

[P3] Aperture Diameter: 0.06 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 05

Parameters
[P1] Thickness:

0.15 m

[P2] Module Diameter:

1.25 m

P3

[P3] Aperture Diameter: 0.50 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 06

Parameters
[P1] Thickness:

0.35 m

[P2] Module Diameter:

1.25 m

P3

[P3] Aperture Diameter: 0.50 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 07

Parameters
[P1] Thickness:

0.35 m

[P2] Module Diameter:

2.00 m

P3

[P3] Aperture Diameter: 0.50 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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Test Module 08

Parameters
[P1] Thickness:

0.15 m

[P2] Module Diameter:

2.00 m

P3

[P3] Aperture Diameter: 0.50 m
P2
P1

Setup

Direction: 0°

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

Direction: 0°

0.6 m/s

0.2 m/s

0.4 m/s

0.6 m/s

Direction: 45°

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s
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0.4 m/s

Setup

0.8 m/s

View Plane: Horizontal (Plan)

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

Direction: 45°

0.0 m/s

0.2 m/s

0.4 m/s

0.6 m/s

0.8 m/s
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parameters affecting performance should be
modified according to depth and coastal proximity.

a slight increase in turbulence and wake length,
though a slightly smaller low-velocity wake area.

The analysis results indicate that larger modules
are more effective at reducing water velocity.
Increasing the thickness also appears to be
effective, though not as substantially. More
interestingly, increasing the aperture diameter
(pore size) does not appear to have a negative effect
on the desired performance. When compared to
more solid counterparts, this appears to generate

This observation confirms an important point:
due to the increased turbulence, porous modules
are able to create similar wake shadows to solid
modules, despite their susceptibility to higher
surface pressures. This reinforces prior research
supporting the use of porous breakwaters.
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observations

Setup

Setup

Direction: 0°

Direction: 0°

Direction: 0°

Direction: 0°

0.0 m/s

0.2 m/s

Test Module 07

2.00 m

0.35 m

Parameters

[P2] Module Diameter:

[P1] Thickness:

[P3] Aperture Diameter: 0.50 m

Setup

Test Module 03

Parameters

0.8 m/s

0.8 m/s

0.8 m/s

Direction: 45°

Direction: 45°

Direction: 45°

P3

P1

P1

0.0 m/s

P2

P2

0.2 m/s

0.8 m/s

View Plane: Horizontal (Plan)

0.6 m/s

View Plane: Vertical (Section)

0.4 m/s

0.6 m/s

0.6 m/s

0.8 m/s

0.8 m/s

View Plane: Horizontal (Plan)

0.4 m/s

0.4 m/s

0.2 m/s

0.4 m/s

0.2 m/s

0.0 m/s

0.2 m/s

0.6 m/s

0.8 m/s

View Plane: Vertical (Section)

0.0 m/s

0.0 m/s

Though they have very different geometries, both
modules have similar hydrodynamic performance.

View Plane: Horizontal (Plan)

0.6 m/s

Setup

[P1] Thickness:
0.35 m
0.4 m/s
0.6 m/s
0.8 m/s
P3
[P2] Module Diameter: 2.00 m
View Plane: Vertical
[P3](Section)
Aperture Diameter: 0.06 m Direction: 45°

0.6 m/s

0.6 m/s

View Plane: Horizontal (Plan)

0.4 m/s

0.4 m/s

0.2 m/s

0.2 m/s

0.4 m/s

0.0 m/s

0.0 m/s

0.2 m/s

View Plane: Vertical (Section)

0.0 m/s
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Test Module 03
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Module Distribution Logic

Z-AXIS

Depth:
-15.0 m

2.00 m

Depth:
-5.0 m

Distribution Domain

1.75 m

1.50 m

1.25 m

Y-AXIS

Towards Open Ocean

176

[P2] Module Diameter: Decrease

Towards Coastline
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DISTRIBUTION STRATEGY

The module distribution on site is graded
parametrically according to two factors: depth
and proximity to the coast. The values for each
parameter are computationally remapped
according to the perpendicular distance measured
from the module centre point to the mean sea level
plane (along the z-axis) and contour line (along the
y-axis). This sectional strategy parallels the array
of coastal ecoclines, which are characterized by
gradual ecological changes in these two directions.
The orientation of parametric changes is also
highly determined by the outcomes of the
previous CFD experiments. For example, since

water velocity decreases as it approaches the
coast, it is most appropriate to locate larger
modules at the fore of the reef. Module pore
sizes increase with depth to accommodate for the
species size distribution without compromising
coastal performance. The thickness of each
module also increases with proximity to the coast.
This creates a gradual increase in material density
throughout the aggregation for more effective
absorptive attenuation. It also produces a stronger
foundation for buildings, which are to be located
nearer to the shore.

to individual modules, the results are informative
enough to extract hydrodynamic principles that
indicate how overall reef performance may
be enhanced. Given the project constraints,
application of these knowledge outcomes is the
most reliable method available to predict the
best performance result of a full-scale breakwater
aggregation. However, it must be noted that
this strategy does not replace more accurate
experiments reflecting exact performance
outcomes.

Though analysis of these experiments is limited

Principles from the CFD results inform how
the system matrix (a multi-parameter porosity
gradient) is computationally defined, or oriented,
according to the spatial-ecological parameters of
the site.
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Module Distribution Logic
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ion Logic
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Gradient change of the modules, porosity decreases from left to right.
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Structural Optimisation
Material | Displacement
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Displacement
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LOCAL STRUCTURAL OPTIMISATION

The system will experience following types of loads;
firstly, the forces of the water will apply lateral load,
and secondly, gravity will apply a perpendicular
load. The system will experience a dead load of
the units themselves and the additional load of
building structures on top. The lateral load will
vary in direction and in intensity. By the nature of
the geometrical form, the cuboctahedron is wellsuited to channeling these forces. If we compare it
to the cube the lateral forces distributed via higher
number of paths, as such it provides better defense
against unpredictable direction of the water in the
marine environment. Buoyant forces are also an
aspect to consider, however for the purpose of this
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exercise they may be considered negligible.
The dead weight of the concrete is sufficient to
stabilize the system against lateral forces of the
water. However because these forces are quite
strong it is important to arrange the lighter units on
top and heavier units at the bottom. In this sense
the system overall is no different than a masonry
wall which works based on the fact that most of its
components are in compression at all times.
Because the proposed structure on top is made
out of bamboo, it does not add excessive load
on the concrete blocks system, so no additional

structural measures are required except to secure
the upper structure against wind using typical tiedown hurricane strap connections.
In order to test how the system works under
compression, a Finite Element Analysis (FEA)
is made on a group of 27 modules arranged as
3x3x3. Additionally, a multi objective optimisation
algorithm is used to find the fittest arrangement
of the units that utilizes minimum material while
having minimum displacement. This illustrates a
technique that may be used to optimise specific
points of the aggregate reef structure based on
local conditions.
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observations
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3. RESEARCH DEVELOPMENT_ assembly process

Site reef assembly using a crane
barge. This is a typical breakwater
construction method.
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ASSEMBLY PROCESS

Concrete armour units are commonly installed
in breakwater formations with the purpose of
dissipating wave energy. (Smith, 2016) In order to
assemble these units, a crane vessel is required.
Such vessels are common in offshore construction
because they are capable of both lifting and
transporting heavy loads. Their capacity can be
up to 3000 tons with a positioning tolerance of as
little as 50 millimeters. (El-Reedy, 2012)
The weight of a typical armour unit is considerably
greater than the reef modules described in this
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thesis. It is therefore logical to assume that they
can be transported and deployed using the same
methods. Since the thesis modules are designed to
be packed in a tessellated formation, they do not
require any additional assembly by underwater
divers. This is in contrast to some other examples
of artificial reef units previously discussed.
Once the reef-breakwaters are assembled,
residential construction may proceed with the
assistance of similar vessels.
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Photograph by Tracey Jennings
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OVERVIEW

This chapter discusses more complex design
experiments on a higher systems level at the scale
of the urban settlement. Using the topological
principles and strategies established in the
previous phase, coastal protection is provided
by adapting the global reef morphology to the
specific hydrodynamic patterns of the site. At this
scale, the breakwater provides erosion control
while creating ideal conditions for maricultural
production, as evidenced by CFD analyses of the
site terrain.
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This section also specifies the relevant parameters
which are used to determine the final urban design.
These include the site residential population,
workforce, productive outputs, and maricultural
areas, which collectively describe an economic
projection for the next century. It also puts forward
a method for building distribution across the reef
substrate, using design optimisation to address
critical environmental objectives. Together, these
outputs are used to describe the full project
timeline and a final sequence of construction,
growth, and adaptation.
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Research Overview
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(Ferrario et al., 2014)
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[Source: Nakamura et al., 2016]

[Sources: Bando et al., 2017;
*Taylor, Saracho & Rifai, 2014]
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RESEARCH OVERVIEW

In order to select a site for this thesis, a preliminary
study was conducted to evaluate the relative
climate risks worldwide. The purpose of this was
to identify an area of the world most vulnerable
to the problems described in the thesis domain.
Information regarding four critical risk factors
is illustrated on the global map: sea level rise
(shallow seas), storm surges (hurricane corridors),
regional poverty, and reef loss. Coastal cities with
high populations are also shown for reference.
There are two major confluence areas where the
three natural risks overlap: Southeast Asia and
the southern United States. Both are projected
to experience rapid degradation of coastlines and
loss of biological resources. However, in contrast
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to the United States, Southeast Asia may not have
the necessary economic resources to address
these problems. Arguably, this makes it the most
vulnerable region worldwide, which is why it was
selected for further investigation.
An article by Ferrario et al. (2014) suggests that out
of all countries surveyed in the Southeast Asian
region, Indonesia has the highest number of people
relying on coral reefs for coastal risk reduction.
An estimated 19 million people in Indonesia live
less than 10 meters above sea level and less than
10 kilometres from a coral reef; 41 million live
within 50 kilometres. The country is located in
the epicenter of the largest concentration of coral
reefs in the world. And, as discussed previously,

fishing is also a major economy and most major
cities occur along coasts.
The regional map shows the distribution of reef
patches surrounding Indonesia. (Reef Base, n.d.)
One of the largest fringing reefs that is located
near a major metropolis is the one surrounding
Makassar, South Sulawesi. Since this reef system
is so large and proximate, it stands to reason that
it plays a vital role in protecting the city’s lowlying areas from erosion. Makassar consists of
approximately 1.3 million residents, many of whose
livelihoods may be threatened by inundation.
(Encyclopædia Britannica, n.d.) Because of these
concerns, this urban context was selected for
further design investigation.
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Makassar
Fringe Reefs

Makassar Municipal Limits
[Source: UN-Habitat, 2013]
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FOCUS AREA

The next step in the design development is to
select a case study site for the urban settlement.
The selection process was informed in part by the
climate change vulnerability assessment report
for Makassar, which assesses the level of risk for
individual districts in the city. (UN-Habitat, 2013)
The report ranks each district, or Kecamatan,
according to its projected exposure to temperature,
rainfall, drought, and sea level increases.
Though the hazard is ranked according to
exposure in all four categories, sea level rise is
the defining factor for the highest risk. The most
vulnerable districts are Tamalate, Biringkanaya,
and Tamalanrea, which occupy the northern and
southern coasts of the city. (UN-Habitat, 2013)
These locations are furthest away from the fringing
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reefs, central port, and its seawall.
Poverty provides a secondary level of assessment,
which is calculated by percentage. In the poorest
districts, between 20-31 percent of residents are
below the poverty line. These include Ujung Tanah,
Tamalate, Makassar, Tallo, and Paanakkukang.
Though some of these are concentrated in the
centre, they also include the area towards the
south. According to the report, it is common to
find some of the poorest communities along the
coast. (UN-Habitat, 2013)
A second article published by Bando et al., (2017)
further assesses the potential flood hazard in the
northern coastline using an inundation model. The
article implies that sea level rise may be worse in

this area that the climate change report suggests,
due to the relatively high flood areas indicated in
the experiment results.
When this data is overlaid on a map, it becomes
clear that the northern and southern coasts are
the most vulnerable areas of Makassar. Since the
projected population displacement is potentially
quite large, it may be necessary to build residences
on multiple sites along these stretches. However,
only one site is developed in detail as the primary
case study. The selection is based on the research
conducted by Bando et al., which identifies this
particular peninsula north of Makassar city as one
of the most vulnerable locations to erosion and
sea level rise.
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Makassar
Fringe Reefs

Makassar
Fringe Reefs
Protected Coastline
24.8 km
Sea Level Rise (2100)
2,752.85 ha

Poverty
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Source: UN Habitat Makassar Climate Change Vulnerability Assessment
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Urban Scale Distribution

Generating Coastal Communities
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Makassar Population Displacement

[Source:
UN-Habitat,
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DESIGN PARAMETERS

In order to develop a design proposal at the urban
scale, it is necessary to establish key demographic
figures describing the relationships between
residential population, workforce, productive
outputs, and land use areas that (arguably) make
human society a functioning project. Without
understanding these elements of responsible
urban planning, it is considerably less probable
that the settlement will provide meaningful
stability and comfort for its residents.
The ambition of this project is to protect the
Makassar ecology by allowing the free movement
of slow-moving water to govern the emergent
dynamic coast with minimal erosion. However,
this creates a stark negative impact, in that it will
displace the urban poor. According to projections

provided by UN-Habitat (2013), up to 292,920
people may be displaced by climate changerelated sea level rise. This represents about 22% of
the entire city population.
For this reason, the coastal defense system is
designed to be a substrate for new housing.
This design approach hopes to elevate both the
quality of housing and the standard of living for
these people in spite of the changing climate. If
those displaced, many of whom are fishermen,
must be relocated, it may be beneficial that
they are closer to the coast. It is also necessary
that they are provided with long-term economic
and subsistence security to replace the climateendangered livelihood of fishing.

That is why mariculture is so important for the
climate future, and why understanding productive
requirements is necessary. For the design
development, mariculture data for Indonesia
published by the UN Food and Agriculture
Organization is used to establish the productive
and economic model for the site between 20252100. Using these figures, it is estimated that a
single worker overseeing a productive area of 0.01
hectares will yield 2.3 tons per year. Adjusted for
inflation, the estimated price per ton in 2025 is
2012.02 USD. (FAO, 2019) These ratios are largely
what govern the urban design development for
this thesis, the economics of which are triggered
by environmental changes and population growth
over time.
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SITE MORPHOLOGY

Once all the relevant data is known and the site
is selected, the first step toward the final design
development is to determine the appropriate
morphological strategy for the artificial reefbreakwater system. This is not to be confused
with the parametric gradation strategy, which
has already been established during the research
development phase; this section refers specifically
to how the modules will be placed in breakwater
aggregations on site.
Though different strategies were considered, the
most appropriate is to aggregate the modules
according to the local wave refraction patterns. As
discussed in the thesis domain chapter, incoming
waves will always re-orient perpendicular to the
site contours. (Massel, 1999) This physical law of
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motion makes it possible to predict where water
velocity will be amplified and where it will be less
prevalent. Modules designed to attenuate wave
energy should therefore be distributed along the
wave paths.
This concept is further supported by studying
the design of breakwaters and groynes. Groynes
extend perpendicular to a coastline, and work by
trapping sediments and disrupting the longshore
drift. Breakwaters run parallel to the shore and
dissipate incoming wave energy. (Nordstrom,
2013) The refraction configuration proposed here
offers both parallel and perpendicular attenuation
for water moving from any direction, not just along
the wave paths.

The range of depths for the system is set between
-15.0 and -5.0m below mean seal level. This
provides an ideal ecological zone for a nearshore
coral reef habitat. As mentioned previously,
waves are expected to break at approximately
1-2 meter depths. (Pradnyana et al., n.d.) In this
proposal, they will be forced to break in proximity
to the “high-crested” reef, far in advance of the
coastline. The predicted result of this action is that
it will produce a sheltered, intertidal area of slowmoving water. Considering the extreme surface
velocities observed in the site CFD simulation
during the biannual monsoons (which make
medium- and low-velocity mariculture impossible),
this likely increases opportunities for local mollusc
cultivation.
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SITE MORPHOLOGY DEVELOPMENT
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1. Define refraction vectors

2. Evaluate wave convergence

Wave patterns are generated from -15.0 contour depth (defining the outer
domain of the reef) by subdividing the curve into 100 points along the
selected stretch of coast. The input points define the flow resolution.

The paths are further subdivided and the resulting points are mapped
according to their proximities. Darker colours indicate areas of wave
convergence, the results of which suggests areas of high abrasive action..
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3. Isolate high-erosion pathways

4. Establish reef morphology

Zones are established according to the highest risk of erosion. For this
reason, these areas form densest, highest-crested locations of the reef, which
are elevated 3.0 meters above the current mean sea level.

The entire reef boundary volume is defined according to mid- to high-density
of waves. The zones of highest density are populated using circle packing,
which define gene inputs for residential building locations. Buildings are
placed within these zones because the increased reef density will offer the
strongest structural substrate and greatest resilience.
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SITE MORPHOLOGY DEVELOPMENT

5. Distribute module points and parameters

The reef geometry is populated with points defining a module in space. The location of each point defines the individual
module parameters computationally according to the distribution strategy logic described previously. The spatial
distribution of the points is defined according to the module scales and packing dimensions.
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6. Apply reef modules to boundary volume

A representation of the final reef morphology. Note: though the site distribution script is able to compute rapidly, a
standard laptop is not able to preview or render the total quantity of modules on site simultaneously - only smaller
portions. For this reason, visualisation at this scale is representative, as are others throughout this book.
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EXPERIMENT 1.1
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EXPERIMENT 2.1
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SITE HYDRODYNAMICS

To understand the effects of the reef morphology
on local water velocities, a second regional-scale
simulation provides comparison to the first. The
purpose of this experiment was to verify whether
the presence of the reef would induce suitable
velocities for mariculture. The outcome of this
simulation, in combination with the water depth,
provided important insights for the distribution of
mariculture on site.
Both simulation use Autodesk CFD, but the data
are shown using a Grasshopper visualization to
remap the colors for local velocity values. The
initial simulation, showing the site without the
reef, was discussed briefly in the previous chapter
in the context of the reef modules. The results
show that the predominant incoming coastal
currents oscillate annually between northwest and
southwest directions. Interestingly, the stronger
northwest current may explain the morphology of
the islands off the peninsula. The results suggest
that the shape of the coastline has eroded in
response to these currents.
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The reason this site was selected was due to the
research information provided in the article by
Bando et al. (2017) Upon closer observation of the
simulation results, it is possible to see that there is a
patch near the opening of the peninsula bay which
is exposed to high velocities, indicating a higher
risk of erosion, and therefore to sea level rise. The
distinct shape suggests that the southern part of
this coastal patch is eroding due to the southwest
currents, and the northern patch is eroding due
to the northwest currents. This observation is
informed by early research into coastal dynamics.
It is for this reason that the reef morphology is
placed within this high-velocity patch, to disrupt
these dynamics and distribute the water flows
more evenly along the coast. As with the first
simulation, the second uses identical parameters
as the first to maintain the integrity of the
experiment. These parameters include the same
seasonal ENSO current and maximum incoming
tidal velocities. Additionally, the lower right hand
corner of the site is approximated 5.1 degrees

south, 119.5 degrees east, and the bounding box
is 2500 x 2500 meters. The tank size (not pictured)
is 7500 x 11000 x 2500 meters. The only difference
is the addition of the reef-breakwater.
The results of the second simulation show that
although the new morphology appears to increase
the water pressure that surrounds the peninsula
(as evidenced by the higher maximum velocity
figures), the immediate near-shore areas no longer
experience high-velocity figures. Furthermore, the
seasonal velocities within the bay have dropped
to values that are compatible with maricultural
cultivation. As discussed in the thesis domain,
the ecological strategy for the site requires on a
velocity range of approximately 0.1-0.4 m/s for
seagrasses, molluscs, and crustaceans. With the
addition of the reef-breakwater, the local site
velocities are now within the approximate range
of these values.
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EXPERIMENT 1.2
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EXPERIMENT 2.2
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EXPERIMENT 1.3
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EXPERIMENT 2.3
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Fabrication Parameters

x
3D Sand Print Molds

100

Concrete Casting
Estimated Cure Time: 1 Week

Modules (Total)

362,287

3D Sand Printers

100

Molds / Print Bed

6

Workstreams

600

Completed Casts

Print Sand Reused

x

24

x

6

*

5

Fabrication Time (Days)

5

Workstream Calculation

(600+5)-1

Days (Total)

604

Years (Total)

1.65

Fabrication Experiment (Proxy Data)

*
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Printing (Days)

1

Casting / Curing (Days)
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PROJECT CONSTRUCTION

One of the most important aspects to consider in
determining the project feasibility is to determine
the construction sequencing and timeline. Since
the target lifespan is the century between 2025
and 2100, the project construction is suggested to
take place over a 5-year period, from 2020-2025.
The construction sequence includes the fabrication
and distribution of reef modules, construction of
access roads, and finally, residential dwellings.
Since the reef modules constitute the unique
research aspect to this thesis, the key to
maintaining this 5-year schedule is to provide a
module fabrication timeline that is as accurate
as possible. According to the script, the initial
number of modules on site is 362,287. If 100 sand
printers are used with a capacity for producing 6
moulds per day, this constitutes a daily output of
600 moulds.
Sand 3D printing offers many benefits for largescale manufacturing. The build volume of a sand
printer, for example, is the largest available by
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far. It requires no support structures and is highly
material-efficient. The print materials, including
the binding agent, are inexpensive and readily
available. Sand itself may be harvested on site
and re-used. The strength is suitable for casting
applications, and the costs increase only when
producing metal parts. (All3DP, n.d.)
The estimated fabrication time for a single module
is 5 days, which includes printing, casting, and
curing. This figure is a proxy estimate provided
by the earlier fabrication experiment, which
uses a CNC mill instead of a sand printer, which
unfortunately was not available for use in this
thesis. (It is possible that the CNC process takes
longer due to the extra preparation, assembly, and
mould removal time required.)
Since casting and curing does not require the
use of the printer, this means that the printer is
only engaged for the first day of fabrication in the
work stream. This means that mould printing can
begin on the second day, before the first batch

of modules are completed. This overlap between
work streams may be accounted for using the
following equation:
(daily print output +
total fabrication time per module) - 1
The result of this equation is the total number of
days required to produce all 362,287 modules,
which corresponds to a total of 1.65 years. Since
modules that are finished may be deployed while
the rest are being fabricated, it is likely that the
entire reef may be constructed on site within as
little as two years. The remaining time may be
used to complete the rest of the project, which will
likely also take less than three years. This leads to
a conclusion that maintaining a 5-year timeline is
highly feasible, so long as the proposed fabrication
technique of sand printing is indeed able to deliver
these results for the proposed mould geometries.
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CONSTRUCTION SEQUENCE
1.

2.

3.

4.

5.

6.

7.

8.

9.

2020 - 25
2020
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15.

16.

17.

18.
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CONSTRUCTION SEQUENCE (continued)
19.

20.

21.

22.

23.

24.

25.

26.

27.

2020 - 25
2020
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[1]
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[2]
Maximise Area:
Maximise
Area:
View Field
Annual
Exposure
fromSun
Residence
on Deck Surface
[1]
[1]
[1] Area:
Maximise
Maximise
Area:
Maximise
Area:
View Field
View
Field
View
Field
from
Residence
from
from Residence
Residence

[2]

[2]
[2]
[2]
Maximise Area:
Maximise
Area:
Maximise
Area:
Annual Sun Exposure
Annual
Sun
Exposure
Annual
SunSurface
Exposure
on Deck
on
on Deck
Deck Surface
Surface

Maximise Area:
Annual Sun Exposure
on Deck Surface

Fitness Criteria
[2]
[3]
Maximise Area:
[3]
[3]
Minimise
Angle:
Annual
Sun
Exposure
[3]
Minimise Angle:
Minimise
Angle:
Minimise
Angle:
Align
to Predominant
Align
to
Predominant
on
Deck
Surface
[4]
AlignWind
to Predominant
Predominant
Align
to
Vector
Wind
Wind
Vector
Wind Vector
Vector
Minimise
Diﬀerence:
Target Number of
Residences

Gene

[3]
Minimise Angle:
Align to Predominant
Gene
Wind Vector

[6]
Cell Location
[3]
Minimise Angle:
Align to Predominant
Wind Vector
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RESIDENTIAL DISTRIBUTION

The distribution of residences on the reef is
controlled by a design optimisation algorithm
using the Wallacei plug-in for Grasshopper. The
algorithm works by applying user-defined design
parameters as gene inputs, which are then
processed by the evolutionary solver to optimise
for multiple user-defined fitness criteria. This
means that the same simulation is able to address
multiple design aspects simultaneously.
One design aspect addressed by this simulation is
the location of the residential buildings. The reef
morphology itself varies in height parametrically
according to the density of the wave refraction
rays. Wherever the rays are most concentrated,
the reef will form a plinth of a maximum of 3.0
m above mean sea level for 2025. This is so that

these areas will be safely above the maximum sea
level in 2100.
Circle packing is used to define centre points for
the regions above 3.0 m in height. This is to ensure
a design tolerance, so that no collision would occur
between multiple buildings during the simulation.
These centre points define all the possible
locations for residential buildings; however, not all
points are used. The total number of houses for
the site, as determined by the target population of
1000 residents, is set to 50.
The design optimisation algorithm defines a
total of three fitness criteria, all of which are
designed to increase the environmental comfort
of the architecture according to principles derived

from traditional Indonesian architecture. These
principles are what determine the optimum
locations of the buildings; for this reason, the
settlement is distributed in such a way so that each
dwelling receives the best possible indirect light,
ventilation, and view.
This is demonstrated by the data collected through
the simulation. However, since these criteria are in
conflict with one another, different solutions will
prioritize differently. For example, one settlement
distribution option may show better results for
indirect light than for ventilation. For this reason,
it is up to the designer to select the final solution.

Circle packing (shown previously) defines
possible locations for the residences.
REEFormation
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2025

SEA LEVEL

0.32m

2050

SEA LEVEL

0.62m

In the first 25 years, there is a noticable loss of intertidal coastline at the
tip of the peninsula (as indicated in dark green).
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GROWTH AND ADAPTATION

The final step of the design development phase is
the integration of the ecological strategy with the
reef-breakwater urban settlement. This includes
both habitat restoration initiatives and the IMTA
approach described in the thesis domain. The
rationale for this approach is provided by the
maricultural and population design parameters
discussed earlier in the chapter. It is also
determined by the environmental parameters
discussed in the thesis domain, which define the
site ecoclines based on the local water depth and
velocities.
Since the project is designed to adapt to the
emergent local biome, this development is shown
in a series of 25-year time steps between 2025
and 2100. Each time step represents a generation
of population growth, therefore the maricultural
output must expand proportionally to achieve
food security for the residents. This is calculated

REEFormation

according to the productive ratio described earlier
in the chapter. The total area for mariculture is
therefore based on the site population, which in
turn describes a portion of the climate-displaced
inhabitants of Makassar. From these area
requirements, it is possible to calculate a target
number of employees needed for the production;
the resultant figure is equal to one worker per
household.
Once the total maricultural area is determined,
this may be further divided according to the
target species. These figures are calculated
according to the available area determined by the
environmental conditions. For example, mussels
are ideally cultivated in depths 6-8 meters or
greater; that is why their cultivation area shifts
and increases as the sea level rises. (This is defined
ecologically as a shift in the ecoclines.)

The reason crustaceans are not included in the
area calculation is because they are allowed to
move freely in the areas surrounding the site.
This decision is based on the observation that
their behaviour is highly predictable, and also
ecologically important. Their migration offshore to
spawn is a tremendous factor in attracting fish and
enriching the local trophic supply. Despite being
allowed to move freely, the females generally return
from their migration to the same location and will
not leave the area, as long as the environment is
favorable and there is access to a stable source of
food. Since their primary food supply is molluscs,
the strategy is to maintain a healthy population for
capture through responsible human stewardship
of the local environment.
Pearl oysters are cultivated offshore where
conditions are more favorable to them. As
discussed in the thesis domain, there is a strong
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tradition of pearl farming in Indonesia. (CNA, 2018)
As they are not an edible species, pearl culture
may be used to diversify the site productive output
to reduce economic risk and provide an alternative
source of income. This provides a measure of
security if the annual fish catch is low or the
output of crustaceans and molluscs falls short due
to seasonal weather fluctuations, such as damage
due to extreme storm events.
Mangroves, sea grasses, and corals form part of the
site ecological restoration. Mangrove plantings are
used as a soft defense to secure the coastline and
augment the erosion prevention already provided
by the artificial reef breakwater. They are also an
important habitat for juvenile crabs, and may thus
increase their numbers.
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Sea grasses are also important in reducing the
velocity of water closer to the coast. They play
an important role in processing the remaining
effluent produced by the human settlement,
which is not already consumed by unicellular algae
or molluscs. Since sea grasses are located within a
depth range of 1-3 meters, they grow in proximity
to the intertidal zone.
Finally, corals are introduced to the site by grafting
them onto the fully submerged crest of the
artificial reef breakwater. Though their existence
is threatened by the loss of zooxanthella algae in
the environment, there may yet be some hope for
them to survive, particularly if this environment
is monitored. Since the reef modules provide the
structural diversity required for fish attraction,

the reef may yet increase local biodiversity even if
the coral grafts fail. In the event that the corals do
survive, their annual growth will range from 0.3-10
centimeters per year.
Though it is impossible to project exactly how the
changing climate will affect these ambitions, the
objective is to remain optimistic and provide as
many strategies for survival as possible. Even if
the site cannot adapt to the severity of future heat
waves and storms, the overall increase of habitat
and environmental complexity will substantially
improve the chances for real, long-term ecological
sustainability.
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2075

SEA LEVEL

0.92m

2100

SEA LEVEL

1.44m

Between 2075-2100, there is a tremendous increase in intertidal area,
which signals new opportunities for high-volume oyster production.
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Legend

Data
Depth
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up to -20.0m

Coral Grafts

up to -15.0m

Reef (Below Sea Level)

-25.0m <> -5.0m

Reef (Above Sea Level)

up to +3.0m

Green Mussel

up to -8.0m
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-8.0m & up

Mangrove Crab

various

Spiny Lobster

various

Sea Grasses / Intertidal Zone
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-1.0m <> 0.0m

Residence

+3.0m & up

Walkways

+6.0m & up

Main Road

+6.0m & up

2025
2020
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SEA LEVEL

0.32m
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Legend
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Legend
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Legend
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OVERVIEW

This chapter describes the final architectural
proposal in greater detail. The residential design
is developed using a case-study input for the local
design optimisation of traditional tongkonanstyle architecture. This method addresses aspects
of thermal comfort, such as solar radiation and
natural ventilation, in addition to providing each
house with views of the seascape. Rendered
images of the project also highlight the conceptual
experience of living on an artificial reef surrounded
by water. Architectural drawings of multigenerational housing illustrate how adaptation
to sea level rise and refuge from storm surges is
achieved at the human scale.
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Traditional Indonesian Architecture
Design + Construction
Roof
Seagrass or palm thatch over purlins
Structure
Bamboo slats or poles
Interior Partitions
Split or woven bamboo; flexible
Foundation
Wood piling; levated to allow access
and circulation
Orientation

Elevations

[Source: Johnson, 2017]

[Source: Schefold, 2008]

Climate Design Criteria
Biome: Tropical Pacific

Wind Capture
Radiant heat absorbed by the roof is insulated by a double
layer. Wind capture prevents additional heat transfer and
provides cooling by convection.

Solar Rays
The residence receives natural light through
indirect sunlight reﬂected from the deck, which
absorbs most of the radiant energy.

Indirect Sunlight
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Natural Ventilation
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DESIGN OPTIMISATION

Design of the house units are inspired by
traditional Indonesian house Tongkonan. The most
remarkable feature of this house is an oversized
boat shape roof. The main features of the house
are related to the climate. The large overhanging
roof structure provides solar shading. When
coupled with highly permeability construction
providing good ventilation thermal comfort can
be achieved. This particular approach is exhibited
by the most vernacular architecture in the tropical
region.
In this case it is aimed to provide thermal comfort
by using the same approach. The ventilation
is supported by the channel designed in the
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roof structure and it is designed to achieve the
maximum size for the opening. Additionally
dwellings oriented to the dominant wind direction.
Because of the shading properties of the roof,
natural light is provided indirectly. In order to
maximise the amount of the reflected light, the
roof is designed to allow for the creation of bigger
openings on the façade
The parametric properties include the size of the
openings, height of the roof and orientation of
the unit. These are tested against the mentioned
fitness criteria of optimum lighting ventilations
and views. Instead of testing each unit separately,
the system of houses is tested in a collective

relationship to one another. This approach is
chosen to take into account parameters that are
affected by the placement and geometry of other
dwelling units as well, meaning that when the
houses are clustered together, the changes in solar
gain, views and ventilation are taken into account.
An area of top of the reef system is virtually
populated by the dwelling units. Then, the
algorithm runs for a number of iterations changing
the above parameters to achieve optimum
values for the stated fitness criteria. The iteration
performing best is chosen and implemented into
the system.
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Fitness Criteria
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Interior view of a typical dwelling. The
reef module support structure is part of
an integrated architectural experience.
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Residential Area
75 sq.m.
Accomodates up to 4 families,
including individuals
employed in mariculture
Roof
Seagrass thatch
harvested on site
Decks
Elevated above highest
anticipated rise in sea level

Upper Structure
Bamboo slats or poles
Interior Partitions
Split or woven bamboo; flexible

Foundation
Reef modules tested
for structural support

Schematic drawing showing a typical
dwelling morphology, and the materials
used in its construction, which are
rapidly renewable and locally sourced.

REEFormation

245

5. DESIGN PROPOSAL_growth and adaptation

The following sequence of drawings show the relationship between building floor
and sea levels. They also suggest how the building may be detailed for programmatic
change, from public to residential spaces for multi-generational families.
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GROWTH AND ADAPTATION

While the design of the concrete part of the reef
system is largely affected by the durability criteria,
it is important that the lightweight top remains
programmatically flexible to some degree. This
means that the reef system grows over time the
character of the dwelling houses above will change
as well.
When the reef is small and not yet established
for the purposes of mariculture, the system can
perform the function of an outdoor recreational
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area. Because shading is one of the main criteria
for comfortable occupation of an outdoor
space in Indonesia, the first in sequence of the
lightweight developments will consist of programless roof structures. Since the climatic criteria are
applicable to any function, the programme can be
partially determined by the occupiers. This allows
for multi-generational family expansion within the
dwelling. At this stage the uses and the population
are expected to be transient. Eventually, with the
growth of mariculture a permanent population

will be established and the dwelling houses will
become formalised with floors, walls and windows
with more defined residential spaces as well as
other uses.
It is important to note that the highest level of each
building is designed above the highest anticipated
storm surge level for 2100, as defined in the thesis
domain. This area can serve as a temporary flood
refuge for the inhabitants of each building.
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RESEARCH QUESTION

258

Emergent Technologies and Design

How can a fabricated system
of artificial reef structures
support human settlement
and provide adaptive
ecological resilience?
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SECTIONAL HABITAT GRADIENT
MODULE
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REEF FLAT

INTERTIDAL
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SITE HABITAT GRADIENTS
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Rhizophora stylosa

Seagrass
Various

Spiny Lobster
Panulirus ornatus
Panulirus homarus

HABITATS

OPEN OCEAN

REEF CREST

REEF FLAT

INTERTIDAL

COAST

261

6. CONCLUSIONS_design synthesis

to

CLIMATE
CHANGE

y

res

etr

DIGITAL
FABRICATION

rat

om

ge

ion

MARINE
ECOLOGY

adap

ting

rin
3D p

tatio

structure

n

REEF
MATERIAL

262

RESIDENTIAL
ARCHITECTURE

Emergent Technologies and Design

DESIGN SYNTHESIS

In response to the initial research question,
this thesis proposes an artificial reef topology
for multi-functional performance. The design
improves habitat structural diversity by increasing
the modules’ porosity and surface area, while
also reducing incoming water velocity for coastal
protection. Due to the advanced computational
design and fabrication methods, the modules
are also capable of adapting these features in
response to their location within the coastal
ecoclines. This gradation is advantageous not
only for hydrodynamic performance, but also for
attracting a wide range of biota.
On the settlement scale, the reef creates a unique
living opportunity that addresses some key issues
of sea level rise displacement highlighted by the
UN and the IPCC. Many people living near the
Makassar coast are fishermen who rely on the
sea for their livelihood. In Indonesia, there are
deep-rooted cultural aspects to living on water,
with some indigenous groups preferring it to
land. Unlike seawalls, porous breakwaters are
significantly less expensive and have been shown
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to make a positive ecological impact. Dynamic
coasts with balanced intertidal nearshore habitats
provide critical support to the local food supply,
by attracting marine organisms and increasing
nutrient wealth.
This proposal focuses on a compromise between
managed retreat and hard defenses by using
a porous breakwater structure to support a
meaningful ecological strategy. This ensures
the presence of natural ecoclines and creates
opportunities for continued long-term access to
important bio-resources. Though climate change
is displacing migratory fish populations, the
urban plan also provides an alternative means
of food and income. This is achieved through
IMTA mariculture which incorporates oyster and
mussel farming with environmental management
principles designed to increase crustacean and fish
catch. A critical part of this plan is the restoration
of natural habitats provided by mangroves and
corals, as well as artificial habitats provided by the
porous reef-breakwater.

The final architectural proposal forms the interface
between the ecological and urban systems.
The creation of new communities presents
an opportunity to raise the living standard for
the displaced residents of Makassar, many of
whom are in poverty. Traditional architecture,
constructed from rapidly-renewable and locally
sourced bamboo, is computationally optimised
for sun, wind, and light. Waste is processed and
re-introduced into the environement for a closedloop system. The design includes an adaptation
strategy for sea level rise and storm surge levels to
keep residents safe from climate extremes.
To conclude, this thesis presents a design synthesis
across multiple research spheres and development
scales. The proposal addresses the complex issues
of climate-adaptive, ecological urbanism with the
purpose of achieving synergy with nature and
securing a better future for local communities,
human and non-human alike.
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CRITICAL EVALUATION

Despite the successful outcome of this project,
many questions remain. Some design concerns
are raised initially but never directly addressed
in the work. Others are left out entirely, or met
with responses that were unclear, inconclusive, or
simply unsatisfactory. Still further questions were
raised by the products and processes of the work
itself, which require deeper reflection and take
time to reveal themselves. This critical evaluation
will discuss some of these more prominent issues.
One of the biggest criticisms of this project was
in the use of concrete, which is a high-emissions
material. Critics of its use in this thesis appear not
to acknowledge or be aware that it is currently
irreplaceable within a marine context. According
to one specialist, “It is evident that concrete has
become an indispensable component of marine
structures, ensuring durability and robustness and
facilitating techniques that could not otherwise
be used.” (Smith, 2016, p. 63) Large stretches
of the southern British coast are armored with
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concrete units to prevent the chalk-white cliffs
from tumbling into the sea. These are very serious
forces of nature indeed, and any other material is
still too unrealistic and too unsafe to propose for
coastal protection purposes.
An overwhelming number of articles and
publications exist to support this, and there
is virtually no research currently available to
encourage the use of any other material. Given
that this is a research project as well as a practical
one, the first priority of this thesis is to propose
a project that is feasible and substantiated.
Concrete is also, unfortunately, not a material that
could be reinvented in the space of a few months
by a couple of architectural students. To quote
one scientist, “cutting [concrete] emissions means
mastering one of the most complex materials
known.” (Amato, 2013)
Furthermore, there is no material more
successful than concrete as an artificial reef

substrate. As mentioned previously, its success
is well-documented by marine biology research.
According to a literature review of 249 papers on
artificial reefs, concrete is the favored material “by
far.” (Baine, 2001) This may possibly be due to its
biological compatibility, since cement is a material
chemically similar to that of natural reef limestone.
Even so, this clearly does not justify the emissions
this project is likely to produce; after all, one of the
central issues of this thesis is climate change.
The obvious solution to this problem is to
investigate alternative materials. Unfortunately,
given how little research is available on this
subject, this would necessitate a great investment
of time and resources – much greater than is
available for the development of this thesis. These
types of investigations require laboratory space
and equipment for advanced materials research
and experiments. For example, if fired clay were
to be considered as a material alternative, it would
have to be tested in a wave take to demonstrate
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its potential for coastal protection, since no
literature exists to support this. Another example
is the modification of the concrete matrix. Certain
concrete admixtures – such as fly ash – which
reduce emissions are derived from industrial
waste, and must be tested to ensure that they
do not release toxins into the seawater. Such
considerations prevented material alternatives
from being proposed in the final output, because
they would have to rely on unsubstantiated claims
that they could work safely.
Another critical aspect of this thesis is that better
computational and physical simulations are
required to substantiate the final reef module
design. Prototyping at full scale and wave tank
experiments are common in the field of coastal
engineering and management. One early ambition
of the research development phase was to
construct a miniature wave tank for testing small
3D-printed models; however, the time constraint
did not permit this.
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Though Autodesk CFD is not a difficult program
to use, it presented a number of challenges
throughout the thesis. The principal challenge
was that the computational time was of an
exceptionally long duration. Calculation of complex
fluid dynamic behaviour becomes computationally
expensive when testing heavy meshes. However,
in order to produce a valid simulation, it is
nonetheless important to ensure that the highest
possible geometric resolution is used. These
experiments revealed a steep trade-off between
simulation accuracy and simulation time, creating
a high demand on computational resources.

and how closely the simulation approximates realworld behaviour. For this reason, the experiments
in this thesis are mainly used for comparative
analysis and to extract general performance
principles, without overly relying on specific
results or figures.

There is also a high likelihood that the simulated
water behaviour differs substantially from real
water behaviour. In the physical world, water has
been documented to behave differently at different
scales; for this reason, different fluid dynamics
equations are used in different model conditions
(Massel, 1999). It is unclear whether these
properties are included in the CFD simulation,

In addition to this assessment, other critical
reflections for this project concern aspects of the
design process. Different options or iterations
of the global reef morphology could have been
tested, analyzed, or optimised for water flows.
The structural assessment of the reef also begs
to be evaluated further and in greater detail.
The modules themselves are shown throughout

The use of Autodesk CFD is therefore a mere
precursor for future, more meaningful experiments.
To truly assess hydrodynamic performance, reef
modules should be prototyped and tested in a
wave tank at full scale, and deployed on-site for
long-term observation.

Emergent Technologies and Design

the thesis as stacked, instead of loosely
aggregated; they could have been designed for
efficient interlocking, instead of packing, which
would more closely resemble their real-world
deployment. They also could have been detailed
to provide artificial “calyx” depressions for coral
grafting purposes. Other details, like the design of
a gravity-powered, aerobic wastewater treatment
system, are also missing. The effects of seasonal
changes on maricultural production also were not
thoroughly investigated.
There are also some biological research concerns,
which require greater expertise and consultancy.
For example, it would be beneficial if a marine
biologist could substantiate the topological studies
pertaining to structural diversity. Coral grafting
appears to be a difficult endeavour in the face
of a changing climate - it is unclear how exactly
to create the environmental conditions required
to regenerate them, and how quickly they could
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actually grow and take hold. It would also be useful
to understand whether the ecological strategy
puts the site at risk of hypertrophy, a nutrient
overabundance which causes the suffocation of
some organisms.
Finally, the single greatest criticism is that this
thesis proposes no solution to directly counteract
climate change itself. Without addressing the
source of the problem, it can never be truly solved
– only perpetuated. This project is still conceived
within an emissions paradigm; even without the
use of concrete, which happens to be a visible part
of the equation, building construction currently
cannot be emissions-free. Simply by proposing
an architecture, architects create emissions. The
best approach is to build nothing. The second best
approach, as is perhaps revealed in this thesis, is
to build things that have multiple functionalities,
and can provide a measure of long-term ecological
sustainability.

Still, this thesis is so entrenched in an emissionsdriven world that only at its completion did this
fact become truly visible. The task at hand is to
imagine a whole new world, one that will likely
be met with overwhelming opposition, as it may
require total surrender of the consumer economy
and material movement. This is a daunting and
disheartening project, and one that this thesis –
understandably – failed to achieve. Only those who
endeavour to tackle climate change can discover
exactly how extensive of a problem it is. It is too
big for a couple of architecture students, and far
greater than this thesis alone could ever address.
It may even possibly be too great for humanity to
survive. The most important outcome of this work,
therefore, is knowledge of the problem. With this
knowledge, there is greater hope in future efforts
toward climate-adaptive design.
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8. APPENDIX_preliminary studies

MORPHOLOGY STUDIES

Morphology is the point of convergence between
marine ecology and coastal protection. The
complexity in coral reef formations reduces wave
energy and attracts marine animals.
According to European Artificial Reef Network
(EARRN) artificial reef structures that mimic some
aspects of natural reef are proven to create coastal
protection. As mentioned previously, increased
surface area on the reef crest absorbs waves
naturally.
On the other hand the study “Shelters and Their
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Use by Fishes on Fringing Coral Reefs” focuses
on the relation between marine ecology and reef
rugosity, zones and identity, the higher fish density
and species richness is observed around coral reef
with more structural complexity due to greater
availability of shelters. (Ménard, A. et al, 2012)
Most of the coral reef morphology is defined by
hyperbolic geometry which can also be recognised
by the frills and crenellations of their forms.
(Aeon, 2020) In order to understand hyperbolic

geometry better we can “take a circular disk and
let its boundary length increase indefinitely; the
surface area in the neighbourhood of boundary
increases and spreads to the centre. The shape
we achieve first a hyperbolic paraboloid, then
Sea Coral shapes, finally tending to, if allowed
such an appellation, deeper Koch surfaces. In 3D
Koch snowflake Fractal the area enclosed by the
boundary is finite but boundary length approaches
infinity.” (Hyperbolic spaces and fractals, 2020)
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Preliminary studies of gradient porosity
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