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EDITORIAL
This June issue of Terra et Aqua features three articles pertaining to the dredging industry. Two
of the articles in this edition deal with topics that have been especially gaining more attention
over the past couple of decades in the industry – the environment and safety.
As marine infrastructure projects have an impact on the environment, dredging contractors and
other stakeholders are increasingly working on solutions, especially in recent years, that will
enable them to design and realise works in environmentally sensitive areas. Some contractors are
taking their efforts even further by implementing initiatives to help the environment specifically
around dredging projects.
An example of such an initiative is highlighted in the first article, “ReefGuard: A scientific
approach to active reef rehabilitation”. The feature delves into a Coral Rehabilitation Initiative
which demonstrates that small-scale coral breeding techniques can be scaled-up and applied in
practice to promote environmental gain around marine infrastructure projects. Through
ReefGuard, a mobile coral breeding facility that provides a highly controlled environment, the
Initiative’s goal is to integrate the breeding and outplanting of corals. The article highlights four
coral breeding experiments which were successful utilising ReefGuard.
The importance of safety cannot be underestimated in any workplace. The dredging industry
places safety as its number one priority especially since any incident could be potentially fatal
due to the interface between man and machines. Thus, “Safety on site” talks about how
companies can significantly reduce the number of potential accidents on the construction site by
implementing strict safety protocols and separating pedestrians and machinery on the site.
Employees also have a part to play in maintaining a safe working environment by staying vigilant
and being able to identify potential dangers.
The last article, “Innovative modelling: A tool for coastal developments” discusses a package of
five interacting numerical hydro-sedimentary models that was developed in order to assess a
major port expansion project, the Port-La Nouvelle harbour, located in an inlet between BagesSigean lagoon and the Mediterranean coast.
Just as the articles in Terra et Aqua are meant to provide readers with informative dredgingrelated articles, the International Association of Dredging Companies’ (IADC) goal is to inform its
audience about the industry and essential information pertaining to it. Thus, IADC has been busy
restructuring its website. Set to go live later this year, the website will serve as a Knowledge
Centre to make information on dredging more accessible. Interested parties will be able to find
the necessary information on the dredging industry and myriad dredging-related subjects with
ease.
Another topic that readers will find informative and relevant for the industry is about Early
Contractor Involvement (ECI). The World Association for Waterborne Transport Infrastructure
(PIANC), which IADC has a close working relationship with, has set up a working party to
produce a report on ECI. With this report, information concerning this important issue can be
easily accessed.
Besides disseminating information about dredging, IADC is actively involved in promoting safety
within the industry. The Secretary General of IADC and I recently visited two of our members at
their offices, NMDC (Abu Dhabi) and Gulf Cobla (Dubai), to discuss several issues. This included
a discussion about the nominations for the IADC Safety Award, which will be granted at the
Annual General Meeting in September.

Frank Verhoeven
President, IADC
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MARK VAN KONINGSVELD, REMMENT TER HOFSTEDE, JESPER ELZINGA,
TIJMEN SMOLDERS, MIRIAM SCHUTTER AND RONALD OSINGA

REEFGUARD: A SCIENTIFIC APPROACH TO
ACTIVE REEF REHABILITATION
AB S T RAC T
In 2010, Dutch dredging and marine
contractor, Van Oord, launched a Coral
Rehabilitation Initiative as part of its
Sustainability and Marine Ingenuity agenda.
The key challenge was to demonstrate that
already proven small-scale coral breeding
techniques can be scaled-up and applied in
practice to promote environmental gain
around marine infrastructure projects. The
Initiative’s ultimate goal is to integrate the
breeding and out-planting of tens of
thousands to hundreds of thousands
'lab-cultured' juvenile corals in marine and
coastal infrastructure development projects
as a nature-based component. These corals
are to be obtained from natural coral
spawning events as well as from fragments
of opportunity.
A key element of the Initiative has been the
development of an innovative mobile
laboratory – ReefGuard. This laboratory helps
to ensure the availability of a highly
controlled environment for the fertilisation,
larval settlement and initial outgrowing of
sexual recruits (as well as fragments) before
outplacement. After its design in 2012 and
construction in 2013, ReefGuard has been
applied in four coral breeding experiments.
The first two experiments were executed near

Ningaloo Reef in Coral Bay, Australia (2014
and 2015) and the other two in Coral
Harbour on New Providence, Commonwealth
of the Bahamas (2015 and 2016).
The experiments involved three coral species
of the genus Acropora, in-situ as well as
ex-situ gamete collection, and employed
10,000, 36,000, 20,000 and 30,000
settlement tiles respectively. The tiles with
settled larvae were used in various survival
experiments under different laboratory and
field conditions. This was to develop a
scientific-base for the design of active reef
rehabilitation campaigns. From these
experiments it can be concluded that active
reef rehabilitation is indeed a viable option
that can be integrated in marine and coastal
infrastructure development projects.

INTRO DU CT ION
The way we view the development of
engineering infrastructure has been influenced
by various societal trends – the progressing
urbanisation of delta areas, growing global

Above: Top view of a 15-month old ReefGuard coral,
obtained from Coral Bay, Western Australia in a 2015
spawning. The coral is 3-4 cm in diameter at this point.

trade, energy demand and increasing
stakeholder participation. Trends in the
environment such as reducing bio-diversity,
climate change and accelerated relative sea
level rise are also influencers. Consequently,
mono-functional (engineering) solutions
without due consideration of the environment
are less accepted nowadays. Instead, multifunctional, sustainable solutions and
stakeholder involvement are becoming the
new norm.
The evaluation of environmental impacts is an
important aspect of the realisation of
hydraulic infrastructure. Environmental impact
assessment (EIA) procedures have a tendency
to emphasise minimising the negative impacts
of envisaged infrastructure projects and
compensating for any residual negative
effects. New design philosophies, like the
'Building with Nature' approach, aim to be
proactive, utilising natural processes and
providing opportunities for nature as part of
the infrastructure development process (De
Vriend and Van Koningsveld, 2012; De Vriend
et al., 2015). Other similar philosophies have
emerged, such as ‘Working with Nature’
promoted by PIANC (PIANC, 2011) and
‘Engineering with Nature’ promoted by the US
Army Corps of Engineers (Bridges et al.,
2014).
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THE CORAL REHABILITATION
INITITATIVE
In line with this wider trend, Dutch dredging
and marine contractor, Van Oord, launched a
Coral Rehabilitation Initiative in 2010 as part
of its Marine Ingenuity and Corporate Social
Responsibility program. The main idea of this
Initiative was to demonstrate that already
proven, small-scale, coral breeding techniques
can be scaled-up. Thus, creating tens of
thousands to hundreds of thousands
'lab-cultured' juvenile corals through sexual
reproduction and from fragmentation to be
outplaced in the field to promote true
environmental gain around coastal and marine
infrastructure projects.
Through the Coral Rehabilitation Initiative, Van
Oord aimed to gain a deeper understanding of
coral reefs in general and how they may best
be protected on marine and coastal
engineering projects around the world. The
Initiative consisted of three phases:
•P
 hase I: Feasibility
Literature review, expert consultation and
training in coral breeding techniques (20102011)
•P
 hase II: Construction of mobile lab
facilities “ReefGuard”
Development of operating protocols and
detailed design and construction of mobile
laboratory, ReefGuard (2012-2013)
•P
 hase III: Application in the field
Deployment of the ReefGuard in four field
experiments (2014-2016)
Phase III focused on the ReefGuard’s practical
application in four field experiments to
optimise large scale rehabilitation techniques,
in the period between 2014 and 2016. Each
field experiment had its own specific objectives:
•C
 oral Bay, Western Australia, 2014:
delivering proof-of-concept ReefGuard
functionality
•C
 oral Bay, Western Australia, 2015: test
influence of environmental conditions on
survival rates of sexual coral recruits
•C
 oral Harbour, Bahamas, 2015: expand
capability of in-situ spawn collection with
Caribbean coral species and test different
settlement conditions
•C
 oral Harbour, Bahamas, 2016: test
influence of aquaculture treatments on
survival rates of sexual coral recruits

As of the first quarter of 2017, all four field
experiments have been completed
successfully. They have delivered crucial
knowledge and practical know-how that is
critical for the successful design of future
projects.

MARK VAN KONINGSVELD
studied at the University of Twente in
Enschede, the Netherlands. He received an
MSc (1998) and subsequently a PhD
degree (2003) in Civil Engineering. His PhD
research, executed at WL|Delft Hydraulics
(later known as Deltares), focused on

The aim of this paper is to provide a more
detailed background of the philosophy behind
the Coral Rehabilitation Initiative and the
mobile coral breeding facility, ReefGuard; the
lessons learned from the four pilot
applications; and what these results mean for
future applications in hydraulic infrastructure
development projects.

matching specialist knowledge with end
user needs. After several years of working
for Deltares, he joined Van Oord (2008)
where he is currently the manager of R&D
for the engineering department.

REMMENT TER HOFSTEDE
received an MSc in marine ecology at the

REEFGUARD PHILOSOPHY

University of Groningen, the Netherlands in

Young (2000) advises to adopt a realistic
perspective on restoration and rehabilitation.
Though restoration/rehabilitation can enhance
conservation efforts, it is important to be
aware that it is always a poor second to the
preservation of original habitats. Furthermore,
rehabilitation efforts should take an evidencebased approach in order to be truly effective
or formulated negatively in order to avoid
being counterproductive. Young (2000) also
states that this should not blind one to the
tremendous potential of rehabilitation efforts
when implemented appropriately. This section
outlines some of the wider considerations that
influenced the choices made in the ReefGuard
approach.

1999. He has since worked in applied
sciences to facilitate integrated
management of the marine and coastal
environment. He joined Van Oord in 2014,
bringing in science-based solutions to
reduce the negative impact of
infrastructure development projects on our
marine ecosystems.

JESPER ELZINGA
holds an MSc with a specialisation in
Aquatic Ecology and Water Quality
Management (2013) at Wageningen
University and Research Centre. He started
working at Van Oord in 2013 after an
internship. He has since been actively

Active vs. passive management
measures

involved on site and in preparation works

Coral reefs worldwide are under decline.
While degrading, coral reefs lose original
biological and ecological properties. This
makes it harder for reefs to recover and
makes them more vulnerable to regime shifts.
This prospect may be accelerated in the face
of climate change (Hughes et al., 2003).

Oord’s Environmental Engineering

for all ReefGuard campaigns within Van
Department.

TIJMEN SMOLDERS
graduated in 2010 as an MSc in
Environmental Fluid Mechanics. from Delft
University of Technology, the Netherlands.

In the past decades, management of coral
reefs has gained momentum. Passive
management tools have been applied
worldwide, often in the form of defining
Marine Protected Areas (MPAs) where use is
highly regulated. With anthropogenic stresses
under control, establishing MPAs is assumed
to allow reefs to recover naturally, or at least
will stop further degradation.
More recently, active management
approaches have gained popularity as passive

After three years of working for Royal
Haskoning/DHV he joined Van Oord’s
Environmental Engineering Department
working on a wide variety of
environmental aspects of their dredging
and maritime construction projects. This
includes coral relocation projects, coral
breeding, environmental monitoring and
turbidity management both in the
Netherlands and abroad.
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MIRIAM SCHUTTER
studied animal biology at Wageningen
University, The Netherlands, and received a
PhD degree in 2010 on the importance of
abiotic factors for optimizing coral growth
in aquaculture. Afterwards, she spent

the feasibility of active management
approaches. This was aimed to demonstrate
that already proven, small-scale coral breeding
techniques can be scaled-up and applied in
the field to promote environmental gain
around marine infrastructure projects.

almost 6 years abroad as a postdoctoral
researcher in Taiwan and Mexico studying
the sexual reproduction of corals, impacts
of climate change, coral bleaching and
coral reef rehabilitation. In 2016, she was
hired as a coral expert by Van Oord for the
large ReefGuard experiment in
The Bahamas.
RONALD OSINGA
did an MSc in marine biology at the

Scientific knowledge on factors
influencing reef rehabilitation
Adverse environmental conditions for the
survival of coral recruits (juvenile corals less
than one year of age) in combination with
diminished quantity and quality of brood
stocks are major factors affecting the ability of
degraded reefs to recover naturally. To
enhance the feasibility of active management
measures we need:

University of Groningen. After receiving his
degree in 1991, he did, a PhD in marine
microbiology at the Netherlands Institute
for Sea Research, Texel, which he
completed in 1996 at the University of
Groningen. In the same year, he started as
a post-doc at Wageningen University with
the task to develop methods for culturing

• a better our understanding of the early
stages of coral survival;
• to improve our understanding of causal
linkages between environmental parameters
(e.g. small scale temperature fluctuations,
algal/coral interactions, grazer abundance)
and coral recruitment.

marine invertebrates such as sponges and
corals. At present, Ronald Osinga is an
assistant professor in marine animal
ecology at Wageningen University. One of
his current research concerns coral reef
restoration, which encompasses a
collaboration with the ReefGuard team of
Van Oord.

management alone has proven ineffective in
halting reef decline in many cases
(McClanahan, 1999; Risk, 1999; Jameson et
al., 2002; Epstein et al., 2005; Rinkevich,
2005; Coelho and Manfrino, 2007).
Rinkevich (2008), recognises that active
management measures are still under
development. However, he makes a
compelling case for their increased future
importance comparing to the history of
terrestrial forestation approaches. The key
successful element in this analogy was the
drastic upscaling of already working smaller
scale techniques.
Efforts undertaken by Van Oord as part of its
Coral Rehabilitation Initiative was to promote

Many coral reefs around the world have
suffered major degradation in the face of
natural as well as anthropogenic environmental
impacts (Depczynski et al., 2013, Moore et al.,
2012, Speed et al., 2013). Under a natural
disturbance regime, coral reefs are capable of
recovering rapidly from acute disturbances,
provided that there is sufficient supply of new
larvae and there are stable populations of
herbivorous grazers keeping algal growth
under control (Gilmour et al., 2013). Under
severely changed environmental conditions
(e.g. high rates of sedimentation,
eutrophication, low rates of herbivory, climate
change), however, recovery from acute
disturbances can be much slower. Furthermore,
reefs have a greater chance of shifting from a
coral-dominated state to one dominated by
algae (regime shift). This effect may be
exacerbated when the frequency of stressors,
such as related to storms or high seawater
temperature events increases. This effectively
leaves the reefs with less time to recover.
Many factors influence recovery rates of reefs.
In some cases recovery may be substratelimited, but in all cases coral reproduction
followed by successful settlement and
recruitment are key processes contributing to

the persistence and resilience of coral
assemblages. Consequently, a better
understanding of these processes is critical to
fully understand how and why recovery rates
vary among reefs and what would be a
sensible rehabilitation strategy given this
variability.
To achieve its objectives, the Coral
Rehabilitation Initiative aims to adhere and
contribute to the state-of-the-art in scientific
understanding of early stage coral survival. It
also aims to strengthen the understanding of
causal linkages between environmental
parameters and coral recruitment. The
ReefGuard enables the production of tens of
thousands of settlement tiles with coral spat.
This enhances the ability to conduct scientific
experiments on the survival rates of coral
recruits at a scale that was not previously
possible (both in size and numbers). This
added knowledge is crucial for the design of
effective active rehabilitation strategies.

Promoting active reef rehabilitation
with 'lab-cultured' juvenile corals
In order to achieve the Coral Rehabilitation
Initiative’s objectives it was essential to
enhance the understanding of the positive or
and/or negative effects of in- and ex-situ
culturing intervals, potentially in combination
with various treatment regimes. In addition, it
was crucial to learn about the most effective
outplacement approaches.
Transplanted corals that were cultured ex-situ
for a period of time were found to have a
higher survival rate than corals transplanted to
the reef earlier (Guest et al., 2014). Thus, the
selection of an optimal aquaculture period is
an important design parameter for
rehabilitation efforts. However, costs of
maintaining corals in nurseries are high
(Edwards, 2010). As such, part of the Coral
Rehabilitation Initiative was designed to:
• increase practical understanding of what
optimal aquaculture lengths are;
• discover what possible management
approaches could be utilised when the
optimal aquaculture length is not feasible
due to practical reasons.
It is important to realise that aquaculture
duration affects the size of the corals. The size
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the corals should be before outplacement is
an important design criterion. When they are
large enough they pass through the stage
when they are vulnerable to being destroyed
by a single bite from a predator.
For the sexually propagated corals,
recommended sizes in a study by Edwards
(2010) could mean that aquaculture lengths
of up to two years are needed. In practice,
one might mitigate the risk of post
outplacement mortality due to earlier
outplacement with the production of more
juveniles or by outplacing juveniles in a
combination with larger fragments.
Once a large number of sexually reproduced
juveniles has been cultured for a sufficiently
long period of time, the next step is to design
an appropriate outplacement strategy. Various
strategies may be considered, ranging from
covering as wide an area as possible for
reduced competition between corals to
creating concentrated patches in order to
promote the new reef’s ability to engineer its
own environment (Griffin et al., 2015).

REEFGUARD HARDWARE: DESIGN OF
A MOBILE CORAL BREEDING
FACILITY
Coral rehabilitation efforts, passive or active,
rely to a great extent on nature’s capability to
help itself. The previous section highlighted
that while in some cases this recovery may be
substrate-limited, in all cases coral
reproduction followed by successful
settlement and recruitment are key processes
that contribute to the natural persistence and
resilience of reefs. Consequently, a decision
was made to focus on a better understanding
of these processes for the Coral Rehabilitation
Initiative.
A critical first step in coral rehabilitation is to
understand how the coral reproductive cycle
works. Corals can be distinguished by their
reproductive mode. Brooding corals have
larvae that develop fully inside the colony
and are released in small numbers on a
regular basis to find a spot to settle.
Broadcast-spawning corals release their
gametes (usually in packages of eggs and
sperm) in a massive spawning event that
occurs over the course of just a couple of
days only once a year.

a

b

c

d

e

f

Figure 1. The coral reproductive cycle ex-situ: colonies of the same coral species spawn simultaneously in-situ on the
reef or ex-situ in aquaria. (a) Their buoyant gamete bundles rise to the water surface after spawning after which they
are carefully collected using plastic cups and/or pipettes (b). (c) Gamete bundles from different colonies are gently
mixed for fertilisation after which the embryos go through several developmental stages to become coral larvae. (d)
These larvae are reared for a couple of days until they become settlement-competent and are offered suitable
substrates to settle on (e). (f) Once attached and metamorphosed into small coral recruits, their goal is to grow into
adult colonies that can contribute to the yearly mass spawning, while facing numerous threats in the process.

Depending on the size of the reef and the
number of colonies that spawn at the same
time, millions of gametes enter the water
column during mass spawning. After 10-15
minutes the buoyant gametes reach the top
of the water column and break open to
release the eggs and sperm. The current and
waves causes sperm and eggs of different
colonies to meet after which, the eggs may
fertilise. The resulting embryos take several
days to pass through a number of
development stages after which they develop
into settlement-competent larvae. The larvae
then swim down in the water column to look
for suitable substrate to settle.
For rehabilitation efforts, each of these steps
can be performed in a laboratory under
controlled circumstances that increase survival
rates (Figure 1) of the larvae. Broadcastspawning coral species are especially attractive
for rehabilitation efforts due to their
concentrated massive release of reproductive
material combined with the potential to
increase survival rates under controlled
conditions.
In substrate-limited systems, reef recovery is
slowed because the settlement-competent

larvae have difficulties finding a suitable spot
to settle. In recruitment-limited systems, reef
recovery is slow because the larvae may find a
place to settle but do not survive the first year
in the field as a consequence of all kinds of
natural and anthropogenic pressures. In
supply-limited systems, reef recovery is slow
because the supply of larvae is the inhibiting
factor (low connectivity). Whichever the
situation, they suffer great casualties along
the journey from the mass spawning event to
post-settlement survivorship after two years
(Figure 2).
Though the annual spawning event may
release billions of eggs and sperm bundles
into the water column, the fertilisation
process may only yield millions of fertilised
eggs. These embryos may develop into
hundreds of thousands of settlement
competent larvae. Of these only tens of
thousands may make it through the actual
settlement process and perhaps only several
thousands of recruits survive the first year on
the reef. After which, perhaps only hundreds
of juvenile corals may grow to a size of
approximately 5cm – a size where they
themselves can participate in the reproductive
cycle – effectively escaping the size
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a

Figure 2. The funnel of progressive mortality (blue). The ReefGuard facility provides controlled circumstances with the
aim to provide as much ‘light at the end of the tunnel’ as possible (orange). If scaling up currently proven small-scale
breeding techniques is feasible, it should be possible to increase survival rates ultimately enabling rehabilitation at an
ecologically relevant scale.

b

c

d
Figure 3. ReefGuard facility in the Bahamas (August 2015). The ReefGuard is a mobile facility which can be shipped
anywhere in the world to perform coral research.

bottleneck. This process of ever reducing
numbers of survival can be seen as a ‘funnel
of death’ as shown in Figure 2 (in blue).
Rehabilitation approaches that rely on sexual
coral reproduction should try to keep the end
of this funnel as wide as possible as seen in
Figure 2 (in orange) allowing as many corals
to survive as possible.
Broadcast spawning corals make use of a
strategy to spawn in massive numbers that is
particularly designed to overcome the high
mortality that exists throughout the entire
process. Despite that, survival rates are still
very low, causing only a few corals to make it
through the first year. It is clear that the most

gain to be made is in the first few days, from
spawning (billions of gametes) until initial
settlement (tens of thousands). The availability
of controlled circumstances is an important
condition to influence mortality rates in these
very early stages of larvae development.

e
Figure 4. ReefGuard basic layout. (a) Basic layout with
three containers positioned in a U-shape around the
patio area. (b) Filter container aimed at maintaining

To address this issue, Van Oord decided to
develop a coral breeding facility, ReefGuard,
with high quality water filtration and climate
control systems in combination with light
control measures. The filtration systems
consist of various sieve filters (down to
0.2 µm), UV filters and protein skimmers
removing lipids and proteins from the water
column. Climate control is provided by various

proper water quality (container in the back in the top
panel). (c) Aquarium laboratory designed to provide a
high level of environmental control (container on the
left in the top panel). (d) Patio area with a range of
basins that can be used in various stages of the
breeding process (central part in the top panel). (e) Wet
laboratory designed to handle multiple smaller basins
and perform microscope inspections (container on the
right in the top panel).
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a

b

c

Figure 5. Various stages of development. (a) Coral spat just after settlement (2 weeks after spawning, diameter of 1 mm). (b) Coral juvenile (2 months after spawning, diameter of
1-2 mm). (c) Young coral colony (8 months after spawning, diameter of 4-5 mm).

air conditioning units and water coolers. Light
control is provided by customised light
armatures and screens. The facility as a whole,
is custom-built into a number of sea
containers in order to be mobile and readily
deployable to various project sites (Figures 3
and 4).
Figure 4 shows the ReefGuard interior in more
detail. Each container has its own specific role
in the breeding process. The important
feature of the ReefGuard is that it is designed
to be scaled-up. An example is the basins in
the patio area – ReefGuard’s capacity can
easily be enlarged by increasing the number
of basins.

REEFGUARD FIELD TESTS: LEARNING
FROM FIELD EXPERIMENTS
After the design and construction of
ReefGuard was completed in 2013, it was
applied in four field experiments. The four
pilot projects – two on Ningaloo reef in
Australia (2014 & 2015), and two in the
Bahamas (2015 & 2016) were successfully
executed. The following section highlights
some of the lessons learned from these
experiments.

Experiment 1: Delivering proof-ofconcept of ReefGuard functionality
(Coral Bay, Western Australia, 2014)
The main aim of the Coral Bay experiment in
2014 was to put the ReefGuard to the test
under field conditions and deliver proof-ofconcept that the facility could be used to
perform all the required coral breeding steps.
As Ningaloo is a pristine reef, rehabilitation
was not a goal in this trial. In fact, this reef
was selected to increase the likelihood of
acquiring sufficiently large amounts of
gametes that could be assumed to produce
healthy larvae. This was a prerequisite for the
proof-of-concept objective. Teaming up with
experienced international specialists, Van Oord
investigated how the facility could be best
used to produce and culture as large as
possible amount of coral juveniles, settled on
pre-conditioned settlement tiles.
The gametes of two coral species were
collected ex-situ: Acropora millepora and
Acropora digitifera. After successful fertilisation
of both species, the larvae of the Acropora
millepora were settled on approximately 10,000
pre-conditioned aragonite plugs. A subset of
these plugs was placed back in the field (in-situ
nursery). Simultaneously, the remaining plugs
were cultured further in the ReefGuard facility
(ex-situ nursery).

After a period of approximately six weeks –
two months after spawning – the survival
rates of both the in-situ and ex-situ juveniles
were compared. The remaining survivors were
placed back on the reef (in-situ nursery) for a
period of approximately six months, which is
eight months after spawning, after which all
plugs were retrieved and the final survivors
were counted (Figure 5).
There was some variation between survival
rates at different in-situ sites and between the
in-situ and ex-situ cultured juveniles. Algal
overgrowth and sedimentation could readily
be identified as key factors influencing survival
rates in-situ (Figure 6). Clearly, the absence of
these stressors inside the ReefGuard enhanced
the likelihood of survival allowing the recruits
to grow to a larger size before being
reintroduced onto the reef.
It is important to note that the setup in this
first pilot was not designed to draw any
scientific conclusions; in fact, it was designed
to gain familiarity with the requirements and
difficulties associated with each step.
Additional lessons were learned from the
difficulties associated with maintaining
controlled conditions. The ReefGuard crew
were faced with serious challenges controlling
temperature fluctuations due to the climate

Figure 6. (a) Coral juvenile cultured for a period of
approximately 6 weeks ex-situ (2 months after
spawning) inside the ReefGuard. (b) Coral juvenile
cultured for a period of approximately 2 months in-situ
(2 months after spawning). The additional in-situ
pressure of algal overgrowth on the young coral is
clearly visible in the right panel. Absence of such

a

b

pressures inside ReefGuard (a) will increase survival
rates.
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around Coral Bay. During the day,
temperatures could easily reach levels of over
40 degrees Celsius and during the night,
temperatures could drop below the ideal level
of approximately 26 degrees Celsius. Besides
the variations in temperature, there were high
concentrations of dust around the area. In the
end, the ReefGuard systems proved they
could withstand these harsh conditions and
consistently provide the corals with controlled
conditions to develop.

a

Experiment 2: Test influence of
environmental factors on survival
rates (Coral Bay, Western Australia,
2015)
The second trial in Coral Bay (2015) was
focused on a scientific experiment to
determine the influence of environmental
conditions on the survival rates of coral
recruits – corals that are less than one year
of age.

b

Figure 7. Typical setup of an outplacement rack with
three replicate plates, each filled with 99 settlement
plugs with microscope confirmed settlement of recruits,
and one dummy plate.

For this, gametes of two coral species were
collected: Acropora millepora and Acropora
digitifera. A total of 36,000 plugs were
preconditioned and Acropora digitifera larvae
were exposed to these plugs for settlement.
The aim was to achieve an amount of 12,600
plugs minimum, with confirmed corals settled
on top, to be used in a scientific experiment.
The experiment tested survival of recruits for
up to fourteen different outplacement
locations spread over an area of approximately
100 km with varying environmental conditions
such as water depth, sedimentation rates,

c

d
Figure 8. (a) Three close-ups of corals after 4 months of in-situ culturing. (b) Three close-ups after 8 months of in-situ
culturing. (c) Overview of plate with survivors after 15 months of in-situ culturing. (d) Three close-ups of corals after
15 months of in-situ culturing.
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The main aim of the third experiment
conducted in the Bahamas in the second half
of 2015 was to gain experience with an
in-situ gametes collection campaign with a
different coral species – the highly
endangered Caribbean reef-building coral
Acropora palmata (Figure 9) – than was used
in Australia. Also, it was to investigate the
settlement rates on various types of substrate
such as aragonite plugs, various types of rope,
steel cable, and even PVC pipes and under
different conditions like substrate orientation
and incubation times.

Figure 9. Acropora palmata reef in the Bahamas. View just before sundown at one of the sites that was used for
spawn collection.

algal growth, and wave energy.
For each outplacement location, three sites
(Figure 7) were selected with three replicates,
each containing 99 settlement plugs. Survival
was monitored during three campaigns, 4, 8
and 15 months after the culturing period.
Each monitoring step involved the retrieval of
one plate per site, which was then inspected
in the lab for survivors. The variations in
survival could then be statistically related to
environmental variations.
The experiment as a whole was a big success
(Figure 8) as after 15 months of in-situ
growth, the surviving corals were now
approximately 3-4cm in size. They had
escaped the size bottleneck and can safely be
outplaced on the reef. The data from the
experiment is currently being analysed and
will be published at a later date. The
conclusions from the data can be used to
objectively select favourable outplacement
locations that are likely to yield higher survival
rates. This will serve as an important
contribution to one of ReefGuard’s main
objectives.
The information gathered from the
experiment was not limited to in-situ coral

survival rates. During the spawning event the
ReefGuard location was hit by Category 3
cyclone, Olwyn. This triggered an emergency
evacuation of all non-critical team members,
leaving just a skeleton crew behind to take
care of the facility and the corals. The
ReefGuard facility was designed to withstand
cyclones of this level, but the actual
occurrence of Olwyn proved the design and
emergency procedures to be effective. The
in-situ experiment was subsequently hit by
Category 4 cyclone, Quang, about six weeks
later. The results of at least part of the
outplacement locations are expected to be
affected by this. But the in-situ nursery setups
could withstand this kind of conditions.

Experiment 3: Expand capability of
in-situ spawn collection with
Caribbean coral species (Coral
Harbour, Bahamas, 2015)
After the two experiments in Australia,
ReefGuard was shipped to Coral Harbour,
New Providence, Commonwealth of the
Bahamas, to be operated in the context of a
port upgrade project that was executed by
Van Oord for the Royal Bahamas Defence
Force.

The move towards the Bahamas and the shift
to Acropora palmata moved the ReefGuard
efforts from a pristine reef in Australia towards
a Caribbean reef that is much more under
pressure and a coral species that is
endangered. It was anticipated that the
gamete collection for corals under these
circumstances would be significantly harder
than on the pristine Ningaloo reef.
Furthermore, literature stated that the mortality
rates in the subsequent breeding steps were
likely to be higher. Thus, the experiment on the
Bahamas closely resembled the conditions that
one would expect for reefs that actually could
benefit from rehabilitation efforts.
Due to the endangered status and the sheer
size of Acropora palmata, the gametes had to
be collected in-situ. Acropora palmata
colonies spawn on a reasonably predictable
date. However, not all colonies may in fact
participate in the spawning each year. In
addition, a colony that spawns does not
always spawn in its entirety – only one or a
few branches may spawn. Although
technically it is feasible to check the gravidity
(i.e. presence of maturing gametes) of a coral
branch by snapping off a (small) piece, this
invasive method is not preferred for an
endangered coral species such as Acropora
palmata. As a consequence, the best and
safest way to collect gametes is to do so while
scuba-diving in-situ using so-called spawn
collection nets at the night of the spawning
(Figure 10). This presented the Van Oord crew
with an important challenge, including the
setup and execution of additional health and
safety protocols. Results of this pilot are
currently being analysed and a publication is
in preparation (Robijns, 2016; Robijns et al., in
prep.).
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following: the effects of variations in
aquaculture length and aquaculture
treatments on ex-situ growth; and the survival
rates and in-situ survival rates after
outplacement to the reef. This experiment
would thus provide important information
related to the issue of aquaculture length and
the range of sizes at which the recruits could
or should be outplaced as described in the
previous sections.

Figure 10. Night diving team that successfully collected the gametes using spawn collection nets during the spawning
event in the Bahamas

As from the previous experiments, the lessons
learned were not limited to in-situ spawn
collection and settlement success on different
substrates. Aside from biological factors,
technical aspects of setting up shop in remote
locations also came into play. It was
concluded that in order to maintain controlled
conditions 24/7, a high level of power
management (including an automatic alerting
system) was going to be of critical

importance. Consequently, following this pilot
an additional power control unit was added
to the ReefGuard setup.

Experiment 4: Test influence of aqua
culture treatments on survival rates
(Coral Harbour, Bahamas, 2016)
The fourth field application was focused on
executing a scientific experiment on the

Figure 11. One of the six replicate outplacement racks containing nine plates with recruits from all three
outplacements. (From right to left) Each rack contains: one dummy plate; one plate with recruits outplaced after 4
weeks of ambient aquaculture treatment (first outplacement); four plates with recruits outplaced after 9 weeks of
each of four aquaculture treatments (second outplacement); and four plates with recruits outplaced 14 weeks of
each of four aquaculture treatments (third outplacement).

An experiment was setup to test the effect of
four different aquaculture treatments:
• regular ambient sea water
• regular ambient sea water + feeding
• sea water with increased levels of total
alkalinity
• sea water with increased levels of total
alkalinity + feeding
After spawn collection, fertilisation and
settlement, the presence of recruits on each
settlement tile was verified using the
characteristic green fluorescence of newly
settled coral larvae when illuminated using
blue light (BlueStar flashlight package,
NIGHTSEA). Settlement tiles with confirmed
presence of recruits were assigned to nine
batches of equal size consisting of six replicate
plates and accommodated in the different
aquaculture basins. During the first four
weeks, all recruits were allowed to establish
symbiosis by exposing them to coral
fragments that served as symbiont donors.
Batch one was outplaced after successfully
establishing symbiosis, after four weeks in
ambient treatment. Batch two to five were
outplaced after nine weeks of receiving one
of the above mentioned four aquaculture
treatments, and batch six to nine were
outplaced after 14 weeks of receiving one of
the four aquaculture treatments (Figure 11).
After another 13 weeks, all plugs were
retrieved from the field to assess the survival
rates. The data will be used to statistically
analyse the effect of each of the treatments,
as well as the duration for which each of the
treatments was applied on growth and
ultimately survival rates.
The entire experiment was conducted
successfully as planned. Due to a slightly
lower than anticipated spawning intensity in
this particular year, the experiment was scaled
down a little using six rather than nine

14 Terra et Aqua | Number 147 | June 2017

Figure 12. A healthy Acropora palmata recruit consisting of 13 polyps photographed at six months after settlement (diameter of ~ 4 mm, 10x magnification)

replicates and having less recruits settled per
settlement tile. However, the experiment was
still one of the largest of this kind ever
conducted. At six months after larval
settlement, 1,514 living coral recruits (~17%)
on 1,242 settlement tiles (~30%) were
counted (Figure 12). This is a great
achievement and an import step forward for
the endangered coral species Acropora
palmata, which is currently suffering severe
recruitment limitation (i.e. near absence of
natural recruitment). The results of this pilot
are currently being analysed and a publication
is in preparation (Bloemberg, 2017; Schutter
et al., in prep.).
The information and experience garnered
from this experiment was not limited to in-situ
spawn collection and the testing of different
aquaculture treatments on growth and

survival rates. In October 2016, the Bahamas
and also where the ReefGuard was located,
were struck by Hurricane Matthew at a near
Category 3 strength. Again, the ReefGuard
survived these conditions. The island itself,
however, was quite severely impacted and for
a period of time it was hard to reach the
ReefGuard site. Luckily, however, the newly
added power management system was stable,
resulting in stable survival rates of the coral
inside ReefGuard. The hurricane struck just
before the second outplacement of Batch two
to five. The already outplaced Batch one took
a severe beating from the storm. The survival
data of this batch is assumed to be influenced
by this event. A lesson to take away from this
experiment was that an ex-situ culturing
period inside the ReefGuard facility should be
considered for at least as long as is necessary
to make it out of the hurricane season.

Furthermore, the fact that three major tropical
storm events happened during the four
experiments suggests that storm impact is not
an over-estimated risk.

PRACTICAL GUIDELINES AND
LESSONS LEARNED
The ReefGuard experiments provided the
experiment crew with the essential knowledge
and practical know-how on how to perform:
controlled coral breeding experiments at quite
remote locations as dictated by the presence
of coral reefs, and of an ecologically
significant scale (tens of thousands of
surviving juveniles to work with).
The fact that the researchers focused on
tens of thousands settlement substrates was
mainly influenced by their ambition to
conduct robust scientific experiments.
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This involved a visual microscope inspection
and recruit count of every single tile at
various stages of the experiment. The size of
the experiments was thus to a large extent
limited by available time and counting
capacity. For large scale rehabilitation projects
such detailed counts will not be necessary,
allowing the process to be scaled up
drastically. Note that an evidence-based
approach is still recommended in order to
monitor/demonstrate effectiveness of the
approach as stressed by Young (2000).
To make sure the lessons learned are recorded
properly and easily transferred to the next
professional applications, two practical
guidelines of Van Oord are actively maintained
and updated:
• ReefGuard – Operating Manual
• ReefGuard – Book of Protocols
The guidelines (Figure 13) contain checklists
and photo references for steps to be taken
where possible.
Overall it can be concluded that the initial
objectives of the Coral Rehabilitation Initiative
were successfully achieved:
• The ReefGuard crew were are able to
mobilise a highly controlled environment for
coral breeding activities to basically any

•

•

•

•

•

project site in the world (including the
acquisition of required permits).
ReefGuard can maintain this controlled
environment under the most extreme
conditions (heat, dust, hurricane force
winds), provided that all equipment can
function up to specifications.
Gametes can be successfully collected both
in-situ (with a diving team at night) and
ex-situ (both on a jetty and inside the
ReefGuard).
The collected eggs can be successfully
fertilised, yielding > 1 million larvae
consistently that can be nurtured up to the
stage that they are ready to settle.
The coral larvae can be settled on substrates
of a researcher’s choice (tens of thousands
aragonite settlement tiles, multiple types of
rope and other substrate types).
In Australia and the Bahamas, the
ReefGuard crew were able to outplace
substrates in nurseries on the reef and still
have significant number of survivors after
several months ready to be used for active
reef rehabilitation.

Furthermore, the ReefGuard crew built up the
in-house expertise to do all of the above,
while working constructively and
professionally with coral scientists and local
stakeholders.

Estimating & Engineering Department

Estimating & Engineering Department

ReefGuard - Operating Manual

ReefGuard - Book of Protocols

Dredging and Marine Contractors

Dredging and Marine Contractors

Figure 13. Practical guidelines for ReefGuard operation and a Book of Protocols for coral breeding.

CO NCL U S IONS
The Coral Rehabilitation Initiative
and mainly the ReefGuard, in
combination with four field
experiments in Australia and in
the Bahamas have conclusively
demonstrated that active reef
rehabilitation can indeed be a
viable part of marine and coastal
infrastructure development. A
successful campaign requires a
substantial level of knowledge on
coral ecology as well as on
aquaculture techniques.
Worldwide, a huge coral community
is working on the challenge of
progressing effective reef
restoration. An important lesson
learned with ReefGuard is that a
close interaction between academic
researchers, non-profit conservation
organisations and marine contractors
significantly increases the potential
to achieve successful coral
rehabilitation. This is especially so
when it comes to the actual
improvement of existing knowledge
and making it applicable around the
world utilising the momentum that
is associated with large marine
infrastructure development projects.
An interesting observation is that
pro-active solutions, as described in
this paper, are rarely addressed in
environmental impact assessments.
As a consequence, these techniques
are equally rarely recommended as
potential mitigating measures, which
makes their actual implementation in
infrastructure developments so much
harder. Hopefully, the Coral
Rehabilitation Initiative, in
combination with the wider trends
for more sustainable solutions –
'Building with Nature', 'Working
with Nature' and 'Engineering with
Nature' – will also boost the
attention for pro-active solutions
such as promoted by ReefGuard.
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SAFETY ON SITE
AB S T RAC T

INTRO DU CT ION

Each day construction workers are
exposed to dangers at the workplace;
this is especially so since they work with
heavy equipment and machinery that
may potentially result in injuries or even
death. More than one in five fatal
accidents in 2014 within the European
Union took place within the
construction sector and a high
percentage of incidents involved a man
on the ground.

One of the most hazardous and accidentprone working environments is the
construction site. If one were to look at work
site incident figures within the European
Union, more than one in five fatal accidents in
2014 took place within the construction
sector. An extremely high percentage of these
incidents involved a man on the ground.

Both personnel and employers have a
role to play when it comes to
maintaining safety on construction sites.
Personnel need to adhere to safety
standards and rules at the site.
Employers must make sure their
companies meet the minimum
requirements of Occupational Health
and Safety, Risk Assessments and that
the Hierarchy of Control is applied.
In this article, incidents on the
construction site; competence and
training for operators and drivers; and
the various safety methods that
companies should have in place for a
safe working environment will be
discussed.

Construction site workers are injured, and
sometimes fatally, every year as a result of
heavy construction equipment accidents. This
includes incidents from falling tools from
equipment, contact with excavators, backhoes,
and other moving construction vehicles.
Construction site dangers faced by personnel
every day are not always avoidable but may
be prevented by steps taken by both the
company and employees themselves.
Construction workers need to know how to
identify the potential dangers present at their
workplace and learn to adhere to all
applicable safety guidelines set by the

Above: A high number of incidents on the construction

company. Companies can significantly reduce
the potential of an incident if they identify
potential dangers, implement steps to prevent
incidents and provide their personnel with
sufficient safety training. Furthermore, they
need to establish their company’s safety
standards making sure it meets the minimum
requirements of Occupational Health and
Safety, Risk Assessments and that the
Hierarchy of Control is being applied.

INCIDENTS WITH MAN ON THE
GROUND
About two decades ago, the work of banksmen
was almost non-existent. Though their presence
was important for directing the operation of a
crane or larger vehicle for safe operations, there
were issues from the very beginning. The
banksmen did not understand the capabilities
of the machine and the operator as they lacked
the technical knowledge while machine
operators disregarded the banksmen for the
same reason. This led to larger safety problems.
Training was then introduced to banksmen
and hand signals were formalised to
overcome this initial issue, but the acceptance
of banksmen by the heavy equipment and
machine operators still had a long way to go.

site is caused by the interaction between man and
machinery. Safety guidelines, training and a general
awareness of safety at work can prevent accidents.

One of the main hazards in relation to the use
of banksmen on a construction site is the
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TRAINING AND COMPETENCE
ASSSURANCE
Training
In many countries in the world, such as the
UK and Australia, a person is only allowed to
operate heavy equipment if he or she has
successfully passed a test. In the UK there is
the Construction Plant Competence Scheme
(CPCS). It is a registration card scheme
acknowledged by the industry for those
involved in plant operations by recognising
skills, knowledge, understanding, competence
and qualifications.

Figure 1: A banksman directing a moving vehicle on the construction site.

visibility (Figure 1). The principle of “I see youyou see me” has been a long struggle to be
established by men on the ground working
with machines. This is something in the
construction industry that has yet to evolve if
we are to persist in this manner, i.e. the use
of banksmen on construction sites.

was standing in the blind spot of the dozer
operator. When the dozer started to reverse,
the operator did not see the banksman. The
latter managed to step away in time to
prevent being hit by the dozer only because
he heard the machine approaching
(reversing alarm).

Whilst companies understand the dangers
that banksmen pose to the construction sites,
the enforcement and the basic desire for
banksmen by clients and project management
consultants worldwide on the construction
sites is, has been and continues to be
overwhelming. This is something that needs
to be discussed within the dredging industry
and a broader awareness needs to be
established and adopted by all.

Another incident occurred when a
superintendent failed to establish eye
contact with an excavator operator
when approaching the machine. The
superintendent was able to get out of the
way of the excavator when it suddenly
started moving. The excavator operator did
not see the superintendent as he either did
not expect him at the location or the
superintendent was situated in the blind
spot of the operator.

Over the last few years within the dredging
industry, several incidents have occurred due
to the interface between man and heavy
equipment and machinery. A majority of the
incidents involved banksmen.
Some examples of incidents that have
occurred were related to dozers reversing on
reclamation sites. In one case the banksman

Consequently, if banksmen were to be
removed, it will eliminate the lack of visibility
and other hazards related to man on the
ground. To achieve this, it is important to
understand that attention needs to be paid to
the implementation of safe work practices
and procedures and the design of
construction sites.

In some parts of the world there are no legal
requirements for operating heavy equipment
or guidance documents. It is therefore up to
the company to ensure that the operators
have suitable and sufficient skills, knowledge,
understanding and competence to operate
heavy equipment safely. Thus, several
companies have developed in-house
assessment schemes and training to ensure
that their operators have a minimum level of
training to operate heavy equipment.
There is a need within the dredging industry
to align training requirements that can be
recognised by all in a global working
environment. This would improve current and
future performance of operators if a set of
standards were established.

Competence assurance
One of the most important ways to improve
safety and prevent incidents is by ensuring
that the operators understand the high-tech
equipment they are operating. They need to
be fully-trained and competent before they
even put their hands on the controls.
The competence of operators should be
assessed on their experience, (recognised)
training, knowledge and ability. Operator
competence assessments are very important
and should be conducted by experienced
operational staff or operators with a proven
track record.
The competence of operators can be verified
through the following steps.
• Licenses and training certificates should be
checked for availability and validity.
• At a minimum, operators should have
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As a preventive measure to reduce the
number of incidents related to man and heavy
machinery, most companies have developed
safe work practices and procedures. By
creating safety policies and procedures
regarding heavy equipment and effectively
communicating them with employees,
companies can considerably reduce the
potential of incidents.
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regular eyesight tests every two years.
• In countries where there are no
requirements for eyesight tests, the operator
should be asked to read a number plate of a
vehicle from a distance of approximately
20.5m.
• The operator’s practical experience can be
verified by using assessment or evaluation
forms.

An aspect of safety that companies should look
into is working hours. Long operating hours is
a contributory factor for incidents on site. Local
rules and legislation regarding health
surveillance requirements for operators will vary
depending on the country where the works are
taking place. Companies should ensure that
local laws regarding working hours and rest
breaks are respected. During these rest breaks
workers can recover from fatigue and prepare
for continued productive work.
Local law may prescribe the length of a
working day which includes a period or
periods for rest breaks. Organisations should
set a criteria for rest hours where there is no
specific local law in place.
•D
 rivers / operators should not drive for more
than eight hours each day. This does not

include rest periods.
• Drivers / operators must have at least one
day off work each week.
• Drivers / operators should be given at least
one rest break in the morning and one in
the afternoon in addition to a longer break
for lunch.
• Resting areas should have seating and
should be out of direct sunlight.

Staying vigilant
Staying and remaining vigilant on the job is
a key message that companies should
communicate to their drivers / operators
and banksmen. One of the largest causes of
accidents on construction sites is due to
personnel moving too quickly both on the
ground and with heavy machinery. Avoiding
an injury or accident is as easy as taking
one’s time, and making sure to be safe and
smart around the machines one is working
with. Rushing on the job can lead to
accidents, so employees need to try not to
let the stress of their deadlines affect their
performance and commitment to safety.
This should be monitored by the
supervisors.
On the job, there are dozens of distractions at
any given moment which can lead to mishaps.
Personnel should remain focused on the task
at hand and pay attention to what they are
doing and others around them. This would
prevent them from making unnecessary
mistakes that can be detrimental.

Other safety measurement controls can be
utilised to prevent incidents. Every
operator and driver employed directly or
indirectly to drive a vehicle or operate
heavy equipment should only be allowed
to do so if they meet the following
requirements:
• a re aware of their own responsibilities and
avoid taking risks and short cuts;
• have received and confirmed they
understand any specific rules issued to
them;
• have undergone a site induction and are
given relevant information and
instruction on the hazards and control
measures associated with site traffic
management;
• are aware of the company’s alcohol and

Figure 2: Clear signage (must be lighted in the dark) should be utilised to indicate pedestrian walkway to prevent any
incidents with moving vehicles.
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Safety supervisors play a big role in
maintaining a safe working environment
for all personnel. Supervisors need to check
the traffic situation constantly on a
proactive basis. A ‘if you see it, you own it’
system should be used, which means they
should initiate actions when they observe
that lay out-, vehicle- or people-related
issues may cause any potential health or
safety problem. Supervisors can check the
Traffic Management Plan and ensure
safeguards from risk assessment are
implemented.

Separation of pedestrians and
machinery
Separation of pedestrians and machinery is
key on a construction site. Incidents can be
prevented by proper design of construction
sites and more specifically traffic
management. This can be achieved in various
ways:
• provide separate entry and exits routes to
the construction site for pedestrians and
machinery;
• barriers can be put in place between the
roads and the walkways;
• in the event that pedestrians have to cross a
road, ensure that signage is clear and
sufficient lighting is in place in hours of
darkness (Figure 2).
Other measures should be to set up in the
construction site in such a way that delivery
vehicles do not have to drive on the site for
long distances but that goods can be
delivered at the entrance. This prevents the
need for these vehicles to be driven on site for
long distances.

Reversing vehicles safely
There is a considerable amount of incidents
related to the reversing of vehicles; this
accounts for nearly a quarter of deaths on
the construction site. Other incidents do not
result in injury but can cause costly damage
to vehicles, equipment and premises. If one
were to take a closer look at past incidents,
the majority of these could have been
avoided by taking simple precautions. It
includes removing the need for reversing
altogether by setting up one-way systems.
For instance, by utilising drive-through
loading and unloading positions. Where

reversing is unavoidable, routes should be
organised to minimise the need for
reversing. This should preferably eliminate
the need for a banksman. People who do
not need to be in reversing areas should be
kept well clear.
Since the reversing area is a high-risk spot
where incidents are most likely to happen, it
must be designed with care. The following
points should be taken into consideration.
• Reversing areas should be clearly marked
and made visible to operators and anyone
else in the area.
• Increase visibility for operators and
pedestrians, e.g. by installing fixed mirrors in
smaller areas, keeping vehicle mirrors clean
and in good condition, installing reverse
cameras on vehicles / heavy equipment.
• Make reversing spots on breakwater or
bunds with a barrier.
• Physical stops should be constructed in case
there is a steep edge or excavation.
• Place lateral white lines on the ground to
help the operator position the vehicle
accurately.
An example of a time when a reversal of a
vehicle is hazardous is during work on break
water and bund construction. Break water
and bund construction activities require an
in-depth risk assessment and good
implementation of the Hierarchy of Controls.
The reversal of a dump truck during these
activities can be dangerous as it is not possible
to see the people behind the truck or how far
the edge is. There are several ways for
companies to minimise their risks.

A safe method is to construct a wide bund to
unload the dumped material on the bund
instead of dumping it straight into the water
(substitution). After unloading the material, the
material can be pushed into the water with a
shovel. This prevents the need for the truck to
unload by driving until the edge of the bund in
reverse. Another method to prevent dumpers
from reversing into the water or slope is by
utilising a wheel stop; this can be a piece of
heavy pipe, timber, concrete or a heap of sand.
Another (less preferable) option to prevent the
truck from reversing too far towards the edge is
with a pole with a reflective cone on top. The
banksman can place the pole at a safe distance
from the edge (>3m) so the operator knows
how far he can reverse the vehicle. This way the
banksman is always in front of the vehicle and
can be seen by the operator. Furthermore,
companies can ensure that reversing areas
(turning circles) are installed on long
breakwaters to minimise the reversing distance.
Banksmen or traffic counters should only be
utilised when absolutely necessary and only
under strict conditions:
• the banksman should be standing on an
elevated protected area;
• hard barriers should be in place around
elevated protected areas;
• no personnel should work alone;
• banksmen must be visible (high visibility
clothing, lights);
• adequate means of communication (VHF
radio) must be provided; and
• adequate means of weather protection must
be in place (sun, rain, wind, cold, etc...)

CON CL U S IONS
Full separation of man and machine will be
the future on construction sites. The time
of banksmen on construction sites appears
to be over. If there are no more banksmen
on the ground it will eliminate the hazard
of them not being seen by the operators.
To achieve this, it is important to
understand that attention needs to be paid
to the design of construction sites and

implementation of safe work practices and
procedures.
Construction sites can be hazardous places
and accidents can happen at any time. If a
person were to stay safe, pay attention and
understand their equipment and the work
at hand, their job will remain hazard-free
and rewarding.
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This article has been adapted from the paper
that was published in the proceedings of IX
PIANC-COPEDEC conference in October 2016.
It is reprinted here with permission.
Located in an inlet between Bages-Sigean
lagoon and Mediterranean coast, Port-La
Nouvelle harbour is home to a very complex
hydro-sedimentary dynamics. In order to study
it accurately, a package of five interacting
hydro-sedimentary numerical models was
developed. The package consisted of: a
wave transformation model; a tridimensional
hydrodynamic model; a model for the siltation
of cohesive sediments within the harbour;
a model for morphodynamic calculation
of sandy sea bed in the short (1 year) and
medium (10 years) terms; and a coastline
evolution model. This article presents the
methodology that combines the five models
in order to handle the hydro-sedimentary
issues and assess the impacts of a major port
extension project.

coastal developments can potentially cause if
they are not carefully designed.
In order to ensure the sustainability of a
development project, Environmental and Social
Impact Assessments (EISA) are carried out.
These assessments aim at reducing project
impacts on hydrodynamics, sedimentary
dynamics, sea bed and coastline evolutions
at different stages of the project. During
construction phase there is an assessment of
dredging work impact. In the short-term
following construction an assessment of
impacts on hydrodynamics, maintenance
dredging, bed evolution in vicinity of the project
are carried out. In the long-term the assessment
is aimed at bed evolution in a larger geographic
scale and coastline evolution within a radius of
several kilometres around the project.
To achieve such goals, engineering studies use
numerical modelling as a key tool. Indeed,
recent informatics improvement and increasing
knowledge thanks to applied coastal research
make numerical modelling more and more
efficient.

I N T R OD UC TI ON

Various numerical tools have been and are
being developed for the need of different
studied purposes and scales. Even if the tools
are becoming increasingly sophisticated, the
accuracy and reliability of modelling strongly
depend on available data for calibration and the
good knowledge of their limits and their validity
domain. Furthermore, a user’s awareness is the
guarantee of a successful numerical study.
This article highlights the strong and proven
methodology based on numerical models
that fulfilled requirements of the impact study
carried out regarding a major port extension
project in the French Mediterranean coast –
Port-La Nouvelle harbour .

CONTEXT AND OBJECTIVES
Port-La Nouvelle harbour is located (Figures
1 and 2) at the mouth of an inlet that links a
lagoon system (Bages-Sigean lagoon) to the
French Mediterranean Sea. It is a micro tidal
environment exposed to waves and is home to
a very complex hydro-sedimentary dynamics
conditioning a highly tenuous ecosystem
balance. An extention development project
of the present harbour is currently under
consideration (Figure 3).

Above: An illustration of the new expansion project in

There are numerous examples across the
globe that attest to environmental damages
and detrimental economic consequences that

Port-La Nouvelle harbour. A new numerical hydrosedimentary modelling package was developed to
assess project impacts.

Thus, the harbour’s owner, Languedoc
Roussillon Midi Pyrenees region, entrusted
ARTELIA with a hydro-sedimentary impact
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study. In order to assess the project’s impact
on its environment and to optimise the design
so as not to jeopardise the natural hydrosedimentary balance in the area, ARTELIA
developed an efficient methodology based on
a system of interacting models. This included
a wave transformation model; tridimensional
(3D) numerical models for hydrodynamic;
sediment transport and morphodynamic
calculations; a unidirectional (1D) coastline
evolution model; and a comprehensive sixmonth measurement campaign that enabled
a satisfying calibration of the numerical tools
and ensured their high-quality. This article
presents this methodology, particularly relevant
for studying development projects in such
complex coastal areas.
There were multiple objectives for the impact
study. They were:
• studying the present hydro-sedimentary
dynamics and recent coastline evolutions
would give a better understanding of the
local processes;
• forecasting this dynamics in the close future
considering harbour extension and assessing
short-term impacts on hydraulic exchanges
between the lagoon and the sea, on mud
deposit within harbour basins and on
dredging operations; and
• forecasting short- and mid-term project
impacts on offshore morphodynamics
(seaward from the surf zone) and mid- and
long-term impacts on coastline evolution
(ashore of the surf zone).

PHYSICAL CONTEXT OF A COMPLEX
SITE
Site conditions

Figure 1. Localisation of the study
area in Mediterranean coast, France

b

a

Figure 2. (a) The port entrance and (b) the
Bages-Sigean lagoon.

The Port-La Nouvelle harbour is home to a
very complex hydro-sedimentary dynamics
conditioned by the following natural forcings
of equal importance.
• Semi-diurnal tides (two high tides each
day), which range reaches 0.3m during
spring tide. Sea levels strongly depend on
atmospheric conditions. Languedoc shoreline
experiences surges due to a combination
of low pressure and strong wind: sea level
can reach 0.4m Chart Datum (CD) during
annual storms and 0.8m CD during 100-year
storms.
• In the maritime domain: global and tidal
currents are slight within the Languedoc

Figure 3. (a) The current harbour and (b) the development project.
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coastline. Surface currents when generated
by well-settled winds can reach 2 to 3% of
the mean wind intensity (about 0.2 to 0.3
m/s during strong wind period). Littoral drift,
generated by waves within the surf zone only
affects shallow waters where water depth is
less than 5m. Depending on wave obliquity,
oscillating around the normal to the shoreline,
wave currents alternatively go northward
or southward. Current measurements at
10m depth within maritime domain shows
that: velocities barely exceed 0.2 m/s; and
maximum velocities are comprised between
0.5 and 1 m/s.
• In port channel: currents are alternative but
tend to go seaward due to terrestrial runoff
drained into the lagoon (Fremer, 2012).
During the measurement campaign (201213 in the project study), a phenomenon
of lagoon emptying was recorded,
simultaneously to tramontane period, which
was preceded by lagoon filling concomitant
with the beginning of eastern wind events.
These exchanges between Bages lagoon and
the sea are carefully observed by scientists
that study the highly tenuous ecosystem
balance of the lagoon in order to prevent its
deterioration.
• Globally within the Gulf of Lion, rough
sea occurs about 50 days per year, usually
in October/November and from January
to April. In front of Port-La Nouvelle, the
obliquity of incident wave is small. Sea states
for wave height (Hs>0.5m) indicate two
main directional sectors: Eastern E sector
(from 80 to 110°N) and South-Eastern SE
sector (from 170 to 130°N) ; strongest sea
states (Hs>2.5m) essentially come from East
(from 80 to 110°N) ; wave climate indicates
a frequency of wave height exceeding 2m
that equals to 4% over a year.
• Winds over Languedoc littoral are
characterised by two predominant regimes:
Tramontane wind, coming from NW to W
sector (that can be particularly strong); and
Marin wind, coming from E to SE.
• Recorded rainfall is mean annual cumulating
of 600mm and an interannual variation
of +/- 200mm (CATALIOTTI, 1982). The
Languedoc region is prone to short and
intense bouts of rainfall. Per day it can
receive the equivalent of half the annual
rainfall – such events strongly affect
hydraulic exchanges between Bages lagoon
and the sea.

Bages inlet, where Port-La Nouvelle harbour is
settled, is a unique connection to the sea of the
Bages-Sigean lagoon (average area of 3 700
ha, mean water depth of -1.5 m). It experiences
possibly important oscillating water discharges
during storm event. Tide generates twice a day
oscillating discharges from -75 to +75 m3/s. Net
balance tends slightly seaward.
On each side of Port-La-Nouvelle, the littoral
is marked by port developments and inlets
(natural or artificialised). Outside port areas,
coastline and sea bed morphology are quite
uniform over the littoral, i.e.:
• relatively wide sandy beach, bordered by
small dune ridges;
• seabeds are relatively cylindrical in front of
Port-La-Nouvelle, characterised by gentle
slope (mean slope less than 1%) in shallow
water to depths of up to 12 or 13m. For
depths greater than 13m, slope reaches
2.5%; and
• two off-shore bar systems, the first one
settled by 2 to 4m depth, the second one by
5 to 7m depth.
The sedimentary cover is made of silt in lagoon
(D50 of 20 to 50µm) with more than 50% of
mud. Within port basins, the content of mud
reaches 70%, decreasing seaward along the
inlet to become negligible in entrance channel.
Within the marine domain, granulometry
distribution shows a decreasing gradient from
the band between beach and 20m depth
where seabed surface is compounded of
fine to medium sands, to the offshore where
seabed becomes very muddy beyond 30m
water depth.

Potential impacts of the project
As seen on Figure 3, the project plans to create
a new port basin that requires the construction
of two breakwaters. The roundhead of the
main breakwater will be 1km further offshore
than the current one, reaching the depth of
-13m CD. The current breakwater is settled by
9m depth.
The potential impacts of such a project, which
needed evaluating were the following:
• the modification of the exchanges between
the lagoon and the marine domain that
could consequently jeopardise the precarious
lagoon balance ;

• the modification of the interception of the
littoral drift, with consequences on shoreline
position around the project, causing
possibly shoreline erosion and/or accretion
phenomena;
• an increase of maintenance dredging needs;
and
• the disturbance of the seabed located
further offshore from the closure depth.

METHODOLOGY BASED ON
COMBINED NUMERICAL MODELS
In order to reproduce current local complex
hydro-sedimentary dynamics to predict the
environmental impacts of the project, five
interacting hydro-sedimentary numerical
models were developed using TELEMAC
modelling system and UNIBEST-CL+ software:
• a two-tridimensional (2D) wave
transformation model;
• a three-tridimensional (3D) hydrodynamic
model;
• a 3D model for the siltation of cohesive
sediments within the inlet and harbour
basins;
• a 3D model for morphodynamic evolution of
sandy sea bed in short (1 year) and medium
(10 years) terms; and
• a 1D model for long-term coastline
evolution.
Each one of the five numerical tools has
its own goals and validity domain. The
combination of the five models allowed
for the possibility to handle all the issues
that were raised by the project needs and
to assess potential impacts. This powerful
integrated modelling package as well
as the modelling softwares used for the
development of the various interacting
models will be presented in the following
subsection.
The five numerical tools comprising the
integrated package will be presented in more
details: their goals, their calibration/validation
phase ensuring model reliability and accuracy,
their contributions to a better understanding
of the local complex hydrodynamics and to the
impact study.

Presentation of the methodology
Figure 4 shows the five numerical models;
forcings; expected outcomes and time scales;
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and the modelling system used for their
implementations. It is also shows how the
models are linked together. It is complemented
by the next scheme presented on Figure 5 that
defines application domain of each model.
The first model of wave transformation aims at
performing a 4D wave database for the need
of the next modelling.
The second is the 3D hydrodynamic model,
which uses TELEMAC modelling system.
This model aims at reproducing the complex
hydrodynamics all over the study area. It
takes into account: sea level variations due to
tide and weather conditions, global currents,
waves’ radiation stresses that are introduced
to hydrodynamics calculation, wind, rainfall
and evaporation. This model not only
allows for a better understanding of the
local phenomena but also enables to assess
future port impacts on sea-lagoon hydraulic
exchanges and on navigation conditions in
entrance channel (short-term predictions).
Furthermore, it provides crucial inputs for the
three other models.
The 3D siltation model (hydrodynamics
calculated by the 3D hydrodynamic model)
is imposed at its limits – the port entrance
channel seaward and the lagoon entrance

landward. The siltation model using TELEMAC
modelling system aims at reproducing mud
deposition equal to mean annual dredged
volumes by considering measured ambient
turbidities within the marine domain at one
side and within the lagoon at the other side.
Once calibrated, the model assesses future
port impacts on maintenance dredging
needs in the future port and gives short-term
predictions.
The 3D multi-class morphodynamic model is
fully coupled with the 3D hydrodynamic model.
Undercurrent and waves actions, sand transport
and seabed evolutions are computed and
transposed in hydrodynamic model to calculate
consecutively modified currents and waves on
the next iteration. The morphodynamic model
uses TELEMAC modelling system. It considers
non-cohesive sediments (four classes of sand),
its application domain is the marine domain for
water depths greater than 5m, i.e. outside the
surf zone. In addition, this model is expected to
assess project impact(s) on the seabed in shortand mid-term.
The evolutions of the shallower area in the
marine domain are assessed by the coastline
evolution model using UNIBEST-CL+ software.
Wave climates propagated by TOMAWAC
for the needs of the 3D hydrodynamic model
provide inputs at closure depth.

The 1D coastline model aims at reproducing
historical shoreline positions for predicting the
future evolutions of coastline by taking or not
taking the project into consideration. Thus,
the model can assess the potential project
impacts on shoreline in mid- and long-term.

What is the TELEMAC system?
The TELEMAC-MASCARET system is a
powerful integrated modelling tool for use in
the field of free-surface flows. Having been
used in the context of several hundred studies
to date throughout the world, it has become
one of the major standards in its field.
TELEMAC has numerous applications in both
river and maritime hydraulics. The system
was developed by the Laboratoire National
d’Hydraulique, a department of Electricité de
France’s Research and Development Division.
It is now available as open source, and is
developed by the Open Telemac-Mascaret
Consortium, of which ARTELIA is a member.
The various simulation modules use highcapacity algorithms based on the finiteelement method. Space is discretized in the
form of an unstructured grid of triangular
elements, which means that it can be refined
particularly in areas of special interest.
This avoids the need for systematic use of
embedded models, as is the case with the
finite-difference method.
For the needs of the present study, the three
following modules were used:

Figure 4. The five numerical models; their forcings; expected outcomes and time scales; the modelling system used
for their implementations; and the linkages.

• TELEMAC-3D module is carried out for
simulating the dynamics of free-surface
three-dimensional flows. It calculates velocity
fields, pressures and the scalar quantities
transported (temperature, salinity, sediment,
etc.) on a non-structured mesh. The module
solves the three-dimensional hydrodynamics
equations (hydrostatic and non-hydrostatic
Navier-Stokes equations in laminar or
turbulent conditions) and the transportdiffusion equations for tracers and sediment,
using finite element or finite volume-type
methods (Hervouet, 2003). It can be used
to study the dynamics of numerous physical
phenomena that includes propagation of
long waves (tides, tsunamis, etc.); river or
torrential flows; foreshores and flood-prone
areas; Coriolis force; and point sources of
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momentum. Furthermore, the model offers
a set of subroutines that are easy to modify
in line with the specific requirements of each

study such as imposing baseline conditions
or complex boundary conditions; introducing
new processes or coupling with other
modelling systems.
•W
 ave propagation within the computational
domain for inputs in 3D hydrodynamic model
is performed by TOMAWAC module (Benoit,
1996). TOMAWAC models the generation
of sea states and their propagation from the
deep sea to the coastal zone. It calculates
spatial and temporal variations in the
frequency and direction of wave propagation.
It can also process a wide range of complex
conditions from ocean swell to wind seas.
It is a comprehensive resource available for
modelling coastal sea states with a view to
optimizing and ensuring the safety of coastal
and maritime developments. TOMAWAC
provides a detailed description of the spectral
and angular distribution of wave energy and
solves the conservation equations on a nonstructured grid. On the basis of the directional
wave energy spectrum, TOMAWAC calculates
the characteristics of the sea state: spectral
significant wave height, mean direction of
origin, mean and peak frequencies, radiation
stresses that are provided to TELEMAC-3D
module for wave-induced current calculation;
• SISYPHE module is carried out to handle
seabed evolution issues. It is used to

compute suspended sediment and bedload transport under the action of currents
and/or waves. The software calculates bed
and sediment concentration variations at
each point of the grid. SISYPHE solves the
bed variation equation (Eckner equation)
on a non-structured grid. Suspended and
bed-load sediment transport is calculated
using various formulations; for the study the
Soulsby-Van Rijn equation (Soulsby, 1997)
was used. Sediment may consist of sand
(wide particle size range), mud or a sand/
mud mixture. The software is especially
well-suited to studies regarding some of
the following topics: morphological bed
variations; sediment transport; dispersal of
dumped sediment under wave or current
action; and management of approach
channels to river or maritime facilities.
Based on the coupled sedimentology
principle, SISYPHE can directly process
the hydrodynamic results obtained with
TELEMAC-3D (internal or external coupling).
It can also use wave transformation data
obtained with the TOMAWAC module. For
the current study, SISYPHE enabled to study
the following phenomena: wide particle size
ranges (several sediment classes), spatial
distribution of erodible and non-erodible
beds, factors that lengthen sedimentary
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• t he 3D hydrodynamic model for longshore
current integration;
• t he multiclass morphodynamic model for
shear stress calculation due to the combined
action of currents and waves; and
• t he coastline evolution model for
implementation of input conditions.

3D HYDRODYNAMIC MODEL:
REQUIREMENTS AND CONTRIBUTIONS

Figure 6. Methodology of 3D hydrodynamic modelling

processes for long-term simulations,
influence of waves, and sediment slippage
due to slope effects.

The UNIBEST-CL+ software
The numerical simulation module UNIBESTCL+ used in the present study belongs to the
UNIBEST software (Uniform Beach Sediment
Transport) suite. The Longshore Transport
sub-module (LT-module) computes tide and
wave induced longshore currents and resulting
sediment transport for a specific cross-shore
beach profile assuming that the beach profile is
uniform in alongshore direction. The CoastLine
module (CL-module) simulates coastline
changes due to longshore sediment transport
gradients of an alongshore (nearly) uniform
coast. Along the modelled coastline, sediment
sources and sinks may be defined at any
location. In addition, morphological impacts of
various coastal engineering developments such
as breakwater, groynes, coastal revetments
and seawalls, artificial sand by-pass systems
and beach nourishments can be studied.

The database was performed with preliminary
3,159 simulations using TOMAWAC module
by considering the following conditions.
• Sea level varying from -0 to +1.6m CD
considering a step of 0.2m.
• Wave directions: 60, 75, 90, 105, 120, 135,
150, 165, 180 °N
• Couple period Tp - height Hs as below :
- Tp = 3s with Hs = 0.5, 1.0, 1.5 and 2.0m
- Tp =5s with Hs= 0.5, 1.0, 1.5, 2.0 and
3.0m
- Tp =7s with Hs= 0.5, 1.0, 1.5, 2.0, 3.0, 4.0
and 6.0m
- Tp =9s with Hs= 0.5, 1.0, 1.5, 2.0, 3.0, 4.0
and 6.0m
- Tp =11s with Hs= 0.5, 1.0, 1.5, 2.0, 3.0,
4.0, 6.0 and 8.0m
- Tp =13s with Hs= 0.5, 1.0, 1.5, 2.0, 3.0,
4.0, 6.0 and 8.0m

WAVE TRANSFORMATION MODEL:
REQUIREMENTS AND CONTRIBUTIONS

According to the sea level and the wave
condition considered at the offshore limit
of the hydrodynamic model, the 4D wave
database provides wave characteristics and
radiation stresses at each calculation node of
the 3D hydrodynamic model.

The method chosen for integrating longshore
currents in the 3D hydrodynamic model
consisted of first establishing a database
of wave propagation fields. This database
provided radiation stresses that enable the
computation of longshore current in the surf
zone.

Due to comparisons of TOMAWAC results
with wave measurements carried out during
six months in 2013 at different locations of
the calculation domain (Figure 8), the wave
transformation model was validated. The
comprehensive database was then used by:

The first objective of the 3D hydrodynamic
model was to accurately reproduce the
complex hydrodynamics described in the
previous section to enable a better knowledge
of the circulation in vicinity of the current port.
Hydrodynamic measurements were carried
out for six months, which allowed for a good
calibration of the model. Subsequently, the
model utilised the project configurations to
chart the current fields that occur over the
studied area under five characteristic scenarios
of hydro-meteocean conditions.

Model methodology
Figure 6 presents the modelling methodology
that led to the model implementation and
exploitation. It also summarises the inputs
and outputs of each stage of the modelling
process.

Model construction
The marine domain for the model was 30km
long and 10km wide that included the
Bages-Sigean Lagoon and its linking inlet.
The model’s extent was chosen in order to
take into account the following: respective
contributions of waves; meso-scale water
circulations; wind effect on free surface slopes;
rainfall intakes; and evaporation to local
dynamics. Mesh was refined within the inlet
and surf zone so as to accurately calculate
hydraulic sea-lagoon exchanges and waveinduced current. Figure 7 shows the extent,
the mesh and the digital elevation model for
the current port configuration.

Model calibration
In order to provide relevant data set for
its calibration, a major field campaign of
hydrodynamic measurements was conducted
by Creocean (Waeles, 2015). Six acoustic
Doppler current profilers were deployed for
six months to measure waves and currents
and characterise circulation patterns of the
water masses of the area from the offshore

Innovative Modelling: A Tool for Coastal Developments 27

a

b

to shallow depths. Water exchanges between
the sea and Bages-Sigean lagoon were also
measured with a current profiler located
within the inlet. Pressure sensors measured
the water levels slopes between the inlet
and the sea. Various metocean conditions
were recorded and all these data were used
to calibrate and validate wave and current
models of the area. Due to a wide range of
forcings, the hydrodynamic model results
were in concordance with measurements in
terms of wave propagation, offshore currents,
littoral drift, and hydraulic exchanges between
the lagoon and the sea for calm weather
conditions and for stormy events.

c

Figure 8 illustrates the comparison between
field data and model results for a 15m water
depth and gives an example of the capability
Figure 7. (a) The model extent; (b) area of bathymetry and; (c) mesh of one horizontal plan.

a

b
Figure 8. (a) The localisation of measurement devices. The red represents the ADCP and current profiler; the orange represents pressure sensors; and green shows turbidimeters.
(b) The comparison between model results and measurements at point S20.
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Figure 9. The top figures show the mean velocity fields calculated in present and project configurations during an exceptional event that occurred in March 2013 (at time, t); the
lower figures characterised the significant wave height (in m) and the water surface level (in m IGN69) evolution offshore during March 2013 and their specific value at the time t
from which the calculated current fields were extracted.

of the model to reproduce wave and current
fields for a wide range of hydro-metocean
conditions. The average deviation between
sea level calculations and measurements is
less than 4cm except for an exceptional event,
and average deviation for nearshore currents
is less than 0.02 cm/s except during a 10-year

storm. This critical calibration step ensured the
high quality of the 3D hydrodynamic model
and the sedimentary models ensuing from it.
Besides, the validated model contributed to the
improvement of local dynamic understanding
by means of didactic animations of calculated
current fields (Figure 9).

NKE A

NKE B

From 1st of March to 30th of April (2 months) Free surface level (mlGN69) Free surface level (IGN 69)

maximal measured sea level

0.9

0.86

minimal measured sea level

-0.23

-0.33

mean measured sea level

0.21

0.11

average deviation model/measurements

0.04

0.08

standart deviation model/measurements

0.05

0.08

Table I: A comparison of measured and calculated water levels at NKA A sensor (in marine domain) and NKE B sensor

The following was concluded from comparing
measurements and model results in terms of
free surface level and currents.
• T he calculated variations of the free surface
levels in the marine domain as well as in the
lagoon were very reliable (Table I). Besides,
changes of direction of the water exchanges
between the sea and the lagoon were
accurately simulated. This ensured a satisfying
reproduction of sea-lagoon exchanges in
stormy or calm conditions as well.
• T OMAWAC succeeded in accurately
reproducing wave characteristics [Significant
Height (Hs) and Direction (DIR)] for Hs
over 0.25m (meaning significant waves
potentially generating littoral drift and/or
sediment suspension).

(in Bages-Sigean lagoon) as shown on Figure 8A.

N2

S2

N20

S20

From 1st of March to 30th of April (2 months)

current intensity (m/s)

current intensity (m/s)

current intensity (m/s)

current intensity (m/s)

maximal measured intensity

1.42

0.47

0.89

0.79

minimal measured intensity

0.00

0.00

0.00

0.00

mean measured intensity

0.08

0.10

0.12

0.07

average deviation model/measurements

0.04

0.08

0.04

0.05

standart deviation model/measurements

0.11

0.09

0.05

0.07

Table II: Measured and calculated current intensity at the 4 ADCP settled in the marine domain (see locations of N2 S2 N20 and S20 on Figure 8A).
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• In the marine domain, the T3D model
succeeded in accurately reproducing the
currents at intermediate depth of 20m
(Table II). In shallow water depth (within
the surf zone), the hydrodynamic trend
was reproduced quite well, especially the
alternative directions of the longshore
current that was accurately reproduced
despite the complexity of the area. But
the average deviation on current intensity
remained high in the surf zone as the 3D
hydrodynamic model considered a hard
bottom for the calibration phase (no
morphodynamic coupling at this stage).
This is a strong assumption in the surf zone
during a storm event when the seabed
is easily modified. This was actually not
prejudicial, as the consecutive calculated
morphodynamics was calibrated during a
second time.
Figure 10. Methodology of 3D siltation modelling

Model exploitation
The next step consisted of defining five
representative hydro-meteorological conditions
and their annual occurrences, in order to
calculate corresponding hydrodynamics
under current and future configuration
(with harbour extension). For each scenario,
cartographies of instantaneous, maximal,
residual currents were provided in present
and project configurations. They allowed for
understanding the hydrodynamics processes
within the inlet, surf zone and offshore
depending on wind, sea level, wave, rainfall
conditions. The cartographies also helped to
quantify transverse currents in the future port
entrance channel.

Project impact on hydrodynamics

Figure 11. Results of calibration phase of 3D siltation model.

The results from the comparisons between
present and future configurations gave a
look into the potential project impacts on
hydraulics and coastal hydrodynamics. One
could imagine that the hydraulic exchanges
between the lagoon and the sea might be
jeopardised by the major port extension. The
model concluded that project will have a very
slight impact on the hydraulic exchange and
only during stormy events (ten-year event).
It showed that during such events the sea
level remains greater than the level of the
lagoon surface during few consecutive days.
This situation generates unilateral flows from
the sea to the lagoon whereas in normal
weather conditions, direction of flows
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Model construction
The model extent was limited to the inlet and
port basin area. The previous mesh was cut
and bathymetry within the port was adapted
to take into account the dredging ceiling
provided by port authorities in charge with
maintenance dredging.

Model calibration

Figure 12. Methodology of morphodynamic modelling

switches according to the tide, twice a day.
In the project configuration, the presence of
the new large port basin tended to slightly
slow down the lagoon filling as shown on
Figure 9.

Model methodology
Figure 10 presents the modelling methodology
that shows model implementation and
exploitation, and summarises inputs and
outputs of each stage of the modelling process.

The calibration consisted of calculating deposit
volumes of a close approximation of measured
average annual dredged volumes for one year.
The six-month 3D hydrodynamics calculated
by the previous model and corresponding
Suspended Solid Concentration (SSC) rates
recorded during the measurement campaign
were taken into account while setting limit
conditions. Figure 11 shows the comparison
made between mean mud volumes dredged
and deposit volumes calculated during a
six-month period. Considering Partheniades
coefficient = 2.10-3 (kg/m2/s) (Partheniades,
1965), threshold shear stress for motion of
fine particle = 0.5 Pa, fall velocity = 0.00085
m/s, suspended matter concentration in
marine domain = 0.012g/l, the deposit volume
resulting from the six-month simulation
represented 97% of the mean volume of
dredged mud in half a year.

In the nearshore domain, as expected, waveinduced currents will be modified by the future
breakwaters, but the impact will be very local,
as shown by the model results. In order to
reduce transverse currents that appear within
entrance channel for rough sea conditions, its
design was slightly modified.
As a conclusion, the efficient 3D hydrodynamic
model succeeded in demonstrating the
very slight impact of the extension project
on the lagoon, the inlet and the coastal
hydrodynamics. This was done by assessing its
extent and characterising its return period. As
a consequence, the results already indicated
that the impacts on sedimentary dynamics will
also be limited.

3D SILTATION MODEL FOR COHESIVE
SEDIMENTS: REQUIREMENTS AND
CONTRIBUTIONS
Then 3D model for deposit calculation
of cohesive sediments was developed by
solving suspended transport for one cohesive
sediment class (mud) directly in TELEMAC3D.

Figure 13. Results of exploitation phase of the morphodynamic model in present configuration.
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Model exploitation
Once calibrated, this model contributed to
increased sediment dynamic understanding
within the inlet and present harbour basins.
Furthermore, the model helped to assess
the impact(s) of the extension project on
maintenance dredging operations.

Project impact on dredging
maintenance needs
The project will have a slight influence on
deposition within the upstream part of the
inlet, from the lagoon to the oil basin – the
future dredged volume will be slightly lesser
than what is current. Within the new basin,
deposition was assessed, in coherence with
current deposition rates within stilling basin.

MULTICLASS SEDIMENT MODEL FOR
MORPHODYNAMIC CALCULATION OF
SANDY SEA BED: REQUIREMENTS
AND CONTRIBUTIONS

Figure 14. Methodology of coastline evolution modelling.

This third model coupled 3D hydrodynamic
model with sedimentary module SISYPHE
(TELEMAC system) that solved sediment
transport for graded granulometry (Figure 12).

250 µm; between 250 µm and 500 µm; and
greater than 500 µm.

graded granulometry in marine domain of
the model.

This analysis led to the definition of a mean
rate of each class. The mean mixture was
composed of 15% of 94 µm-diameter
grain D1, 63% of 190 µm-diameter grain
D2, 20% of 375 µm-diameter grain D3,
2% of 900 µm-diameter grain D4. Then
a preliminary calculation was undertaken
in order to initialise spatial distribution of

The six-month hydrodynamic forcings recorded
from 21/02/2013 to 15/08/2013 were imposed
as boundary conditions (sea levels, currents,
wave, wind, rainfall). In order to make
these forcings representative of in situ longterm conditions, simulated evolutions were
weighted by statistics on in situ wave data.
Practically, evolutions which were calculated
at each iteration, were multiplied by a
morphodynamic factor defined thus:

Model construction
Samples of sandy sea bed collected from
marine domain in vicinity of the current port
were analysed. They provided spatial variation
of granulometric compositions in terms of
volumetric percentage of the four following
sediment classes: grain diameter between
63 µm and 125 µm; between 125 µm and

a

b

Morphodynamic factor = Occurrence of
wave forcing for the period that has to be
simulated (1 or 10 years) / Occurrence of the
wave forcing really simulated (the 6 monthmeasurement campaign) x Length of the
period that has to be simulated / Length of the
period that is really simulated

Model calibration

Figure 15. (a) Extent of the coastline evolution model (from Cap Leucate to Port Saint Pierre Sur Mer) and location of
the wave conditions inputs; (b) A detailed look at the spatial discretisation of coastline evolution model at Port-La
Nouvelle: accretion or recession of the shoreline was calculated at each blue point.

The calibration was based on average annual
volumes of sand dredged within the present
entrance channel (short-term) and the
analysis of natural bathymetric evolutions
observed during two periods of 30 years and
three years (medium-term). Morphodynamic
factors of 1.8 and 18 were used in this
calibration exercise.
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Model exploitation
Once calibrated, this model was used
to calculate 1-year and 10-year seabed
evolutions consecutively in present and project
configurations with morphodynamic factors of
0.6 and 6 respectively (Figure 13).
There are two things to note regarding
the integrated model – it is not adapted
to reproduce scour that potentially occurs
at foot of the breakwaters. Anti-scouring
protections have to be designed using
empirical abacus or physical modelling. In
addition, it is not suitable for very shallow
sea bed and shoreline evolution. That is
why the integrated model was completed
with a shoreline evolution model dedicated
for the coastal line, calculating the littoral
drift generated by the waves and its
mid- and long-term consequences on the
shoreline.

Conclusion in terms of project
impact on offshore seabed
morphodynamics
The comparisons between results in present
and project configurations allowed for the
assessment of the impact(s) of the extension
project on sandy sea bed in vicinity of future
harbour facilities and nearby conservation
areas.
The following were concluded:
• except in the proximity of the harbour,
simulated morphodynamic patterns
were very similar in current and project
configurations;
• 1-year impacts of the project were not
significant on the marine sea bed further
than 3km from the port development; and
• 10-year impacts of the project were not
significant on the marine sea bed further
than 5km from the port development.
This minimal impact was in line with
expectations after analysing the results of the
hydrodynamic modelling.

COASTLINE EVOLUTION MODEL:
REQUIREMENTS AND CONTRIBUTIONS
This model’s aim was to compare
calculated evolution trends for the next 20
years and future trends up to year 2100
taking into or not into account the new

development in order to determine project
impacts on the shoreline. This enabled to:
• assess the extent of impacted area;
• predict the nature of the impacts (erosion,
accretion); and
• and quantify the impacts (evolution rate).

Sector

Evolution rate
(m/year)

From North of Cap Leucate
to Port-La Nouvelle

+ 0,1

From Port-La Nouvelle to
Gruissan

- 0,9

From Gruissan to Port de
St Pierre sur Mer

- 1,1

Table III: Observed and modelled shoreline evolutions

Model methodology
Figure 14 shows the modelling methodology
that leads model implementation and
exploitation, and summarises inputs and
outputs of each stage of the modelling
process.

Model construction
The model covered 30km of coastline from
Cap Leucate at the South-West to Narbonne
Plage at the North-East. The mesh size was
100m and time step was one day (Figure
15).
For the model, beach profiles and their
associate active heights were defined. Wave
climates were provided at the level of the
closure depth of each profile. One grain size
was considered and the CERC formula was
chosen for longshore transport calculation.
Positions and geometries of the existing
coastal structures were taken into account in
addition to any anthropic interventions such
as beach nourishment and gravel extractions
to name a few.

Model calibration
The model calibration consisted of
parameter setting to obtain good
concordance between past evolutions
predicted by the model and past evolutions
observed in nature during the period from
1992 to 2011 (Table III). There following
trends were validated.
• Calculated sediment longshore transport
evolutions were suitable with criteria
of longshore transport orientation and
magnitude.
• Evolution trends that were observed in
nature were well-reproduced by modelling:
- almost stable shoreline south of Port-La
Nouvelle
- local erosions on both sides of Port-La
Nouvelle breakwaters
- mean trend of recession North of Port-La
Nouvelle: about -1 m/year.

from 1992 to 2011.

Model exploitation
Once model calibration was completed, two
calculations were carried out to analyse the
current shoreline position with the present
port. One calculation predicted coastline
evolutions in the next 20 years and the
second predicted coastline evolutions in
the next 100 years taking into account the
additional shoreline recession caused by
the sea level rise due to climate change.
Subsequently, two other calculations were
carried out considering the current shoreline
position with the project. The first one
simulated coastline evolutions in the next
20 years following the project construction.
The second calculation simulated coastline
evolutions in the next 100 years following
the project construction, taking into account
the additional shoreline recession caused by
the sea level rise due to climate change.

Project impact on coastline evolution
A comparison between the model results
helped to assess the impact of the project
on the coastline position for mid- and longterm. For the 20-year term, development
impacts only concern the 2 km-long area
located at the immediate north of the new
main breakwater – the maximum annual
recession rate is about -1,5 m/year in present
configuration, and about -2,5 m/year in
project configuration.
For the 100-year term, considering climate
change effects, the maximum recession rate
would be 220m in present port configuration
and about 245m in project configuration. The
impact would be limited to the 2 km-long
area located at the immediate north. Outside
of this area, evolutions were very similar for
the two configurations (present and project
configurations).
As mitigation measure for the limited area
concerned by erosion due to the extension,
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beach nourishment was proposed that will
use some of the materials dredged during
the construction phase. However, as the
impact of the project would be local and
there would not be socio-economical issues

at stake by the predicted shoreline recession,
the Environmental Services of the State judged
the impact on the shoreline acceptable and
did not recommend beach nourishment as a
mitigation measure.

C O N C LUSI ONS
This case study perfectly highlights the
efficiency of the integrated package of the
five numerical hydro-sedimentary models for
understanding a complex coastal site and
assessing potential impacts caused by coastal
development. This developed methodology
for studying a project in such a complex
coastal area was significant achievement
which included a comprehensive field
campaign that ensured the high quality of
each modelling.
A great source of satisfaction is the
possibility given to calibrate and validate
the hydrodynamic tool on such a rich
database (in time and space). This ensured
a good understanding and reproduction
of the complex in situ hydro sedimentary.
However, the modelers were aware of the
model’s limits in terms of morphodynamics.
Depending on historical data (which was
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SEMINARS / CONFERENCES / EVENTS
COASTS, MARINE STRUCTURES AND BREAKWATERS
2017
SEPTEMBER 5-7, 2017
LIVERPOOL WATERFRONT, UK
The conference on “Coasts, Marine Structures and Breakwaters 2017”
will take place in the Arena and Convention Centre Liverpool. The
event will focus on innovation with dedicated sessions designed to
facilitate the early release of new ideas, pioneering research, design
guidance / best practise, specialist advice and services.
The conference will features sessions centred around several major
topics such as Ports & Terminals; Coastal; Wave, Modelling & Analysis;
Marine Structures; and Breakwaters. Furthermore, some of the papers
that are expected to be presented at the conference include
information on new guidance for the design of coastal revetments;
using metrics to evaluate vulnerability of dikes subjected to climate
change; and a paper discussing the behaviour of two major cities
suffering from ground subsidence and adapting to sea level rise.
Some of the organisations that will be present at the conference
include Royal Boskalis, Van Oord, HR Wallingford, the Environment
Agency, Rijkswaterstaat, University of Edinburgh and Shoreline
Management Partnership.
For more information:
https://www.dredging.org/events/events

DREDGING TODAY CONFERENCE 2017
OCTOBER 9-10, 2017
RAI AMSTERDAM, THE NETHERLANDS
Dredging Today will be holding its first conference themed, “Changing
Climate, Resilient Business.”
The topic of climate change is relevant to the dredging industry. Sea
level rise, increase in storms, floods, population growth and urban
development in low-lying coastal areas around the world make coastal
zones and deltas even more vulnerable to climate change effects. Thus,
dredging and marine infrastructure work needs to be carried out.
The conference is aimed at C-level executives, managing directors,
strategy directors, decision-makers and influencers within ministries,
port authorities, and dredging contractors, engineering companies,
supply chain companies and consultants.
The two-day technical and networking programmes will be € 495 with
special discounts given to students and non-profit organisations.

CEDA DREDGING DAYS 2017
NOVEMBER 9-10, 2017
AHOY ROTTERDAM, THE NETHERLANDS
The annual CEDA Dredging Days 2017 will be held for two
days, 9-10 November, 2017. The conference is a forum for
industry experts, researchers and other stakeholders across
the globe. They represent: ports, coastal, water management
and environmental authorities; environmental organisations
and conservation bodies; knowledge institutes and
universities; consultancies; and dredging companies.
A keynote address will be given by Frank Verhoeven,
President of the International Association of Dredging
Companies (IADC). The two-day programme will feature
seven technical sessions on the following topics: Environment
and Monitoring; Academic Session; Developments in
Instrumentation; Interactive Session: contractual problems
and how to avoid them occurring; Sustainable Working
Method and Equipment; Young CEDA Pitch Talks, and
Innovative Solutions.
The Interactive Session is designed to bring useful lessons to
all parties in a contract including the project owner,
contractor, supplier, and engineer/designer.
The Young CEDA Pitch Talks will feature a series of up to
eight short, sharp presentations by bright young
professionals. The conference also includes a presentation of
CEDA’s Checklist for Successful Dredging Management by
the new Dredging Management Commission.
IADC will be giving out the IADC Young Author Award to
an author under 35 years of age for the best conference
paper. The aim of this award “to stimulate the promotion of
new ideas and encourage younger men and women in the
dredging industry”. The winner will also receive €1,000, a
certificate of recognition, and have his or her paper
published in Terra et Aqua, IADC’s quarterly dredging
journal.
The CEDA Dredging Days also features a student programme
which enables promising students to attend the conference
and exhibition. Under this programme CEDA offers 70 free
registrations to graduate and post-graduate students. These
are granted to students who have shown great affinity with
dredging technology within their studies.

The programme will be released soon. See the conference website for
updates.

Visitors to the conference have the option of attending a
technical visit on 8 November in the afternoon and an
optional guided networking breakfast on 9 November, 2017.

For more information:
http://www.dredgingconference.com/

For more information:
https://www.cedaconferences.org/

MEMBERSHIP LIST IADC 2017
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Van Oord Mozambique Ltda., Maputo, Mozambique
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ASIA
Beijing Boskalis Dredging Technology Co. Ltd., Beijing, PR China
Boskalis International (S) Pte. Ltd., Singapore
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Dredging International Asia Pacific (Pte) Ltd., Singapore
Hyundai Engineering & Construction Co. Ltd., Seoul, Korea
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P.T. Boskalis International Indonesia, Jakarta, Indonesia
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Toa Corporation, Tokyo, Japan
Van Oord Dredging and Marine Contractors B.V. – Azerbaijan, branch in Baku
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