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Trailing Suction Hopper Dredgers (TSHDs) are 
commonly used in the dredging industry at a wide 
variety of maintenance, land reclamation and 
maritime construction projects. During trailing 
suction dredging the TSHD trails dragheads 
over the seabed to excavate it. The loosened bed 
materials like sand, clay or gravel together with 
surrounding water are hydraulically sucked up 
by pumps through the trailing suction pipes. This 
mixture is subsequently discharged into the ship’s 
cargo hold called hopper. 

There the suspended sediment disperses and 
settles throughout the hopper to form a sedi-
ment bed layer at the bottom. Simulation of the  
sedimentation processes in hoppers is of great 
interest to provide predictions of how efficiently 
the incoming sediment is retained in the hopper. 
A prediction model developed by Van Oord engi-
neers introduces a model to accurately and 
easily predict the overflow of sediments. Read 
more on page 33.

HOPPER CALCULATOR

PREDICTING LOSSES  
TO INCREASE A 
TSHD’S LOADING  
EFFICIENCY

HIGH LIGHT
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EDITORIAL

In September 2005, the 100th issue of Terra et Aqua was 
unveiled to coincide with IADC’s 40th anniversary. The 
centennial edition celebrated the milestone by unveiling 
the journal’s new look while featuring international projects 
under the moniker ‘maritime solutions which changed the 
world’. The collection of realised works demonstrated the 
dredging industry’s continuously evolving qualities which 
were propelled in large part by its key drivers: world trade, 
urban development, energy, environment, coastal defense 
and tourism. Rapid adoption and integration of advances in 
technology and equipment by dredging contractors further 
fuelled their increasing sophistication.

Fast forward 13 years
Cutter dredgers have become larger and heavier. The areas 
of automation and instrumentation showed enormous  
advances, making dredgers much more suitable for the 
rough conditions on soil types while minimising over-depths 
– unpaid cubic metres – considerably. Vessels are powered 
by fuels with lower emissions and contain hoppers with 
greater volumes to allow for competitive pricing. Overall, the 
industry’s capacity increased as well as its efficiency, all 
while maintaining high quality results. These developments 
can be widely attributed to the proactive mindset which has 
permeated dredging organisations.

For its 150th issue, Terra et Aqua again proves it is on board 
with the industry’s proactivity by revealing an upgrade of its 
own: a newly redesigned publication. By delivering cutting -
edge and pioneering content in a distinguished way, IADC 
continues its mission to thrust forward the dredging 
industry on its ceaseless mission to change the world. 
Innovative maritime solutions from across the industry are 
encapsulated on reinvigorated pages, all while maintaining 
the publication’s quality standard demonstrated since Terra 
et Aqua’s debut in 1972. Easy-to-navigate, quarterly issues 
will showcase a blend of articles and interviews spanning 
five relevant categories: environment, equipment, safety, 
socio-economic and technical. 

This issue dives into the guiding principles of dredging for 
sustainability as presented in IADC and CEDA’s new book 
Dredging for Sustainable Infrastructure, best practices 
for sediment monitoring and a 1DH model of a TSHD’s 
hopper. IADC speaks with Patrick Verhoeven – International 
Association of Ports & Harbour’s Managing Director of 
Policy and Strategy – about how global ports prepare for 
the reality of mega-vessel as well as IAPH’s upcoming 
sustainability initiative.

We hope you enjoy reading the new Terra et Aqua as much 
as we enjoyed creating it for you.

AFTER THIRTEEN YEARS,  
WHAT HAS CHANGED IN THE
DREDGING  
INDUSTRY?

Frank Verhoeven
President, IADC

By delivering cutting-edge
and pioneering content in a
distinguished way, IADC
continues its mission to
thrust forward the dredging
industry on its ceaseless
mission to change the world.
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The three most widely used techniques for  
the measurement of SPM concentration  
associated with dredging are:
• water sampling;
• use of optical (e.g. optical backscatter)  

sensors (OBSs) and
• use of Acoustic Doppler Current Profilers 

(ADCPs).

The commonly used approach of water  
sampling combined with optical sensor  
measurements is particularly important,  
as the techniques:
• are well established and widely used;
• are relatively simple and inexpensive and
• provide a means of calibration for other  

techniques such as ADCP measurements.

Although versatile and in widespread use, 
there is often little consideration of the 
accuracy – or potential lack of accuracy – in 
the application of OBS and water sampling 
methods. This is important information for 
the design and implementation of very many 
dredging monitoring studies, the costs of 
which can be very substantial.

This article describes the potential error 
sources and magnitudes associated with 
water sampling and the use of OBSs for the 
measurement of SPM concentration. A  
theoretical worked example of the errors that 
could be expected when undertaking SPM 
concentration measurements in a tropical 
location (based on a real world dredging project) 
is also presented. This highlights how these 
errors could easily result in projects experi-
encing significantly increased numbers of 
caution and stop events, the direct cost  
implications of which are likely to significantly 
outweigh the cost of carrying out the moni-
toring to a good standard and checking that 
this is maintained.

Consequence of dredging
Sediment release to the environment as a 
consequence of dredging, and the effects of 
this release, are typically the prime environ-
mental concerns associated with the activity. 
The successful implementation of sustainable 
dredging operations often requires an effective 
monitoring programme to be established, which 
will include the collection of measurements of 
SPM concentration.

Monitoring costs can be significant for 
dredging projects (up to 5 per cent of the 
contract value). Dredging is a highly com-
petitive business so sensibly minimising the 
cost of the monitoring activities is important. 
However if a selected monitoring contractor 
has staff who are a little inexperienced, or 
not so focused or informed with respect to 
achieving high accuracy, what might the  
implications of this be for a project?

Dredging and disposal management plans for 
many construction projects rely on ‘trigger’ 
levels (e.g. for SPM concentration) to protect 
the sensitive receivers in the vicinity of the 
project site. Erroneous estimates of SPM 
concentration may thus result in excessive 
downtime of the dredging works due to the 
‘apparent’ exceedance of trigger levels or, worse 
still, may fail to protect a receiver from exces-
sive sedimentation. Costs associated with 
dredger downtime can be large, and the failure 
to protect the ecosystem may result in claims 
made against the developer for the resulting 
damage. Such claims not only have a commer-
cial impact but can damage the reputation of a 
development or developer, as well as the wider 

Dredging activities often result in the suspen-
sion of sediment into the water column in the 
vicinity of the activity. Sediment release to 
the aquatic environment and the effects of 
this release are often the prime environmental 
concern associated with dredging. As a conse-
quence, the accurate monitoring of suspended 
particulate matter (SPM) concentration is of 
considerable importance to the industry. 

If a selected
monitoring contractor
has staff who are
inexperienced,
what might the
implications of this 
be for a project?
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industry. As a consequence the accurate meas-
urement and monitoring of SPM concentration 
is of considerable importance.

While optical sensors (see Figure 1) and water 
sampling methods are widely used, their  
accuracy – or potential lack thereof – is not 
often considered. This is especially true when 
applying these techniques to monitoring in 
areas of low SPM concentration. The versa-
tility and proven value of the two techniques 
have meant that they have been used in 
relatively quiescent, deeper water, lower 
sediment concentration environments as 
part of nearshore dredging studies, despite 
the OBS method being developed for more 
dynamic, shallower, higher concentration 
environments (e.g. the surf zone of beaches, 
see Downing, 2006).

An appreciation of the limitations and accu-
racy of the two methods is thus key to the 
design and implementation of many dredging 
monitoring studies.

Methods for measuring SPM 
concentration in water
There are three main techniques for measur-
ing SPM concentration in common use:
• water sampling;
• use of optical sensors such as OBS, or 

turbidity sensors and
• use of acoustic techniques (calibration of 

acoustic backscatter from an ADCP using 
Sediview (HR Wallingford, 2012) or similar).

Of these techniques water sampling and the use 
of optical sensors (e.g. OBSs) are particularly 
important, as they:
• are well established (OBSs have been in use 

for around 35 years and water sampling for 
considerably longer);

• are widely applied  in coastal waters (survey 
contractors know and routinely use these 
techniques);

• are relatively simple and inexpensive and
• provide data for the calibration of acoustic 

techniques (ADCP backscatter). 

Acoustic techniques (calibration of ADCP 
backscatter) are more complex to implement 
with relatively few organisations equipped and 
experienced in their use. Our focus for this  
assessment is therefore on water sampling 
and the use of OBS for measuring SPM con-
centration. This article highlights the principal 
factors that affect the accuracy of SPM con-
centration determination when using these 
very commonly applied methods and evaluates 
the expected order of potential errors associ-
ated with each error source.
 
Water sampling
The objective of water sampling (for the pur-
poses of determining SPM concentration) is 
to obtain a representative sample of water and 
sediment at a precise point in time and space. 
The SPM concentration can be determined by 
laboratory analysis of the water sample.

Sampling devices broadly fall into two cate-
gories – trap-type samplers (see Figure 2) 
and pump-type samplers.

Water sampling is often assumed to give highly 
accurate results and to be the benchmark 
against which other sediment concentration 
measuring techniques should be compared. 
While it is true that if the method used is 
well-designed and executed it is capable of 
providing accurate and representative SPM 
concentrations, the potential for the produc-
tion of highly inaccurate results does exist.

Common sources of such error are related to:
• laboratory analysis of water samples;
• sub-sampling of samples, or transport of 

samples to the laboratory for analysis;
• (for pump-type water sampling) sampler intake 

orientation and flow speed in the sample pipe;

EQUIPMENT

Erroneous estimates
of SPM concentration
can result in excessive
dredging downtime
due to an ‘apparent’
exceedance of trigger
levels or may fail to
protect a receiver 
from sedimentation.

FIGURE 1

 Various optical sensors mounted on a profiling 
rig. Transmissometers (A) and an OBS (B) .

FIGURE 2 

Trap-type water sampling devices mounted 
on a profiling rig, with electronically triggered 
stoppers (the black spheres which are visible).

A
B
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• ‘artificial’ elevation of SPM concentration 
levels around the survey vessel and

• collision of the sampling device with the 
seabed, or interaction of the sampling 
device with the current flows near the 
seabed causing the ‘artificial’ suspension  
of bed sediments.

Optical sensor measurements
Optical sensors operate by measuring the 
interaction of light with the suspended par-
ticles (in this case sediment) present. They 
are often referred to as turbidity sensors as 
they can be calibrated to report their data in 
turbidity units and, if suitable calibrations can 
be derived, SPM concentration.

Although still point measurement systems, 
optical instruments have the advantage (when 
compared with water sampling) that they can 
operate unattended and can collect data at 
faster sampling rates than could be achieved 
with water samples. They can also be lowered 
on a cable to acquire profiles of measurements 
with the data displayed in real time aboard the 
survey vessel. However, more data does not 
necessarily mean better data and, like water 
samples, optical sensors are subject to poten-
tial inaccuracy.

Key sources of such potential inaccuracy are:
• reporting data in turbidity units without 

calibration to SPM concentration;
• the calibration methodology used;
• insufficient sensor range;
• instrument bio-fouling and
• interference from bubbles.

A note on terminology
The terms turbidity, SPM concentration, 
total suspended solids (TSS) and suspended 
sediment concentration (SSC) are all used 
interchangeably by some parties. These terms 
do not all have the same meaning and there-
fore they should not be used interchangeably.

Measurements of turbidity are typically 
referenced to a standard material known as 
Formazin. This is an artificial suspension of 
milky white particles of a reproducible size, 
shape and reflectivity. Turbidity units are  
generally quoted in Formazin Turbidity Units 
(FTU) although Formazin Nephelometric 
Units (FNU) or Nephelometric Turbidity Units 
(NTUs) are also used. A useful summary of the 
differences between these units is given in 
USGS (2015).

The TSS content is defined as the (dry) mass  
of non-dissolved solids suspended in the 
water, and it is typically expressed in units of 
milligrams per litre (mg/l).The terms TSS (or 
SPM) and SSC are strictly speaking not the 
same as not all suspended solids are sediment. 
This can be particularly important where there 
is a lot of organic matter present in the water.

Sources and magnitudes of error  
in measurements
Estimates of the magnitudes of the errors 
which might occur and that are associated 
with each of the sources mentioned previously 
are discussed in this section. Where the error 
estimates have been based on available 
literature, references have been included for 
these sources. Where no reference is given 
the error estimates are based on the collective 

experience of the authors in the measurement 
of SPM concentration (>50 years).

Water sampling
Estimates of the approximate magnitudes of the 
errors which might occur during the collection 
and analysis of water samples (associated with 
the common error sources identified previously) 
are provided in Table 1.

Laboratory analysis
An understanding of the limitations in the 
laboratory methods used and their associated 
accuracies and limits of detection (LOD)  
is required. In this section an evaluation of 
the accuracies for the gravimetric method 
commonly used is provided.

What is meant by the ‘actual’ concentration of 
SPM in a water sample is the mass of material 
per unit volume, determined by filtering of the 
water sample to capture the particulate matter, 
with the mass of material captured calculated 
from the weight gain of the filter.

The procedures used to undertake the gravi-
metric analysis of water samples involve the  
filtration of acquired samples through glass  
fibre filter papers with a particular pore size.  
The International Organisation for Standard-
isation (ISO) standard ISO11923:1997 (2008) 
document covers such methods however 
there are a number of variants which are often 
quoted. Of these the most commonly used 
methods include: 
• American Public Health Association (APHA) 

methods (APHA2540D and E), which concern 
the determination of TSS at 103-105 °C 
(APHA, 1997) and

TABLE 1

Common sources of error (and their approximate magnitudes) associated with water sampling for SPM concentration determination.

Potential Source of Error Expected Order of Potential Error

Laboratory analysis 10% but could be higher (around 20-30% at low concentrations)

Sub-sampling or sample transfer for lab analysis ~10% but could be far higher if the field methodology is poor

Pump sampler intake orientation and flow speed in the sample pipe ~20%

‘Artificial’ elevation of concentration levels around the survey vessel 0 – 10s (zero to tens of) mg/l

Collision or interaction of sampling device with bed 0 – 100s (zero to hundreds of) mg/l
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• American Society for Testing and Materials 
Standard Method (ASTM) D3977-97 
(ASTM, 2013), for the determination of 
sediment concentration in water samples 
acquired from natural waters. This is used 
by many agencies responsible for studying 
water bodies in the United States.

It is generally understood that the LOD of 
these standard filtration methods is of the 
order of several mg/l since there must be a 
significant weight change in the filter paper 
following filtration. It thus follows that the 
volume of sample that needs to be collected 
would need to increase as the concentration 
reduces. With standard sampling procedures 
where a one litre sample is typically collected 
for analysis a LOD of 3 mg/l is quoted by the 
UK National Laboratory Service.

ASTM’s own analysis of three pairs of samples 
at three different concentrations analysed by 
nine laboratories, shown in Table 2, reveals that 
with natural sediments measurement errors 
(when considered as a percentage of the actual 
SPM concentration) increase as the concen-
tration of the suspension filtered decreases. 
The bias in the analysis was thought to be influ-
enced by a range of factors, for example failure 
to remove all of the sediment from the contain-
ers and errors in analytical procedures such as 
drying and weighing (ASTM, 2013). It should be 
mentioned that the analysis undertaken which 
produced the results in Table 2 was undertaken 
using samples with a volume of 350 ml, and that 
the resultant deviations from the actual SPM 
concentration and standard deviations in the 
results could perhaps be reduced by analysing 
a larger sample volume.

Temperature effects
One of the key sources of variation in method -
ologies used to gravimetrically analyse water 
samples is the temperature at which drying 
takes place. Both the ASTM and APHA 
methods use drying of the filtered material in  
a very tightly controlled temperature range 
(103-105°C) to con trol the evaporation of water 
from the sam ple, however there are several 
methodologies which advocate drying papers 
at temperatures below 100°C, for example Van 
Der Linde (1998).

Salinity effects
Stavn et al. (2009) investigated the potential 
errors introduced by salt retention and the 
water of hydration in filter papers and their 
relevance to measurements of TSS. Perhaps 
unsurprisingly they found that the error in mass 
due to retention of salt and water by the filter 
was a function of the salinity of the water fil-
tered, and that washing with volumes of distilled 
water failed to remove all this excess material 
from the filter paper.

Filter overloading
Glass fibre papers capture the particles within 
the fibre networks making up the full depth of 
the paper and manufacturers indicate a 98 per 
cent retention efficiency for particles larger 
than the nominal pore size quoted. 

However it has been noted in both experi mental 
studies and theoretical considerations that 
once a filter mesh becomes blocked by trapped 
particles the efficiency of the paper reduces. 
Neukermans et al. (2012) attempted to account 
for this by precisely controlling the loadings 
placed on the filter paper and by considering 

the procedural uncertainties in the filtration 
method, including the salt retention as well as 
filter preparation, weighing and handling. The 
method proposed utilises a measurement of 
the turbidity of the sample to control the volume 
of sub-sample requiring filtration and thereby 
the accuracy of the results obtained.

Their work suggests that in order to achieve 
a deviation of better than 15 per cent of the 
concentration of SPM between replicates in 
90 per cent of cases 1250 ml of sample would 
need filtration at a concentration of 5 mg/l, but 
only 290 ml of sample at a concentration of 20 
mg/l. This is clearly an important finding and in 
the authors’ experience it is often the case that 
survey contractors aren’t aware of the implica-
tions of the volume of sample analysed on the 
accuracy of the resultant SPM concentration. 
It is common for a ‘standard’ volume of 1 litre to 
be adopted by those designing / undertaking 
surveys.

Sample transfer and sub-sampling for 
laboratory analysis
Some laboratory methods may only require a 
proportion of the sample collected in the field 
sampler for analysis purposes and samples 
must invariably be removed from the sampler 
and transferred into other vessels for storage 
and transport. Sub-sampling and sample 
transfer both have the potential to result in 
concentration errors being introduced. 

For example, Glysson et al. (2000) showed from 
an analysis of paired TSS samples that the loss 
of sand grains during sub-sampling by pipette 
or by pouring from an open container introduced 
a bias into a dataset.

EQUIPMENT

TABLE 2

Precision and bias for ASTM Method D3977-97 B (ASTM, 2013).

Concentration  
added, mg/l

Concentration  
recovered, mg/l

Standard deviation of 
test method

Standard deviation of 
single operator

Bias, %

10 8 2.6 2.0 −20.0

100 91 5.3 5.1 −9.0

1000 961 20.4 14.1 −3.9
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Pump sampler intake orientation and flow speed
In the case of pumped samples, the orien-
tation of the intake and the flow speed in the 
sampling hose can affect how representative 
the sample is, particularly when coarser sed-
iments such as sands are in suspension. In 
cases where the intake nozzle is aligned with 
the ambient flow direction (with the opening 
pointing into the flow), differences between 
the intake velocity and local flow velocity will 
result in sampling errors (Rijn and Roberti, 
2011). Samples with higher than ambient 
sediment concentration result if the velocity 
in the pipe is lower than that of the ambient 
flow speed whilst, lower-than-actual sediment 
concentrations are achieved if sampling at a 
higher velocity than that of the ambient flow.

Bosman et al. (1987) further showed that sam-
pled SSC most closely matched the ambient 
SSC when the orientation of the hose inlet 
matched the ambient current direction (with 
the opening pointing into the flow) and the 
ratio of the velocity in the hose to the local flow 
velocity is 1 (see Figure 3). Errors of around 
20 per cent could be expected when using an 
intake orientation that is normal to the current 

direction and an in line velocity twice the natural 
current speed at the site (for fine-medium 
sand using a 3 mm diameter hose and in local 
flow velocities of 1-2.5 m/s). It is appreciated 
that suspended sediment detected in plumes 
arising from dredging generally consists of 
silt and clay size particles, however in some 
environments it is possible for fine-sand sized 
particles to be consistently present in suspen-
sion (e.g. estuarine environments such as the 
river Thames).

 ‘Artificial’ elevation of concentration levels 
around the survey vessel
Flows resulting from vessel propulsion can 
and do interact with the bed in shallow water 
resulting in the suspension of bed sediments 
(see Figure 4). Effects of this can be avoided 
by good field practice with respect to:
• the orientation of the vessel relative to the 

prevailing currents and wind;
• the choice of position on the vessel from 

which sampling is undertaken;
• the way in which the vessel’s propulsion 

system is used and 
• good communication between the survey 

team and the helmsman.

FIGURE 3

Effect of flow rate and intake orientation on 
sampling accuracy (Bosman et al., 1987).

FIGURE 4

Elevated SSC as a result of sediments being 
mobilised by a vessel’s propulsion system.

It is often the case that
survey contractors
aren’t aware of the
implications of the
volume of sample
analysed on the
accuracy of SPM
concentration results.
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Collision or interaction of sampling device  
with the bed
Often there is a requirement to measure near-
bed sediment concentrations and under such 
conditions the sampler or other part of the 
sampling equipment (e.g. bomb weight shown 
in Figure 1) can either collide with the bed or 
disturb current flows near the bed, generating 
an ‘artificial’ sediment plume which changes 
SPM concentration in the vicinity of the sam-
pler and potentially in the sample retrieved.

The potential for such occurrences can be 
minimised by careful positioning of the sampler 
using the survey vessel’s echo-sounder and 
placing a depth sensor or an altimeter on the 
sampling equipment with a  real-time data dis-
play. Mounting an OBS with a real-time display 
on the sampling equipment can also help to 
decide when a sampler should be activated.

Optical sensor measurements
Estimates of the magnitudes of the errors 
which might occur during the collection of 
optical sensor data (associated with the 
common sources identified previously) are 
provided in Table 3.

Reporting results in turbidity units without 
calibration to mg/l
On occasion workers have reported readings 
that are directly output by turbidity sensors 
(typically in units of NTU or FTU). For the  

reasons discussed previously, such units 
should not be accepted as a valid quanti-
fication of SPM concentration. The concept  
is well explained by Downing (2006).

During a recent study undertaken by HR 
Walling ford, calibrations to convert from  
turbidity readings in FTU to concentrations  
in mg/l were established through a series  
of laboratory experiments. A subset of the 
results of the experiments is shown in Table 4. 
The results highlight the range in calibration 
coefficients that can be obtained when using 
the same sensor in a variety of material types. 
A much larger multiplier value (slope) was 

derived for material with a lower content of 
fines (material c) – the response of the sensor 
being lower when recording data in a suspen-
sion of generally coarser particles relative to 
a suspension of finer material with the same 
SSC. The applied calibrations are shown 
graphically in Figure 5.

Calibration Methodology
Two possible choices are available by which 
a calibration can be undertaken. The first is 
field-based, whereby an attempt is made to 
perform an in-situ calibration of a sensor, 
through the collection of water samples which 
are coincident in both space and time with 
the optical data. The second takes place under 
laboratory conditions by preparing a suspen-
sion of particles which are representative of 
what the sensor may be experiencing in the 
field and recording the sensor response as 
the concentration is varied.

The main problems are associated with deficien-
cies in the execution of either approach, such 
as unrepresentative sampling in time and 
space. Space in this context includes the use of 
the bed sediment laboratory dilution approach 
when not appropriate.

A comparison of the different calibration meth-
ods used during a dredging study in a temperate  
estuary in the UK was recently undertaken 
by HR Wallingford. OBS data, water, and grab 
samples were collected at 11 different sites 
spanning 20 kilometres of the estuary. Each 
site was occupied for a period of 13 hours 
with OBS data collection and water sampling 
carried out throughout each occupation.
For the OBS data collected at each site, two 
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TABLE 3

Common sources of error – and their approximate magnitudes – associated with the use of optical 
sensors such as OBSs for SPM concentration determination.

Potential Source of Error Expected Order of Potential Error 

Reporting data in turbidity units without 
calibration to mg/l

100% (although could be more, or less)

Calibration methodology 0 - 100%, although examples of errors of around 
1000% do exist

Sensor range and resolution 100s – 1000s (hundreds to thousands of) mg/l

Bio-fouling of instrument 0 to ultimately the full scale range of the instru-
ment e.g. 1000 mg/l.

Interference from bubbles 0 – 100s (zero to hundreds of) mg/l

FIGURE 5

A graphic illustration of the  
magnitude of errors quoted in 
Table 4.
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calibrations were derived, one using the in-situ 
water sample method, and the other using the 
sediment dilution laboratory approach. Results 
from two of the sites are presented in Figure 
6, highlighting that sometimes a calibration 
based on local sediment deposits may agree 
well with field-based techniques, however at 
other points in time or space the disagreement 
can be considerable. A difference between the 
resultant values of SPM concentration of up 
to around 200 mg/l is seen during periods of 
lower concentrations at Site 8.

It must be stressed that the laboratory 
calibration approach can never easily or 

fully represent processes in the field, such 
as environmental factors (e.g. ambient light, 
temperature, etc.) and a population of particles 
in suspension that will vary in time due to 
flocculation or resuspension processes.

Sensor range and resolution
In order to measure the full range of sediment 
concentrations encountered an optical 
sensor must be capable of measuring over 
several orders of magnitude. In order to select 
the most appropriate sensor for the environ-
ment in which measurements are to be made, 
ideally a reliable, albeit approximate, estimate 
of the maximum concentration that is likely 

to be encountered is required. Without this 
information it is possible for:
a. instrument range to be exceeded during 

the data collection, leading to over-saturated 
and unrecoverable measurements (see 
Figure 7) or;

b. resolution of the measurements to be com-
promised (if the available sensor range is 
much greater than the maximum response 
obtained during the deployment). 

Figure 7 shows a time series of SPM concen-
tration derived from two co-located OBSs 
deployed over a 13 hour period of time with 
the same calibration approach used to calibrate 
both sensors. The measurement range of 
Sensor A is lower than that of Sensor B. The 
graph shows good correlation between the 
two sensor models at times when concen-
trations are lower than about 400 mg/l. 
However at other times the range of Sensor A 
is exceeded, leading to an underestimation of 
SPM concentration of 1000s of mg/l.

The picture is further complicated by the  
fact that some sensors will, beyond a certain 
limit of SSC, report decreasing readings with 
increasing SSC. Figure 8 shows an example  
OBS response for a particular model of sensor. 
In section A of the graph, good estimates of 
SSC are achieved. In section C the light 
scattered back to the sensor diminishes 
with increasing concentration as light 

FIGURE 6

In-situ (or field) and lab-based calibrations applied to OBS data collected at two sites within a 
temperate estuary. Graph (A) represents Site 6 and graph (B) represents Site 8.
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responses from two different 
models of OBS with different 
sensor ranges.
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FIGURE 8

Example OBS response to a wide range of SSC 
(after Downing, 2006).
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FIGURE 9

Bio-fouling observed on an OBS and corresponding turbidity readings made during the  
deployment (A) (ACT-US, 2006). OBS pre-deployment (B) and post-deployment (C).
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a 36% 0.1% sandy SILT 2.35 0.9947 135%

b 15% 0.1% silty fine SAND 3.61 0.999 261%

c 5% 6.7% slightly silty, gravelly fine 
SAND

5.40 0.9967 440%

TABLE 4

Magnitudes of error associated without calibration to mg/l.

EQUIPMENT

TABLE 5

Estimates of errors associated to the collection of water samples as part of a theoretical project.

Error source Estimated minimum error  
(general case, not specifically this 
worked example)

Estimated maximum error  
(general case, not specifically 
this worked example)

Estimated error for 
worked example

Laboratory analysis1 3 mg/l 30% +3 mg/l

Sample transfer / sub-sampling 0 50% 0 mg/l

Pump sampling inlet orientation and 
flow speed

0 90% -2 mg/l

Vessel bed disturbance 0 20 mg/l +5 mg/l

Instrument bed disturbance 0 200 mg/l +2 mg/l

Notes:  
1 - the error magnitude associated to laboratory analysis is based on a typical minimum LOD of 2-3 mg/l. 

A B

C
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attenuation, as opposed to backscatter, 
becomes the dominant optical process.  
This transition occurs in Section B (Downing, 
2006). Although this response is specific  
to a particular model of sensor used in a  
specific environment, the general behaviour 
 is applicable to a range of OBSs.

Biofouling of instruments
Sensors not equipped with effective protec-
tion against bio-fouling (e.g. a wiper system) 
and not regularly serviced may have their 
optical face fouled with marine growth over 
time, resulting in inaccurate measurements 
being collected (see Figure 9). The time-
scale over which fouling occurs is, typically, 
days / weeks dependant on productivity and 
environmental factors but the potential error 
ultimately covers the full range of the sensor 
(e.g. 1000 mg/l).

Preventative measures such as coating 
instruments in copper can help to limit marine 
growth. Pumping water to a cell or isolated 
chamber where the sensors are located can 
limit the influence that bio-fouling will have on 
the data readings, whilst treating the water in 
the cell can prevent further fouling.

Interference from bubbles
Bubbles generated by waves, motion of the 
survey vessel, dredger overflow, propellers, 
etc. have the potential to result in inaccurate 
optical sensor readings, to the extent that 
measured SPM concentrations may be twice 
the actual concentrations (VBKO, 2003).

Worked example using a  
theoretical project
Tables 5 and 6 show estimations of the errors 
that could arise during the measurement of 
SPM concentration in a typical tropical loca-
tion. The theoretical example is based on a real 
world dredging project in the Australasia region. 
Baseline SPM concentrations are assumed 
to be 10 mg/l, with ‘caution’ and ‘stop’ (stop 
dredging) thresholds of 20 mg/l and 30 mg/l. 
The errors presented take into account the 
potential error sources and error magnitudes 
identified in the previous sections and the 
authors’ experience of measurements of SPM 
concentration undertaken in these environ-
ments (and during the project this example is 
based upon).

It is assumed in the estimates shown in Table 
6 that a calibration to convert from turbidity 
to SPM concentration has been applied, and 
therefore that the estimated error associated 
with this source is zero. It should be recog-
nised however, that even if the during-dredg-
ing  
monitoring has been under taken properly 
there remains the potential for ‘apparent’ 
exceedances to occur as a result of poorly 
executed baseline monitoring. The error esti-
mate associated to the calibration methodology 
assumes that a laboratory-type calibration is 
undertaken, although it is not-well executed, 
resulting in an over-estimation of SPM concen-
tration by 10 mg/l.

Discussion
Table 5 shows that the estimated errors 
associated with water sampling, when com-
bined, could result in apparent values of SPM 

TABLE 6

Estimates of errors associated to the collection of optical data shown as part of a theoretical project.

Error source Estimated minimum error  
(general case, not specifically this 
worked example)

Estimated maximum error  
(general case, not specifically 
this worked example)

Estimated error for 
worked example

No calibration to mg/l 0% 500% 0 mg/l

Poor calibration methodology (lab) 0 500% +10 mg/l

Insufficient sensor range 0 4000 mg/l 0 mg/l

Biofouling of instruments 0 4000 mg/l +2 mg/l

Interference from bubbles 0 200 mg/l 0 mg/l

Sensors not equipped
with protection against
bio-fouling and not
regularly serviced may
have their optical face
fouled with marine
growth over time,
resulting in inaccurate
measurements.

concentration that are near the ‘caution’ 
threshold of 20 mg/l when actual concen-
trations are in fact not much greater than 
baseline levels (10 mg/l).

In the case of the errors associated with the 
optical measurements (Table 4), the example 
shows that a poorly executed calibration has 
the potential to result in significant numbers 
of ‘apparent’ threshold exceedances.

It should be noted that water samples are 
used to calibrate OBSs so there is potential 
for interaction between sources of error.
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Summary
All data used during a dredging project must be fit for purpose with the 
levels of uncertainty clearly quantified and accounted for. The onus 
is thus on developers, contractors, regulators and the stakeholder 
community to ensure that all monitoring undertaken is based on sound 
methodologies and best possible practice, with this being particularly 
important for a key parameter such as the concentration of SPM.

In both temperate and tropical environments, where natural suspended 
sediment concentrations may either be large or small, it can be seen 
that high quality suspended sediment measurements really do matter. 
In a tropical sea, even the 3 mg/l LOD typical of standard methods of 
gravimetric analysis can represent 30 per cent of the sediment concen-
tration signal which we are attempting to measure.

Thus poor measurement practice can easily result in projects experiencing 
very significantly increased caution and stop threshold exceedances. 
The direct cost implications of such are likely to significantly outweigh 
the cost of carrying out the monitoring to a good standard and checking 
that this is maintained.

It is also possible that monitoring errors may result in underestimation of 
concentration thereby not protecting the environment as intended.

First presented as a paper at the CEDA Dredging Days Conference 
2017, this article has been published in a slightly adapted version with 
permission of the copyright holder, CEDA.

Dr Jonathan Taylor
With a bachelor’s degree in Geology and a PhD 
in coastal and estuarine sediment dynamics, 
Jonathan has held university research positions 
in coastal physical oceanography. He has 
broad expertise in coastal and offshore ocean-
ographic and geophysical surveying, and has 
worked on many coastal management issues 
including the co-ordination of coastal zone 
engineering/management studies and marine 
environmental assessments with particular 
emphasis on the application of monitoring to 
dredging operations.

Dr Mark Lee
Currently Group Manager of HR Wallingford’s 
Dredging Group, Mark has a background in 
marine monitoring and surveying with a focus 
on dredging-related projects. For over 20 years, 
he has specialised in coastal oceanographic 
surveys and coastal and fluvial sediment trans-
port measurements, and worked on projects in 
the sectors of ports and shipping, construction, 
energy, oil and gas, and water. He has under-
taken extensive vessel-based and shore-based 
marine survey work as a Surveyor and Party 
Chief, and as a Client Representative

Neil Crossouard
Prior to joining HR Wallingford, Neil graduated 
with an MSc in Geophysics from the University of 
Southampton and was involved in vessel -based 
high resolution marine geophysical and hydro-
graphic surveys. As a Scientist in the Dredging 
Group with 10 years' experience in marine 
monitoring and surveying, he is routinely involved 
in the analysis of environmental monitoring, 
oceanographic, hydrographic and geophysical 
datasets. On a recent Marine E-tech research 
expedition, he measured flows and sediment 
plumes in water depths over 1000 meters.

EQUIPMENT

A worked example in a
tropical location shows
estimated errors, when
combined, could result
in ‘apparent’ trigger
level exceedances.
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An increasing amount of attention
is being given to the concept of
sustainability as an approach to
informing social, environmental and
economic development.
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HOW CAN THE DREDGING  
SECTOR JOIN THE GLOBAL 

SHIFT TOWARDS 
SUSTAINABILITY? 

However, in the last several decades, the 
understanding of what constitutes costs and 
benefits has evolved substantially beyond the 
direct monetary costs of using the tool and 
the direct monetary benefits of what the tool 
was used to create. Over the last 50 years, 
the cost-benefit evolution was aided by the 
environmental movement. 

The Broad Context
For the last several decades, dredging has 
found itself at the centre of a fundamental 
conflict between supporters of development 
and the environment. To minimise the adverse 
effects of dredging activities on ecosystems, 
environmental regulations were put in place. 
The environmental regulations put into place 
intend to eliminate, reduce, or control the 
impacts of dredging on the environment have 
produced a range of outcomes, both positive 
and negative. 

It is undoubtedly true that such regulations have 
helped to reduce negative impacts on the envi-
ronment, in general. However, it is also true that 
the amount of environmental benefit produced 
by such regulation has not been systematically 
quantified, let alone compared to the social 
and economic costs and the shift of negative 
impacts to other systems due to reduced effi-
ciency of the construction works of such regula-
tion. Today, a paradigm shift is increasingly being 
embraced within the dredging industry, truly 
changing the traditional engineering approach 
into a holistic approach in which the ecosystem 
is leading and values for people, profit and planet 
are integrated in an interdisciplinary manner.

The Growing Focus on Sustainability

The International Focus
An increasing amount of attention is being 
given to the concept of sustainability as an 

approach to informing social, environmental 
and economic development. In 2015, the 
United Nations released its Sustainable 
Development Goals (SDGs) as a part of its 
2030 Agenda for Sustainable Development 
(see Table 1). A total of 17 goals were estab-
lished and encompass a very broad range 
interests, values and objectives.

As a means for developing water resources 
infrastructure, the relationship of dredging to 
each the SDGs varies from weakly to strongly 
connected. For example, the use of dredging 
to construct efficient and productive naviga-
tion infrastructure is directly connected to 
SDGs 2, 7, 8, 9, 10, 11, 12, 13, 15 and 16. As a tool 
used to provide coastal protection and infra-
structure supporting flood risk management, 
dredging clearly supports SDGs 1, 3, 7, 10, 12 
and 14, among others. In the future, one of the 
challenges that should be addressed by the 

ENVIRONMENT

A dredger is a tool. For hundreds of years, this tool has been used to 
shape and manipulate the interface between land and water in order 
to support a variety of human activities, including navigation, coastal 
protection, flood risk management, as well as residential, commercial, 
agricultural and hydro-power development. The use of dredging to 
achieve these purposes has always been guided by an understanding 
of the costs and benefits of applying the tool. 
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Social

Environment Economic

Accept-
able

Sustain-
able

Equit-
able

Viable

informed by a full consideration of the values 
and costs of the proposed action across the 
three pillars of sustainability. The outcomes 
expected from the action may be categorised 
as social, environmental and economic out-
comes (see Figure 1).

The concept of sustainable development 
recognises the need to consider the full range 
of benefits and impacts related to human 
actions and the distribution of these benefits 
and costs across the social, environmental 
and economic domains. The relationships 
among these value domains are reflected by 
the goal to take actions – such as developing 
projects – that will balance the distribution of 
benefits and costs so as to produce socially 
equitable, environmentally acceptable, and 
economically viable outcomes. This balance 
is achieved through active and consistent 
engagement with the stakeholders which 
will be affected by the proposed project. 
Stakeholders may include local, regional and 
national members of the public, government 
authorities, private sector interests and  
special interest groups as well as perspectives 
that are relevant to the project.

In order to aid the discussion of sustainability 
in the context of infrastructure development 
and dredging, the following operational defini-
tion is proposed:
Sustainability is achieved in the development 
of an infrastructure by efficiently investing 
the resources needed to support the desired 
social, environmental and economic services 
generated by the infrastructure for the benefit 
of current and future generations.

dredging and water infrastructure community  
is to incorporate these goals into the infra-
structure development process and to become 
effective at communicating how such projects 
support the SDGs.

The Sector-Specific Focus
On behalf of the dredging sector, the World 
Organization of Dredging Associations 
(WODA) – which includes the Central Dredging 
Association (CEDA), the Eastern Dredging 
Association (EDA) and the Western Dredging 
Association (WEDA) – published its principles 
of sustainable dredging in 2013. 

The WODA principles reflect the importance 
of using dredging to create value across the 
three pillars of sustainability, considering the 
system-view of projects including the ecosys-
tem and natural processes operating within the 
system, and the role of engaging stakeholders 
including project proponents, regulators and 
the broader array of interests relevant to a 
project. Publication of the WODA principles 
has sparked a range of discussions and actions 
within the dredging sector in efforts to seek a 
balance between the economic development 
that is supported through dredging and envi-
ronmental considerations and regulation.

Disseminating information throughout  
the industry
Alongside the growing public awareness of 
the need for sustainability, there has been an 
increasing sense of individual and corporate 
responsibility regarding the consequence of 
dredging activities on the environment. In 2008, 
a team of experts brought together by CEDA and 
IADC compiled their knowledge – as well as infor-
mation available in less comprehensive, earlier 
publications – into a single, up-to-date volume. 
The Environmental Aspects of Dredging (Bray, 
2008) brought the impacts of dredging to 
marine environments into industry focus in an 
effort to inform a project’s manifold stakeholders 

while complying with international legislation.  
A myriad of methodologies are presented to  
mitigate the negative effects of dredging on 
water quality and contaminated soils as well  
as minimising loss of habitats and fauna.

In the years following the release of the 
Environmental Aspects of Dredging, an update 
of its information was prepared to ensure it 
evolved with the industry’s practices as well as 
legislation. After consideration by an editorial 
advisory board of industry experts, it was collec-
tively agreed upon that a mere revision of the 
presented information was not enough and an 
entirely new publication was needed. The princi-
ples and methodologies were updated, refined 
and expanded upon. An updated successor 
makes its debut as Dredging for Sustainable 
Infrastructure later this year, once again the 
result of a joint effort by CEDA and IADC.

Applying the concept of sustainability 
to water infrastructure development
The concept of sustainable development is 
based on the premise that the design for an 
action – in this case a development project 
that involves the use of dredging – will be 

ENVIRONMENT

For the vast majority of the history of
dredging, the nearly exclusive focus of the
activity was to generate the economic
benefits produced by infrastructure.

FIGURE 1

The three principles of sustainability.



21 #150 - MARCH 2018

sustainability – into the decision making 
and governance process is a relatively recent 
development, mostly concentrated within the 
last 50 years. During the last few decades, 
significant technological and operational 
advancements have been made that have 
improved the dredging process in relation to 
the environment. That said, one of the biggest 
opportunities for increasing the overall sus-
tainability of the water infrastructure sector is 
for project proponents, dredging contractors 
and other stakeholders to invest more time 
and energy in upfront visioning to identify ways 
of creating more project value across all three 
pillars of sustainability. 

Such visioning will not diminish the impor-
tance of generating economic benefits from 
infrastructure, rather, it is more likely to reveal 
opportunities for creating additional economic 
value. By devoting more effort to identifying and 
developing positive values for social – such as 
recreational, educational and community resil-
ience – and environmental – such as ecosystem 
services, habitat and natural resources – per-
spectives, dredging and infrastructure projects 
will be able to avoid unnecessary conflict with 
stakeholders while simultaneously developing a 
larger number of project proponents, advocates 
and partners.

Adapting projects to nature, rather 
than the reverse
Dredging is used to change or manipulate  
the physical structure of the environment to 
produce a feature or a function that nature 
didn’t and wouldn’t create on its own. For  
centuries, ports and waterway networks  
have been produced by creating a design for 
these systems and then imposing that design 
on the natural environment, but with mixed 
results. Traditional designs were assessed 
also for their effects on nature. However,  
in many cases those effects could not be fully 
assessed because of a general lack  
of knowledge. 

In this historical approach, the design func-
tionality and investment cost were dominant 
factors and effects on nature were a follow-up 
consideration. Effects on nature and impacts 
in the coastal zone and rivers have in many 
cases been underestimated or partly ignored 
because of this lack of knowledge. However, 
in more recent decades, important lessons 
have been learned.

Here, the word infrastructure is used to refer to 
the diverse range of structures, features and 
capabilities that are developed through the 
use of dredging such as navigation channels 
and waterways, ports and harbours, levees and 
dykes as well as nature-based infrastructure 
such as beaches and dunes, islands, wetlands 
and many other forms of habitat.

In practical terms, the sustainability of an infra-
structure project is increased by:
1. increasing the overall value of the project 

through the range of services it provides,
2. reducing costs associated with the project, 

where the word costs is being used in the 
broadest sense to include all of the monetary 
and non-monetary – such as environmental 
impacts – costs and resources consumed by 
the activity and

3. balancing the distribution of the value and 
costs among the social, environmental and 
economic domains over time.

Some practical implications for 
dredging

The importance of vision and value 
creation
For the vast majority of the history of dredging, 
the nearly exclusive focus of the activity was to 
generate the economic benefits produced by 
infrastructure. The incorporation of environmen-
tal and social factors – the other two pillars of 

Dredging for Sustainable 
Infrastructure
The new publication is an authoritative guide on delivering dredging projects that 
enhance the natural and socio-economic systems, and will be an invaluable resource 
for those responsible for delivering projects with longevity which need to do more 
than just the basics. Project owners, regulators, consultants, designers and con-
tractors looking for an up-to-date reference should find it to be a useful tool. The 
team of expert authors represents international institutes, dredging contractors, 
consultants and project owners. Edited and published by CEDA and IADC, Dredging 
for Sustainable Infrastructure will be available in a print and e-book edition. A special 
conference and course will be held on the subject. Information will be available at 
http://sustainabledredging.com.
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Lack of knowledge in regards to sediment 
flows and relief changes, and the importance 
of sediment flows and relief changes for (eco-)
system functioning and related eco-flows – 
nutrients, biota and so on – have presented 
challenges. In the past, engineering solu-
tions often focused on hydrology and less 
on ecology. Long-term effects were not fully 
understood. Common engineering solutions 
in order to manage the hydraulics involved 
the use of hard interfaces between fresh and 
salt water and wet and dry areas. Rivers were 
trained to manage navigation and hydro-power 
dams became abundant. The structures 
regulated the water as needed. Sediment 
disruptions – which were longer-term effects 
– were addressed through repairs or taken 
for granted. However, later it became more 
and more evident that next to the sedimento-
logical processes, biological processes had 
been disrupted, leading to long-term effects 
on sediment balances as well as ecosystem 
functioning and ecosystem services such 
as agriculture and fisheries. The traditional 
engineering solutions certainly have had major 
positive effects on economy, safety, welfare 
and the well-being of the human populations 
affected by them but the detrimental longer-
term effects become more and more visible 
and may in the future overshadow the initial 
positive effects. Additionally, in many cases 
the negative effects probably will be amplified 
by the adverse effects of climate change.

Nature can be a stubborn and uncoop-
erative collaborator, especially when it is 
not adequately considered and consulted 
during the process of design. Winds, waves, 
and tides deliver force, water, and sediment 

ENVIRONMENT

Stakeholders’ Role  
in Port Expansion
The new 2,000 hectare expansion of the Port of Rotterdam 
is a top location for port-related industry. From the onset of 
Maasvlakte 2’s development, sustainability and innovation 
were the key drivers in the development of a world class 
port area which also improved the liveability of the region. 
There were far-reaching agreements with the key stake-
holders about sustainability objectives as well as continu-
ous attention from the outside world, with nearly 120,000 
annual visitors. The stakeholder inclusive approach is an 
important driver for the sustainable development and inno-
vation of the Port of Rotterdam.
 
In 2018, Pieter van Oord, Van Oord’s CEO, received the 
honour Port Man of the Year 2017 (Havenman van het Jaar 
2017) in recognition of the dredging contracting compa-
ny’s outstanding contributions towards the development 
of the Port of Rotterdam and for spearheading the energy 
transition taking place across the Netherlands. Pieter 
says: ‘It’s clear offshore wind has become a mainstream 
energy source. Offshore wind could give our home base of 
Rotterdam a fantastic boost, specifically across the region 
and in the port’. The company’s tagline of Marine Ingenuity 
permeates all aspects of Van Oord’s activities. He explains: 
‘we create innovative solutions that are valuable to our 
clients, our partners and other stakeholders. Marine inge-
nuity means, among others, creative thinking’. Case in point, 
the company is one of the founding partners of PortXL – a 
startup labelled the first World Port Accelerator – which 
has a collective aim of creating value for stakeholders and 
companies of the global port industry.
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against the products of a design with end-
less energy, which prompts additional effort, 
time, and money to be spent in reaction to 
nature’s onslaught. The lesson has been 
learned countless times: taming nature can 
be an expensive proposition. Integrating the 
concept of sustainability into infrastructure 
projects will in turn lead to identifying oppor-
tunities to cooperate and collaborate with 
natural process, rather than seek to control 
and counter. By working in this way, the design 
will adapt the port to the coastal ecosystem, 
the ship to the river, and the local community 
to cycles of low and high water. 

As a philosophy, working with nature empha-
sises the need to enhance nature instead of 
impacting nature, both in the short term and to 
be cost-effective in the long term. Nowadays, 
tools are being developed to value the 
so-called ecosystem services, which means 

that in a project evaluation the effects on 
nature and the resulting effects on its services 
– such as ecosystem functioning, water and 
food supply, minerals, cultural services and so 
on – will be assessed.

Taking the long view 
Water infrastructure projects – due to the level 
of investment they require – are long-term 
propositions. While the state of scientific and 
engineering practice continues to advance, 
uncertainties remain regarding the behaviour 
of natural and engineered systems over the 
long-term. Nevertheless, pursuit of sustaina-
ble infrastructure requires taking a broad and 
long term view of a project’s life cycle. Taking 
this broad, system view is necessary in order to 
determine whether the project can be expected 
to be sustainable over the long term. One way 
this can be done is to judge whether the total 
value of the project over the three pillars of 

sustainability is sufficient in relation to the 
investment required to create that value. 

Performing such sustainability analyses could 
mean that some proposed projects will not be 
built, or that existing projects will be decom-
missioned and abandoned in favour of more 
sustainable projects. For example, ports or 
waterways which cannot be efficiently sus-
tained over time due to the effects of physical 
processes, coastal conditions, sedimenta-
tion, environmental impacts and so on would 
receive reduced levels of investment in favour 
of ports and waterways situated in a more sus-
tainable condition. When investment decisions 
are being made on the basis of the overall 
sustainability of the asset or project, then it 
can be ensured the concept of sustainability 
has been successfully incorporated into the 
governance of infrastructure systems.

TABLE 1

The Sustainable Development Goals (SDGs) are a collection of 17 global goals set by the United Nations.

End poverty in all its forms 
everywhere.

End hunger, achieve food security 
and improved nutrition and  
promote sustainable agriculture.

Ensure healthy lives and promote 
wellbeing for all at all ages.

Ensure inclusive and quality  
education for all and promote 
lifelong learning.

Achieve gender equality and 
empower all women and girls.

Ensure access to water and  
sanitation for all.

Ensure access to affordable, 
reliable, sustainable and modern 
energy for all.

Promote inclusive and sustainable 
economic growth, employment and 
decent work for all.

Build resilient infrastructure,  
promote sustainable industrialisa-
tion and foster innovation.

Reduce inequality within and 
among countries.

Make cities inclusive, safe, resilient 
and sustainable.

Ensure sustainable consumption 
and production patterns.

Take urgent action to combat  
climate change and its impacts.

Conserve and sustainably use 
the oceans, seas and marine 
resources.

Sustainably manage forests, 
combat desertification, halt and 
reverse land degradation, halt 
biodiversity loss.

Promote just, peaceful and  
inclusive societies.

Revitalize the global partnership 
for sustainable development.

Sustainable  
Development Goals
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improvements in operational practice in order 
to extend the useful lifespan and functional 
performance of an asset in a manner that 
lowers overall life cycle costs will increase the 
sustainability of infrastructure, such as a navi-
gation channel or offshore island that supports 
coastal resilience.

Number 3 
Comprehensive stakeholder 
engagement and partnering are used 
to enhance project value. 
Stakeholder engagement plays an important  
– even critical – role in the governance of infra-
structure projects. The level investment and 
sophistication employed in the engagement  
process directly contributes to the degree of 
success achieved through the engagement. 
Early investment in stakeholder engagement 
should be used to inform the conception 
and design of a project. Such engagement 
will provide important information about the 
values of interest among stakeholders and how 
those values can be generated by the project, 
in respect to the three pillars of sustainability. 
Furthermore, early engagement can help identify 
project partners who are interested in making 
contributions or investments toward particular 
values the project could produce. One example 
of this strategy is to partner with an NGO to 
perform ecosystem restoration as a part of  
the project. 

Pursued in this manner, stakeholder engage-
ment can produce opportunities to increase 
the overall value of a project and to diversify 
the benefits produced across all three pillars 
of sustainability. This approach to stakeholder 
engagement is different than the historical use – 
which has been more focused on reducing con-
flicts over project costs – which in the context 
of this discussion includes the negative impacts 
– whether social, environmental or economic – 
associated with a project. For example, stake-
holder engagement has been used as a means 
to proactively engage environmental interests 
concerned about port infrastructure, flood pro-
tection and dredging in order to minimise the risk 
of project delays and litigation. The information 
and knowledge that is produced through active 
and sophisticated stakeholder engagement pro-
vides a basis for increasing the overall sustaina-
bility of the project. When the information leads 
to actions that increase overall project value, 
sustainability is enhanced. When these actions 
lead to reducing total project costs – including 
all monetary costs and non-monetary impacts 

Three guiding principles of dredging 
for sustainability

Number 1 
Comprehensive consideration and 
analysis of the social, environmental 
and economic costs and benefits of a 
project is used to guide the develop-
ment of sustainable infrastructure. 
Dredging is but one component of an infrastruc-
ture project, and any one piece of infrastructure 
functions as a part of a larger network of infra-
structure as well as the surrounding ecosystem. 
Therefore, understanding the full set of costs 
and benefits of a project requires taking a 
system-scale view of infrastructure and the 
functions and services that infrastructure 
provides. The costs – in the broad sense – of a 
project include all the resources, material, and 
negative impacts associated with executing 
the project and/or producing and operating the 
system over time. Likewise, the benefits gener-
ated would include all the values, services, and 
positive outputs generated by the project and/
or system over time. Defined in this way, costs 
and benefits will include both monetisable and 
non-monetisable quantities. While traditional 
economic analysis can be used to develop an 
understanding of the more readily monetised 
costs and benefits, for other values within 
the social or environmental domains different 
methods should be used to develop credible 
evidence about costs and benefits. Finally, one 
of the key opportunities for increasing the over-
all sustainability of water infrastructure is to 
seek opportunities to increase the total value of 
projects by identifying and developing benefits 
across all three pillars of sustainability.

Number 2 
Commitments to process improvement 
and innovation are used to conserve 
resources, maximise efficiency, 
increase productivity, and extend 
the useful lifespan of assets and 
infrastructure.
Innovations in technology, engineering, and 
operational practice provide opportunities to 
reduce fuel and energy requirements related 
to dredging and the operation of infrastructure. 
These same innovations can provide the means 
to reduce emissions – including greenhouse 
gases and other constituents – and conserve 
water and other resources. By lowering the 
consumptive costs associated with dredging 
and infrastructure the sustainability of projects 
is enhanced. In addition, using technology or 

– while producing the same level of benefit, the 
result is a more sustainable project and system. 
Likewise, actions that increase project value – in 
terms of social, environmental, and economic 
benefits – for the same (or lower) costs, the 
result is a more sustainable project.

Traditionally, dredging projects have been 
focused on a single functionality, whether land 
reclamation, port basins and channels, coastal 
development, flood protection or pipeline 
trenches. A design was made and the effects on 
the environment and other functionalities were 
assessed and where possible, mitigated and, 
if needed, compensated. Stakeholders came 
in late, during the permitting stage, where they 
were informed but usually not able to influence 
or change the design. Increasingly, this has led 
to lengthy procedures and frustration, for the 
developer as well as stakeholders. Nowadays, 
more and more projects are developed in a 
stakeholder-inclusive way. At first, the focus on 
stakeholders was driven by aims to reduce the 
risk of project delays and lengthy procedural 
conflicts, but more recently this approach has 
evolved to include the mindset of co-creation. 
In this mode of stakeholder engagement, values 
are created not only with regard to the prime-in-
tended functionality, but as well with regard to 
stakeholder interests and values. This approach 
leads to value sensitive and value added design 
and responsible innovation, which aims for pro-
jects that are beneficial both to business and 
society. For co-creation to work, an interdiscipli-
nary approach is needed, where from the start 
of the project there is a broader scope which  
will be more complex to develop. Ultimately,  
this approach will also reduce project risks  
and delays.

ENVIRONMENT

Taming nature can
be an expensive
proposition. 
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FIGURE 2

Landsat imagery displaying island location of dredged material (DM) placement and subsequent 
formation, establishment, and growth from strategic dredged material placement from December 
2010, 2011 and 2012. Imagery provided by USACE MVN

A B C

Horseshoe Bend Dredging on 
the Atchafalaya River, Louisiana, 
United States

In 1999, options for managing dredging 
material from the navigation channel near 
Horseshoe Bend on the Atchafalaya River 
near the Gulf Coast of Louisiana, USA were 
nearly exhausted. Sites for additional wet-
land creation or upland disposal along the 
banks of the river were limited. Operations 
managers and engineers with the USACE 
decided to use strategic sediment place-
ment as a means of managing the dredged 
material by placing the sediment – via  
cutterdredge pipeline – in the middle of  
the river just upstream of a natural shoal  
(see Figure 5 and Suedel et al., 2015).

Project engineers expected the placed 
sediments to be moved by the river to the 
natural shoal and that these strategically 
placed sediments would contribute to 
the formation of an island habitat at the 
location of the shoal. Beginning in 2002, 
between 0.4 and 1.4 million cubic meters 
of sediment were placed in this manner 
every 1 to 3 years, as determined by the 
schedule of maintenance dredging. Over 
the following dozen years, this change 
in operational practice resulted in the 
formation of a 35 hectare island that 
includes a diverse combination of habi-
tats and ecosystem services (see Figure 4 
and Suedel et al., 2015).

The USACE Engineering with Nature 
program has supported studies, including 
ecological surveys that have documented 
the rich species diversity and ecological 
functions (including nutrient cycling and 
carbon sequestration) provided by the 
island. In addition, these surveys have 
revealed evidence that the island is being 
used for recreational purposes, thus pro-
viding social benefits to the local population 
(see Figure 3 and 4). Strategic placement 
of the dredged material in the river also 
avoids the need for transporting the 
material to the open bay for disposal, which 
would result in much greater fuel usage 
and emissions (including carbon dioxide).

In addition to the broad range of environ-
mental benefits associated with the island, 
the project is also producing practical 
engineering and economic benefits. As a 
result of the island’s formation, the naviga-
tion channel shifted its position in the river 
from the west to the east side of the river, 
due to hydrologic infiuence of the island on 
the fiow of the river (see Figure 2). This ‘nat-
urally’ realigned channel provides a better, 
safer transit path around Horseshoe Bend 
for commercial navigation. The realigned 
channel has also required less dredg-
ing due to more eficient hydraulics and 
sediment transport in the channel. The 
USACE estimates that more than US$1 
million has been saved over the last ten 
years in reduced maintenance dredging at 
Horseshoe Bend.

A

B

C

FIGURE 3

A diverse assemblage of native plant and animal 
life has colonised on the island. During nesting 
season in July 2014, a juvenile tricolored heron 
(A), juvenile snowy egret (B) and an ibis chick 
(C)  were observed in nests on the island.
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Summary
Three guiding principles are set forth to guide the sustainable devel-
opment of marine infrastructure projects. For marine infrastructure 
projects, the importance of vision and value creation, adapting projects 
to nature from the onset, and viewing a project and its impacts over the 
long term are key to success. The insights presented in Dredging for 
Sustainable Infrastructure result from a wealth of up-to-date knowledge 
pooled by a team of practicing industry experts. Written by professionals,  
the publication’s information has been moderated by an Editorial 
Board. Chaired by Polite Laboyrie from Witteveen + Bos and the Central 
Dredging Association (CEDA), the board includes Stefan Aarninkhof 
from Boskalis and Delft University of Technology, Mark van Koningsveld 
from Van Oord, Marcel Van  Parys from Jan De Nul, Mark Lee from HR 
Wallingford, Anders Jensen from DHI, Anna Csiti from CEDA and René 
Kolman from the International Association of Dredging Companies 
(IADC). The principles and case study set forth in this article are foun-
dational concepts in the publication and were authored by Todd Bridges 
from the US Army Corps of Engineers.
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FIGURE 5 

The river island at Horseshoe Bend on the lower Atchafalaya River, Louisiana is being 
self-designed by dredged sediment strategically placed upriver, allowing the river’s 
energy to disperse the sediment, which contributes to the natural growth of the 
island. Photo Wings of Anglers

FIGURE 4 

Variation in surface elevation on the island supports a mix-
ture of habitats, including ponded areas, emergent wetlands, 
and forested wetlands that are all influenced to some degree 
by river stage and duration of flooding.
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INTERVIEW

‘CAN PORTS  
FACE EXTREME  
VESSEL GROWTH  
BY THEMSELVES?’  

Patrick Verhoeven stepped into 
an uncharted role within IAPH 
in September 2017, changing his 
career’s course from European 
ports and harbours to over-
see the industry from a global 
perspective. After spending a 
combined 24 years with the title 
of Secretary General for diverse  
European port and shipping 
associations, he is now steering 
his accumulated policy-making 
experience into the issues 
which impact ports worldwide.

IAPH’S MANAGING 
DIRECTOR OF 
POLICY AND 
STRATEGY 
PATRICK 
VERHOEVEN

Photo: Noortje Palmers
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World Ports Climate Initiative had, which  
was very closely related to environment  
and climate. 

These are major global issues, but they do 
tend to get more attention from European 
and US ports. Widening the scope from an 
environ ment and climate-leaning programme 
to an all-encompassing sustainability pro-
gramme will allow IAPH to address issues like 
trans parency, infrastructure development 
and better connectivity. These are issues that 
reflect a broader range of interest. Enabling 
an exchange between developed and devel-
oping countries is another area where IAPH 
can play a prime role, especially with different 
global regions comprising our membership.

In addition, IAPH’s non-governmental organ-
isation (NGO) status with International 
Maritime Organization (IMO) and other UN 
institutions makes IAPH pretty unique. For 
instance, IAPH is the only port authority organ-
isation with NGO status with IMO, therefore 
we can make our agenda more visible there and 
get our message across ontrade facilitation, 
digitalisation and use of single windows. 

Why did you leave behind your role 
as Secretary General of ECSA and 
become IAPH’s Managing Director  
of Policy and Strategy?
I had been doing European affairs for almost 25 
years, primarily looking at the different interests 
of stevedores, port authorities and ship owners. 
I wouldn’t say I was ‘bored’ with Europe, but in 
terms of the procedures of defending European 
cases and lobbying, after 24 years, I had seen it all. 
Things also come back around, creating a certain 
repetition. At some point I thought ‘I need a bit 
more excitement’ and that’s what I have now.

When this opportunity came along, I thought it 
could be interesting to take the step to the global 
level for the first time. In addition, the idea of going 
back to the ports world but from a worldwide 
perspective is what attracted me. Those were the 
main reasons for me to take on this new position.

What kind of opportunities do you 
see in IAPH?
The major opportunity was actually conceived 
before I joined. IAPH decided to launch the 
World Ports Sustainability Program (WPSP).  
It will have a much broader focus than the 

What kind of opportunities do you 
see in your role?
I am undertaking an entirely new role at IAPH, 
aiding its effort to give the organisation a new 
sense of purpose and a focused work pro-
gramme. I like to do this kind of strategic work 
which addresses questions such as ‘what are 
IAPH’s unique selling points compared to other 
organisations?’, ‘where do our members want 
IAPH to go?’ and ‘how should IAPH be reintro-
duced as a professional organisation?’. 

I hope to reshape and update the role of IAPH 
for its members through these three pillars: 
forming a better strategy for what IAPH offers 
its membership in terms of practical tools; 
enhancing IAPH’s network by looking at the 
diverse needs of its different regions; and fully 
realising IAPH’s role with intergovernmentalin-
stitutions like IMO and others.

What are the challenges you are 
facing in your role?
The challenge in this role is really finding 
IAPH’s sense of purpose. IAPH is a relatively 
old organisation – dating back to 1955 – and 
throughout the decades, the association was 

World Ports Sustainability
Program will have a much
broader focus than the
World Ports Climate
Initiative had, which was
very closely related to
environment and climate.
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primarily for networking. It was the way for port 
managers from around the world to meet each 
other. That was certainly very useful in the 
organisation’s early decades, but today people 
meet each other regardless of being a member 
of an association. The mobility of people today 
is much greater than it used to be, also because 
of digital communications. People can easily 
get in touch with each other, they don’t need an 
‘IAPH’ for that. 

How can IAPH continue to stay 
relevant for its members?
Our unique selling points as an industry- 
oriented organisation are two-fold. One is the 
diverse variety of products IAPH can offer to 
ports to help in the facilitation of their daily work. 
Of course we have done certain projects  
and delivered tools for ports in the past through 
the WPCI, such as the Environmental Ship Index 
which is a tool to let port authorities evaluate 
whether a ship is green enough to receive an 
incentive, such as a reduction in harbour dues, 
a system for LNG accreditation and guidebook 
on the application of international maritime law 
for port professionals, prepared by our Legal 
Committee.

We should promote and validate these existing 
tools more and develop new ones, under the 
framework of the World Ports Sustainability 
Program. In addition, we should make sure 
IAPH has a voice in the important global 

developments that impact the port sector, 
think for instance of the Chinese 'Belt and 
Road' strategy that will be a main feature at our 
upcoming annual conference in Baku.

What have you enjoyed about your 
role at IAPH so far?
What I especially like about port authorities  
is that they are not considered a purely com-
mercial business or governmental entity, they 
are somewhere in between. There is a kind of 
cross-over between commercial interests 
and business development while executing 
the role as an authority – a public authority or 
entity – which most ports in the world still are 
considered today. An interesting challenge for 
ports worldwide is the matter of matching those 
interests, and I’ve always found that balance 
fascinating. It was also the subjectof my PhD.

In what way does your role at IAPH 
intersect with your research and 
teachings?
The subject of my research and teaching is port 
economics with a strong emphasis on govern-
ance and reform. I studied the European case 
because it was easier to  
combine my research with the subject that  
I was also working with on a daily basis. 

Port reform came up as a potential topic which 
IAPH should be closer involved in. Since the 
topic is within my academic field, I already have 

quite a network of people as well as other col-
leagues in the academic world currently dealing 
with this subject. In the past, there has been a 
lot of focus on Europe in the area of port reform, 
but I think the more dynamic and bigger reforms 
are taking place in other parts of the world at 
the moment, and they are going in very different 
directions than we have seen in Europe. 

There is also a bigger influence of privatisation. 
IAPH focused on this area more than two dec-
ades ago resulting in some studies and reports. 
This may be an area worth picking up again to 
see what is topical now on reform in different 
parts of the world and how we can potentially 
learn from each other.

It could also be part of the WPSP because  
one of the programme’s main themes is govern-
ance and ethics. Who would be held accounta-
ble when the port is corporatised, or how is the 
relationship between public authorities and 
non-commercial stakeholders? That is a big 
area where a lot of ports are struggling, even 
still in Europe. I see it as a clear advantage that 
I have a network knowledgeable in this area. It 
could also be interesting to engage this net-
work through collaborations, especially since 
there are a couple of universities and research 
institutes that are associate members of IAPH. 

What can IAPH do for ports to help 
them address the challenges they are 
facing today?
One area where there is still a lot of uncer-
tainty as to what the future will bring and was 
specifically labelled a challenge by every region 
in the world – including IAPH’s members and 
unaffiliated ports – was digitalisation and auto-
mation. Everyone talks about block-chains and 
internet of things but there are few people that 
really understand what this means and what the 
impact is. Actually a few independent ports and 
entities have come together already to address 
this challenge.

Meet Patrick Verhoeven
Based in Antwerp, Belgium, he is currently serving as IAPH’s 
first Managing Director of Policy and Strategy. Through his 
previous roles as Secretary General for ECSA and ESPO, 
he honed his expertise in the areas of port governance 
and policy, shipping policy, transport and shipping, public 
affairs, and lobbying. He currently teaches courses on Port 
Economics & Business at University of Antwerp and in the 
past has taught at Ghent University.
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The second one is more complex: to find the 
gaps. What are we missing at the moment 
and in which fields? Identify those and then 
develop – with other organisations wherever 
possible – the tools, studies or analysis that 
would be needed to fill those gaps. 

The third – which is of great importance and 
is partly political – is in relation to the outside 
world: to report the state of sustainability and 
ports on a broader level, demonstrating current 
progress on subjects like environmental man-
agement and social issues and generating an 
annual momentum. Of course that’s a commu-
nication or ‘lobbying’ role, promoting what ports 
are doing and summarise its progress into a 
single window of information.

The real challenge will be how innovative IAPH 
can be in delivering these three things. That 
will heavily depend on who engages with the 
development and realisation of WPSP, both 
from within IAPH as well as other organisations 
and industries.

Who are you hoping to engage  
with WPSP?
Since the initiative was conceived, the idea has 
been that WPSP should begin with the port 
authorities. We started out by collaborating 
with four other organisations that have port 
authorities in their membership: the European 
Sea Ports Organisation (ESPO), the American 
Association of Port Authorities (AAPA), 
World Association for Waterborne Transport 
Infrastructure (PIANC), and the Association of 
Cities and Ports (AIVP). We also want to work 
together with other parties that relate to ports 
such as customer or service providers, so it’s 
still an open programme in this regard.

Do you see potential for the dredging 
industry to participate in the 
sustainability programme? 
We need each other, most ports need dredging  
although some do dredging in-house and 
others work with external contractors. We 
should continue to have a close relationship, 
especially since there has been a lot of pro-
gress over the years in sustainable dredging. 
Together we should conceive a number of 
tangible, concrete projects that will help port 
authorities in their daily management along 
the lines of ESI and the LNG accreditation 
system. With a few well-established projects 
related to dredging, this programme would 
become more interesting for both industries. 

Consolidation
combined with better
cooperation between
ports will be a major
topic for the future.

Is the World Ports Sustainability 
Program related to IAPH’s first 
sustainability-related push, the  
World Ports Climate Initiative?
WPSP was designed last year as a successor 
of the World Ports Climate Initiative (WPCI). 
Started back in 2008, WPCI led to a number 
of projects – like ESI – which will continue  
but instead as IAPH projects under the 
WPSP umbrella. 

The fundamental difference is that WPSP will 
have a broader focus than WPCI. The new pro-
gramme’s topics are derived directly from the 
United Nation’s 17 Sustainable Development 
Goals. Of course, ports can relate to all 17 goals, 
but after analysis, we made a relevant selection 
and grouped some together. Six themes will 
guide the overall direction of the WPSP. 

The themes that we will develop are: climate 
and energy, future-proof infrastructure, 
safety and security, community relations, gov-
ernance and ethics as well as reporting and 
innovation. These themes are broad enough to 
sufficiently cover the needs of all regions. For 
instance, African ports may be more interested 
in future-proof infrastructure and governance, 
whereas US ports will be more focused on air 
quality and impact of climate change.

What role do you expect ports will 
play in the future? What factors will 
impact their role?
Ports must respond to the ever-growing scale 
increase and consolidation in the shipping and 
logistics industry. The role of ports very much 
depends on what happens in shipping and logis-
tics. There has been a continued scale increase 
despite the fact that the end of this growth has 
been predicted a couple of times, especially in 
the general cargo and container market. And 
even still, ships are always getting bigger. We 
must be aware that behind the shipowners' 
strategy is not just a drive for economies of 
scale, but also a competitive drive, to outper-
form their competitors, until one is left standing.

The real question is can ports face vessel 
growth by themselves or do ports need to look 
for stronger collaboration? This is already a 
big topic today and for the future. I predict it 
will become even more important because 
there are many, many ports out there. Some 
form of consolidation will have to take place 
from the side of port authorities. Big operators 
and stevedore companies are operating ports 

What is the aim of the soon-to-be-
launched World Ports Sustainability 
Program? 
It's a combination of things. First of all, through 
the World Ports Sustainability Program 
(WPSP), IAPH wants to bring people together, 
beyond the association’s initial goal of net-
working. There are many stakeholders and port 
organisations that together can help develop 
a platform or single ‘window’ where people that 
want information about the various areas of 
sustainability can get access to it. That is one 
objective which is probably the simplest, col-
lecting information together in one place.
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at play are driving the industry in that direction. 
The societal and environmental impact gener-
ated by new capacity and expansion are a very 
difficult issue for most ports around the world. 
Consolidation combined with better cooperation 
between ports will be a major topic for the future. 

Do you foresee an increase of vessel 
sizes up to 50,000 TEU? 
Twenty years ago, people said a 10,000 TEU 
ship was nonsense. Ever since then, people 
have been predicting the end saying ‘this is 
really now the point where you cannot go bigger’. 
Now I don’t dare to make these predictions. 
If a 50,000 TEU ship is something that will 
come within the next ten years, then clearly 
there will be only a select few ports that will be 
able to receive it. Then it begs the question, do 
we need to make sure that all ports can receive 
this size ship? That is simply impossible. 
Ports will need to consolidate and find a way 

worldwide but the port authority still oversees 
most ports as local entities, and remain local 
entities because of public ownership. In the pri-
vate sector, consolidation is already happening.

And how can ports optimise the infrastruc-
ture that is currently there? That is the other 
problem. In the 1950s, 60s and 70s, ports 
could just extend and expand without any 
social implications. Today, that is impossible. 
There are ecological and nature assessments 
as well as societal factors such as the people 
that live around your port. The space is there 
but everyone is competing for the same space. 
Ports must try to find optimal partnerships with 
other ports which is happening already. A recent 
example is the publicly-owned ports of Ghent 
and Zeeland that are now working as one entity, 
North Sea Port. My prediction is more moves 
like this will occur in the future simply because 
the economic, environmental and social factors 

of having mega-ports that are able to accept 
these mega-vessels. Some ports could be 
promoted to the status of regional or local hub 
or go into niche markets like RoRo or others.

While difficult for institutional and political  
reasons, cooperation will be unavoidable if  
this market development becomes a reality.  
Or should it simply be a matter of the strong-
est survives and then some ports may either 
become niche ports or feeder ports for regions?

What opportunities can arise from 
collaboration between the ports and 
dredging industry? 
Some ports have the possibility to expand 
through land reclamation. The issue about how 
to do that in a sustainable way is an interest-
ing one. Of course in Europe, we are bound 
by European regulation in that respect. If 
you ‘destroy nature’, you have to find a way of 

Harbour Life
‘My new book is a guide to the Port of Antwerp called Harbour Life. It has 
two city walks and two bicycle tours through the port area. Each chapter 
starts with a map and highlights port references that you can still find in 
the city and concludes with an interview with somebody that has some 
relationship with the port. There are 28 diverse interviews including one 
with the organ player of the church of Doel – the small village that is 
threatened with demolition for the port expansion – as well as a nature 
conservationist who is actually complaining about the Council of State’s 
decision which opposed the Port of Antwerp’s proactive masterplan. I’ve 
included an article on the court decision and why it was decided.

The book is available in Dutch and English at http://harbour-life.com. 
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INTERVIEW

law and the mitigation and compensation prin-
ciple was to be used. The whole masterplan has 
been sent to the bin and it must be developed 
all over again. 

When it comes to the EU nature conservation 
directives, there seems to be an apparent 
difference between the spirit and the letter 
of the law. Everyone was very surprised by the 

compensating or mitigating. Is compensating 
and mitigating the best way forward or should 
we try to plan with nature from an early stage? 
While these two philosophies are currently on 
the table, it is not a straightforward choice. 

Recently, there were two decisions – one 
in 2016 and another in 2017 – taken by the 
Council of State in Belgium about a master-
plan for the Port of Antwerp which was entirely 
inspired by the idea to work with nature and do 
proactive development of both port infrastruc-
ture and nature, and the court dismissed it. The 
decision determined the proactive, nature-
driven approach was not according to European 

court's decision, as it was opposite to what EU 
officials have recommended to the industry for 
years: 'be proactive and plan ports and nature 
from an early stage.' While laws will be different 
in other parts of the world, generally speaking, 
the philosophy of developing projects in a 
proactive way is best for nature, people and 
the industry. Unfortunately, the legal frame-
work does not always allow for this to happen.

Resumé
2017-Present
Managing Director of Policy and 
Strategy of International Association 
of Ports & Harbors (IAPH)

Founded in 1955, the International 
Association of Ports and Harbors 
(IAPH) is a non-profit global alliance 
of approximately 170 ports and 140 
maritime companies and institutes 
representing about 90 countries. 
The IAPH is dedicated to foster-
ing cooperation among ports and 
harbours and promoting the vital role 
they play in creating a peaceful, more 
prosperous world. Based in Tokyo, 
IAPH is recognised as the only voice 
speaking for ports around the globe. 
With Consultative NGO Status from 
the United Nations, IAPH is active in 
developing international trade and 
maritime policy. The organisation’s 
member ports are responsible for 
nearly 70 per cent of world container 
traffic and more than 60 per cent of 
international maritime trade.

www.iaphworldports.org

2013-2017
Secretary General of European 
Community Shipowners Association 
(ECSA)

ECSA represents the national ship-
owner associations of the EU and 
Norway. The organisation promotes 
the interests of European shipping so 
the industry can best serve European 
and international trade and com-
merce in a competitive, free enter-
prise environment to the benefit of 
both shippers and consumers. 

2000-2013
Secretary General of European Sea 
Ports Organisation (ESPO)

ESPO represents the common inter-
ests of European port authorities, 
port administrations and port asso-
ciations with the institutions of the 
European Union. Based in Brussels, 
the organisation’s members consist 
of about 800 ports in EU member 
states and neighbouring countries.

While difficult for
institutional and
political reasons,
cooperation will be
unavoidable if this
market development
becomes a reality. 
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1DH MODEL PREDICTS 
TRANSPORT AND 
SEDIMENTATION 
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Accurately quantify sediment in  
a hopper
A novel transient one-dimensional horizontal 
simulation model that predicts the multi-frac-
tional transport and sedimentation of sand 
along a hopper of a Trailing Suction Hopper 
Dredger (TSHD) has been developed. The model 
includes an external current model and an inter-
nal current model mutually coupled by vertical 
exchange processes. It solves cross-section 
averaged mass and momentum equations to 
predict sediment transport by barotropic and 
baroclinic currents. Relevant vertical physical 
processes are modelled using closure relations 
for hindered settling, entrainment, erosion and 
continuity-based vertical transport of water 
and sediment. Deposition and erosion closures 
dynamically couple both the external current 
model and the internal current model with a 
sediment bed model. 

A practical simulation tool is provided which 
balances the need of sufficient predictive 
capability through simulation of time and along 
hopper variation of model quantities with the 
requirement of low computational effort and 
complexity compared to transient two-dimen-
sional vertical or three-dimensional models 
through the use of closure assumptions to 
model vertical processes. The model verification 
against a number of analytical solutions for ide-
alised test cases indicates that the discretised 
model is mass, momentum and mechanical 

energy conservative. Moreover, it demonstrates 
that the model can cope with drying and flooding 
phenomena and with transitions from subcrit-
ical flow to supercritical flow and vice versa. 
The model validation against laboratory and 
prototype measurements shows that our model 
predicts the total cumulative overflow losses 
for a wide range of conditions on laboratory and 
prototype scale well at low user complexity level 
and at low computational time. 

Introduction 
Upon entering a Trailing Suction Hopper 
Dredger’s hopper, suspended sediment dis-
perses and settles throughout the volume to 
form a sediment bed layer at the bottom. Once 
the water level inside the hopper exceeds the 
overflow level, surplus water in the hopper flows 
through the overflow and back into the water 
surrounding the vessel. The overflowing water 
can contain sediment particles which remain in 
suspension. Hence, part of the sediment placed 
into the hopper is discharged to the surrounding 
water and consequently the loading production 
is lower than the suction production. Therefore, 
the simulation of sedimentation processes in 
hoppers is of great interest to provide predic-
tions of how efficiently the incoming sediment is 
retained in the hopper. 

Downfalls of past approaches
Several mathematical approaches exist to 
model the sedimentation process taking place 

within the hopper of TSHDs. Though, it was 
developed for the design of sewage and water 
treatment tanks Camp’s equilibrium point model 
can be considered to be one of the first (Camp, 
1946). His modelling framework has been the 
basis for the development of several other point 
models with more physical realism. For example, 
Groot (1981) added the effects of hindered 
settling to Camp’s model. Vlasblom & Miedema 
(1995) and Miedema & Vlasblom (1996) simpli-
fied Camp’s equations and included bed level 
changes due to (hindered) settling and erosion 
as well as the effect of varying overflow levels. 
Ooijens (1999) extended Vlasblom & Miedema’s 
(1995) model to include unsteady effects so 
that the previous states can influence the 
current state. 

Although the aforementioned models can 
provide reasonable overflow loss predictions 
after calibration, they lack predictive capabil-
ity as this model approach does not simulate 
processes such as erosion and sedimentation 
on a more local time and spatial scale. Therefore, 
other researchers have developed more pro-
cess-based transient one-dimensional vertical 
(1DV) Reynolds Averaged Navier Stokes (RANS) 
(van Rhee, 2002; Spearman, 2014) and two-di-
mensional vertical (2DV RANS) models (van 
Rhee, 2002). These models include transient 
flow, transport, mixing and settling variation in 
the vertical (1DV & 2DV) and in the horizontal 
(2DV). With the 2DV modelling approach van 

Trailing Suction Hopper Dredgers (TSHDs) are com-
monly used in the dredging industry for a wide variety 
of maintenance, land reclamation and maritime con-
struction projects. During trailing suction dredging, the 
TSHD trails drag heads over the seabed to excavate 
it. Loosened bed materials like sand, clay or gravel 
together with surrounding water are hydraulically 
sucked up by pumps through the trailing suction pipes 
and this mixture is subsequently discharged into the 
ship’s cargo hold called a hopper. 

The model performs
well even though
several physical
simplifications have
been made.

TECHNICAL
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the total water depth. Hydrostatic pressure 
distributions are assumed because the ratio 
depth water layer overlaying the gravity current 
to hopper length is much smaller than one. 
Furthermore, it is assumed the gravity current 
does not affect the overlaying water layer 
because the ratio gravity current height to water 
depth is smaller than one (de Nijs, 2010). These 
assumptions allow us to model the current of 
the overlaying water layer without baroclinic 
effects caused by the gravity current near the 
bed. Hereafter, this part of the modelling is 
referred to as the external current model. The 
gravity current near the bed is modelled with 
gravity current cross-section averaged  
conservation equations for mass and momen-
tum similar to de Nijs (2010). Taken into account 
is the water layer overlaying the gravity current 
influences the gravity current. That is, the gravity 
current is not only forced by relative density 
differences and bed level gradients, but also by 
the slope of the water level in the hopper (see 
Figure 2). Hereafter, this part of the modelling is 
referred to as the internal current model.

The external and internal current models  
calculate horizontal multi-fractional transport of 
suspended sediment inside the hopper within a 
transient one-dimensional hori zon tal  
cross-section averaged mathematical frame-
work. This framework enables the user to specify 
hopper cross-section variations with depth/
height of the current. The external current and 
internal current models are mutually coupled 
through vertical sediment transports (see 
Figure 3). These vertical sediment exchanges 
include upward transport by vertical hopper 
through flow, settling and entrainment. Both the 
external current and internal current models 

Rhee (2002) showed the importance of gravity 
currents for the transport, sedimentation and 
bed level development along the hopper and 
overflow loss predictions.

In general, previous models have a number of 
shortcomings that favour the development of a 
new model: 
• except for 2DV models, they do not include 

transport variation in the horizontal by gravity 
currents which would make their use inappro-
priate to predict the along hopper sediment 
bed layer distribution, 

• previous models cannot deal with drying and 
flooding of the sediment bed, for instance 
when removing the excess water with the 
overflow or when loading coarse material, 

• previous models do not include the option to 
vary the hopper cross-section with the depth 
and height of the current, and 

• they include very simple inflow and overflow 
conditions.

This article describes the development of a 
new process-based transient one-dimen-
sional horizontal (1DH) simulation model with 
cross-section averaged variables. It includes the 
most relevant physics to provide sound physical 
predictions of the overflow losses and longitu-
dinal distribution of the hopper sediment bed 
layer, but with low computational effort and low 
user complexity. To achieve this, a less elaborate 
system of equations is solved as 2DV and 3D 
models by using closure relationships to model 
vertical exchange processes. This approach 
hence omits the simulation of these processes 
and of vertical variations as there is inherent 
uncertainty (de Nijs, 2010) in favour of having 
model simulation predictive capability along the 

hopper of transport and sedimentation from 
currents caused by baroclinic and barotropic 
pressure gradients in contrast to 1DV RANS 
models.

Governing transport and  
sedimentation equations 

Model approach
In a hopper, there is horizontal through flow from 
the inflow position to overflow position due to 
incoming water, which sets up a barotropic pres-
sure gradient. The barotropic pressure gradient 
is caused by the water level gradient and it does 
not depend on the position within the water 
column (see Figure 1).

At the inflow position, the inflowing mixture of 
relatively high density propagates as vertical 
buoyant jets towards the hopper bottom/sedi-
ment bed. Here they deflect and subsequently 
evolve into horizontally propagating sedi-
ment-laden gravity currents that remain near 
the bed along the hopper (de Koning, 1977, van 
Rhee, 2002). These gravity currents dominate 
the along hopper transport of suspended sed-
iment and sediment bed formation (van Rhee, 
2002). Baroclinic pressure gradients and bed 
slopes generate the horizontal gravity currents. 
Surfaces of constant density that are not paral-
lel to surfaces of constant pressure cause the 
baroclinic pressure gradients which depend on 
the position within the water column (see Figure 
2 and de Nijs et al., 2011). 

In our model approach, a water layer of approx-
imately homogeneous density is distinguished, 
that is negligible density differences overlaying 
a gravity current with small height relative to 

FIGURE 1

The through flow in the hopper caused by the barotropic 
pressure gradient.

FIGURE 2

 The internal current set-up by the baroclinic pressure gradient, bed level gradient 
and the barotropic pressure gradient, respectively.
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also take into account sediment exchanges with 
the sediment bed due to erosion and deposition.

Governing equations
The model simulates transport of water and 
sediment inside a hopper with cross-section 
averaged conservation equations of mass 
and momentum similar as de Nijs (2010). The 
equations of the external and internal current 
have been reformulated by substituting the con-
servation equation of sediments into the mass 
conservation equation for the mixture to derive 
a solvable conservative system of equations. 
This results in three conservation equations for 
the water-sediment mixture, sediment con-
centration for multiple sediment fractions and 
momentum of the external flow caused by the 
barotropic pressure gradient and the internal 
flow caused by the combination barotropic and 
baroclinic pressure gradients, respectively. 

The bed level variation due to sediment bed 
exchange processes based on mass conserva-
tion is similar as Van Rhee (2002): 

1

𝜕𝜕𝜕𝜕𝐴𝐴𝐴𝐴𝑏𝑏𝑏𝑏
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

=
(𝐷𝐷𝐷𝐷 − 𝐸𝐸𝐸𝐸)𝐵𝐵𝐵𝐵𝑏𝑏𝑏𝑏

(1 − 𝑛𝑛𝑛𝑛0 − 𝜙𝜙𝜙𝜙)
 

 (1) 

Where Ab is the cross-sectional area of the sed-
iment bed, t is time, D is the sediment deposition 
flux, E is the sediment erosion flux, Bb is the width 
of the bed interface, n0 is the bed porosity and ϕ 
is the cross-section averaged concentration in 
the current above the bed.

The conservation equations of the external 
current and sediment transport read: (see 2)
Where Ae is the cross-sectional area of the 

external current, Ue is the cross-section aver-
aged horizontal external current velocity, B is 
the width of the hopper, x is a horizontal spatial 
distance, ϕe is the cross-section averaged 
concentration in the external current, ρs is the 
solids density of sand, ρw is the water density, ρe 
is the external cross-section averaged density, 
g is the gravitational acceleration, ξe is the water 
level inside the hopper, cf is a dimensionless 
friction coefficient, P is the wetted perimeter, De 
is the sediment deposition flux of the external 
current, Pin,w and Pin,ϕ are the inflowing water and 
sediment flux, PE is the entrainment flux, Pov,w 

and Pov,ϕ are the overflowing water and sediment 
fluxes and Pupw,ϕ is the upward sediment flux due 
to the upward through flow in the hopper. 

The conservation equations of the internal cur-
rent and sediment transport are: (see 3)

Where Ai is the cross-sectional area of the 
internal current, Ui is the cross-section aver-
aged horizontal internal current velocity, ϕi is the 
cross-section averaged concentration in the 
internal current, h is the internal current height, 
Bi is the interface width between the external 
and internal current, ρi is the internal cross-sec-
tion averaged density, z is the sediment bed 
height, Di is the deposition flux of the internal 
current, τb is the bed shear stress and τi is the 
interfacial stress between the external and 
internal currents.

Closure relations
The following closure relations are defined to 
close the set of conservation equations. The 
sand-water mixture discharge into the hopper is 
defined at a specified location along the hopper. 
This mixture entering the hopper is divided into a 

sediment- and water discharge for respectively 
the external and internal current as follows: 

4

𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝜙𝜙𝜙𝜙,𝑒𝑒𝑒𝑒 = 𝛼𝛼𝛼𝛼𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

� ,         𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝜙𝜙𝜙𝜙,𝑖𝑖𝑖𝑖 = (1 − 𝛼𝛼𝛼𝛼)𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 �
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

�

 

(4)

Where ϕin is the mixture concentration dis-
charged into the hopper, Qin is the mixture flow 
discharged into the hopper, Ain is the inflow 
area and α is a distribution factor to define the 
percentage of the incoming sediment flux which 
enters either the external current or the internal 
current. Here it is assumed that the discharged 
mixture flows directly towards the bottom of the 
hopper as a buoyant jet into the internal current 
so α is set 0. The water discharged into the 
hopper is:

5

𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤,𝑒𝑒𝑒𝑒 = 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤(1 − 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) �
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

�  ,       𝑃𝑃𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑤𝑤𝑤𝑤,𝑖𝑖𝑖𝑖 = 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤(1 − 𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖) �
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐴𝐴𝐴𝐴𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

� 

 

(5)

Note that the water flux contributes to both the 
external current and internal current. 

The overflow can be positioned at arbitrary 
positions along the hopper and levels. It is noted 
that confidential in-house developed mathe-
matical expressions are applied to model the 
overflow discharge. The overflowing mixture is 
also divided in a water- and sediment flux:

6

𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝑤𝑤𝑤𝑤 = 𝜌𝜌𝜌𝜌𝑤𝑤𝑤𝑤(1 − 𝜙𝜙𝜙𝜙𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜) �
𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

� ,     𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜,𝜙𝜙𝜙𝜙 = 𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠𝜙𝜙𝜙𝜙𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 �
𝑄𝑄𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
𝐴𝐴𝐴𝐴𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

�

 

(6)

Where ϕov is the cross-section averaged 
concentration in the external current at the 
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or internal current and nk is an empirical expres-
sion (Rowe, 1987) for a certain size fraction k.

Because of continuity constraints the inflowing 
water causes upward through flow in the hopper. 
This upward flow transports sediment from the 
internal current into the external current. The 
upward transport velocity is the upward velocity 
minus the settling velocity so that the upward 
sediment flux reads:

9

𝑃𝑃𝑃𝑃𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢;𝜙𝜙𝜙𝜙 = (𝑤𝑤𝑤𝑤 − 𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠,𝑘𝑘𝑘𝑘)𝜙𝜙𝜙𝜙𝑖𝑖𝑖𝑖,𝑘𝑘𝑘𝑘𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠

 

(9)

Where w is an upward velocity in the hopper 
caused by the inflowing water and continuity 
and ϕi,k is the cross-section averaged concen-
tration of the internal current for size fraction 
k. The upward flow velocity is calculated from 
water flowing into the hopper and the horizontal 
hopper surface as follows: 

10

𝑤𝑤𝑤𝑤 =
𝑄𝑄𝑄𝑄𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

 

(10)

Where B is the width of the hopper and L is the 
length of the hopper. 

Sediment erosion from the bed layer into the 
overlaying current is described with a pick-up 
flux (Van Rijn, 1984) corrected with an in-house 
confidential erosion correction factor (Rc):

11

𝐸𝐸𝐸𝐸 = 𝑅𝑅𝑅𝑅𝑐𝑐𝑐𝑐𝜙𝜙𝜙𝜙𝑝𝑝𝑝𝑝𝜌𝜌𝜌𝜌𝑠𝑠𝑠𝑠�𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔

 

(11)

Where ϕp is the dimensionless pick-up flux 
(Van Rijn, 1984), d is the particle diameter, Δ 
is the specific density and Rc is an in-house 
developed confidential variable correction 
factor which depends on local bathymetry in 
the hopper and on the suspended material in 
the current amongst other things. Erosion of 
the sediment bed occurs when the bed shear 
stress exceeds a threshold value based on the 
critical shields parameter.  

There is also sediment entrainment between 
the internal current and the external current 
due to flow velocity differences. Sediment is 
transported into the current with the highest 
velocity. The sediment entrainment flux reads:
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(12)

Where ϕk is the cross-section averaged con-
centration of fraction k of either the internal 
or external current depending on the sign of 
the entrainment flux, ΔU is the relative velocity 
difference between the two currents and αe is a 
confidential entrainment coefficient. 

The bed shear stress τb is defined as:
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𝜏𝜏𝜏𝜏𝑏𝑏𝑏𝑏 =  𝜌𝜌𝜌𝜌𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝐷𝐷𝐷𝐷𝑈𝑈𝑈𝑈2
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FIGURE 3

Sediment exchanges between 
the internal current and external 
current model, and between  
both current models and the 
sediment bed.

position of the overflow, Qov is the overflow 
discharge and Aov is the cross-sectional area of 
the overflow. Note that the water and sediment 
fluxes coming into and out of the hopper are 
only active at specific locations along the 
hopper.

Sediment exchange between the sediment 
bed and the overlaying currents are due to 
deposition and erosion. The deposition flux 
of the external current enters the internal 
current first when there is an internal current, 
else it directly enters the sediment bed. The 
deposition flux of the internal current directly 
enters the sediment bed. The cross-sectional 
averaged deposition flux of the internal and 
external currents for multiple fractions is based 
on hindered settling (Richardson & Zaki, 1954) 
and the near bed concentration as follows:

7
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(7)

Where ϕk is the cross-section averaged con-
centration in either the external or internal 
current where subscript k refers to the sedi-
ment size fraction, w is an upward velocity and 
ws,k is the hindered settling velocity of a certain 
fraction k (Richardson & Zaki, 1954):
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(8)

Where w0,k is the settling velocity of a single 
grain of a certain size fraction k (Ferguson & 
Church, 2004), ϕt is the total cross-sectional 
averaged concentration of either the external 

The model simulates
transport of water and
sediment inside a
hopper with cross
section averaged
conservation
equations of mass
and momentum.
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Where ρm is the density of the overlaying current, 
U is the flow velocity of the overlaying current 
and cD is a constant drag coefficient. Interfacial 
friction is neglected because a sensitivity analy-
ses showed minor differences when included.

Numerical integration scheme
The full set of conservation equations for 
both the external and internal current are  
discretised as follows:

14 (with variables below)
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(14)

Where V is the vector of conserved variables, 
F is the flux vector and S is the source/sink 
vector (see  14-1).
 
The system of equations shown in (14-1) 
is solved on a staggered grid (see Figure 4) 
where j is a spatial node and fix is a spatial 
step.

Finite volume upwind scheme
The system shown in Figure 4 has been 
discretised based on the finite volume space 
discretisation with upwind schemes for the 
fluxes on a staggered grid and with a time 
explicit scheme. Upwind discretisation is 
used because of its robustness, simplicity 
and relative low com putational effort. The 
discretisation is first order accurate and its 
linear stability condition is expressed with 
the courant number (Hirsch, 2007).

Momentum balance of the external 
current model 
The momentum balance for positive flow  

15 with equation in text above
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= −𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 �𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛  

 

 

 

reads: (see  15)

The momentum balance for negative flow
  

16 with equation in text above

The momentum balance for negative flow �
𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 +𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛

2
≤ 0,

𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−3/2
𝑛𝑛𝑛𝑛 +𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛

2
≤ 0�                    reads:

 
𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛+1 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 − (𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴)𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
� 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛(𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴)𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 −  𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛 (𝑈𝑈𝑈𝑈𝐴𝐴𝐴𝐴)𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+ 𝑔𝑔𝑔𝑔𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛+1 �𝜉𝜉𝜉𝜉𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − 𝜉𝜉𝜉𝜉𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛+1�
𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥

= −𝑐𝑐𝑐𝑐𝑓𝑓𝑓𝑓𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 �𝑃𝑃𝑃𝑃𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛  

 

 

reads:(see 16)

Mass balance of the external  
current model
The mass balance for positive flow 

17 with equation in text above

The mass balance for positive flow �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 > 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 > 0�                 reads:

 
 
𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛 �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 

 

 

reads: 

17 with equation in text above

The mass balance for positive flow �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 > 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 > 0�                 reads:

 
 
𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛 �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 

 

 

(17)

The mass balance for negative flow  

18 with equation in text above

The mass balance for negative flow                     �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 ≤ 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 ≤ 0�          reads:

 
 
𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗+1𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛�

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 

 

 

reads:

18 with equation in text above

The mass balance for negative flow                     �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 ≤ 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 ≤ 0�          reads:

 
 
𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗+1𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 𝐴𝐴𝐴𝐴𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛�

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 

 

 

(18)

Where the source/sink terms Sj
n are straight-

forward to discretise.

Suspended-sediment concentration 
balance of the external current model 
The suspended sediment concentration  
balance for positive flow  

19 with equation in text above

concentration balance for positive flow �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 > 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 > 0�              reads:

 

 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛  �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛  

 

reads:

19 with equation in text above

concentration balance for positive flow �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 > 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 > 0�              reads:

 

 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗−1𝑛𝑛𝑛𝑛  �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛  

 

(19)
The suspended sediment concentration  
balance for negative flow   

20 with equation in text above

concentration balance for negative flow                    �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 ≤ 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 ≤ 0�                   reads:

 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗+1𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛  

 

reads:

20 with equation in text above

concentration balance for negative flow                    �𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2
𝑛𝑛𝑛𝑛 ≤ 0, 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2

𝑛𝑛𝑛𝑛 ≤ 0�                   reads:

 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛+1 − (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
+
�𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗+1𝑛𝑛𝑛𝑛 − 𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 (𝜙𝜙𝜙𝜙𝜙𝜙𝜙𝜙)𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛 �

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥
= 𝑆𝑆𝑆𝑆𝑗𝑗𝑗𝑗𝑛𝑛𝑛𝑛  

 

(20)

Momentum, mass and suspended  
sediment balance of the internal  
current model
The momentum balance for positive flow 
reads: (see 21)

The momentum balance for negative flow 
reads: (see 22)

The mass and suspended sediment balances  
of the internal current model are analogues  
to the discretisation of the mass and sus-
pended sediment balances of the external 
current model except for the source/sink terms.

Model assessment 
In this chapter the discretisation of specific 
parts of both model equations are extensively 
tested for conservation of mass, momentum 
and mechanical energy against analytical solu-
tions for the following idealised cases: 
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FIGURE 4

Schematisation of the staggered grid approach.
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• the dam break, 
• transitions from subcritical flow to supercriti-

cal flow and vice versa, 
• the horizontal transport and sedimentation 
• the lock exchange.

Dam break case
Stoker (1957) examined dam break problems 
analytically. He derived expressions for horizon-
tal propagating free-surface fronts at friction-
less conditions. These analytical expressions 
allow us to test parts of the external model for 
mass and momentum conservation and flood-
ing and drying of the sediment bed.

First a wet bed dam break case is considered. 
After release of the dam two fronts starts 
to propagate in upstream and downstream 
direction. The simulated water level and velocity 
show accurate agreement with the analytical 
solutions (see Figure 5). 

The simulated results show smooth transitions 
near steep gradients due to numerical (artifi-
cial) diffusion from the upwind scheme (Hirsch, 
2007). It can be suppressed to a certain degree 
by reducing the spatial step.

Next, a dry bed dam break case is simulated 
(see Figure 6). After release of the dam two 
fronts start to propagate in opposite direction 
(see Figure 6A).

The simulated water levels and velocities show 
satisfactory agreement with the analytical 
solution apart from a small area near the front 
at very small layer height. However, simplifying 
assumptions to derive the analytical solutions 
and highly non-linear effects preclude an 
exact comparison of simulated and analytical 
results near the front at very small layer height 
O (0.5mm).

Transitions from subcritical flow to 
supercritical flow and vice versa
Here, the external current model for incom-
pressible frictionless steady state flows over 
a continuous bed profile is tested to examine 
conservation of mass and mechanical energy. 
The analytical solution can be derived from 
Euler’s one-dimensional non-viscous equation 
of motion with assumptions of steady state 
and incompressible flow. Then, the conserva-
tion of mechanical energy along a streamline 
(Bernoulli) reads:

23

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕

�
1
2
𝑢𝑢𝑢𝑢2 +

𝑝𝑝𝑝𝑝
𝜌𝜌𝜌𝜌

+ 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔� = 0

 

(23)

First, a steady state transition from a subcrit-
ical flow to a supercritical flow over a continu-
ous smooth bed profile is considered. The 
simulated water level profile and discharge 

15 with equation in text above

The momentum balance for positive flow �
𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−1/2
𝑛𝑛𝑛𝑛 +𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗+1/2

𝑛𝑛𝑛𝑛

2
> 0,

𝑈𝑈𝑈𝑈𝑗𝑗𝑗𝑗−3/2
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FIGURE 5

Simulation of a dam break case. The dam  
is located at x = 1000 m. and the initial water 
levels at the upstream and downstream side  
of the dam are 1.0 m and 0.1 m, respectively  
(Δx = 1.0 m, Δt = 0.025 s). Graph (A) and (B) 
show the analytical (black) and simulated 
(blue) water level and the horizontal layer  
average velocity along the domain after  
300 s, respectively.
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𝜙𝜙𝜙𝜙
𝜙𝜙𝜙𝜙0

= exp �−
𝑥𝑥𝑥𝑥
𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

�  ,      𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 𝐿𝐿𝐿𝐿𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =
𝑞𝑞𝑞𝑞
𝑤𝑤𝑤𝑤𝑠𝑠𝑠𝑠

 

(25)

Where ϕ is the suspended concentration, 
ϕ0 is a constant inflow concentration at the 
upstream boundary, q is the constant dis-
charge per unit width at the upstream bound-
ary, ws is a constant settling velocity, x is the 
spatial distance from the upstream boundary 
and Lsed is the sedimentation length.

The numerical solutions converge with 
increasing number of grid cells towards the 
analytical solutions (see Figure 9). At low 
spatial resolution the first order upwind 
discretisation causes longitudinal numerical 
diffusion resulting in an over prediction of 
the length scale over which sediment settles 

show accurate agreement with the analytical 
solution (see Figure 7).

This indicates conservation of mass and 
mechanical energy. Moreover, the model can 
deal with a transition from subcritical flow to 
supercritical flow. 
Next to consider are steady state hydraulic 
jumps over a horizontal bed to examine the 
transitions from supercritical flow to subcriti-
cal flow based on Bélanger’s equation derived 
from mass and momentum conservation 
(1841):

24

𝐻𝐻𝐻𝐻2
𝐻𝐻𝐻𝐻1

=
1
2
�(1 + 8𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹12)1/2 − 1�

 

(24)

Where Fr1 is the Froude number at the 
upstream side of the hydraulic jump and H1 
and H2 are the water depths at the upstream 

and downstream side, respectively. 
The accurate agreement of the simulated 
ratios downstream to upstream water depth 
for different Froude numbers with the analyt-
ical solution (see Figure 8C) demonstrates 
that the model can deal with transitions from 
supercritical flow to subcritical flow.

Horizontal transport and  
sedimentation case 
The model for proper transport of suspended 
sediment by horizontal advection and 
settling is tested. To that end, the model is 
verified against an analytical expression 
for the horizontal sediment concentration 
distribution derived from the 1DH transport 
equation with the assumptions of steady state, 
constant discharge, constant inflow sediment 
concentration, constant width and constant 
settling velocity. The analytical solution for the 
horizontal sediment concentration distribution 

TECHNICAL

FIGURE 6

Simulation of a dam break case. The dam is 
located at x = 1000 m with a water level at the 
upstream side of 1.0 m and a dry bed at the 
downstream side (Δx = 1.0 m, Δt = 0.025 s). 
Graph (A) and (B) show the analytical (black) 
and simulated (blue) water level and horizontal 
layer average velocity along the domain after 
150 s, respectively. 

FIGURE 7

Steady state simulation of the transition from 
subcritical flow to supercritical flow over a 
continuous bed profile with an upstream dis-
charge of 1.55 m3/s (Δx = 0.5 m, Δt = 0.025 s). 
Graph (A) and (B) show the analytical (black) 
and simulated (blue) water levels, discharges 
and Froude number (green) along the domain, 
respectively.

A B

A B
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(N=25). However, by increasing the reso-
lution through the application of more grid 
cells (N=100), the numerical diffusion can 
be suppressed such that the numerical 
results show accurate agreement with the 
analytical solution.

Lock-exchange case
The dynamical progression of an axis-sym-
metric gravity current is examined to verify 
whether the model properly simulates 
baroclinic currents. Their proper simulation 
hinges on mass and momentum conser-
vation as well as adequate reproduction 
of baroclinic gradients. The simulated 

FIGURE 8

Steady state hydraulic jump simulations with an upstream Froude number of Fr1
2 = 5 and a downstream water depth of 0.13 m at x = 500 m (Δx = 1.0 

m, Δt = 0.025 s) (Graphs a and b). Graph (A) and (B) show the analytical (black) downstream water depth and the simulated (blue) water depth and 
discharge along the domain, respectively. Graph (C) shows simulated (red dots) and analytical (blue line) ratios of the downstream (x = 40 m) to 
upstream water depth (x =10 m) for steady state hydraulic jump simulations at different upstream Froude numbers.
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propagation distance of an axis-symmetric 
gravity current with time is tested against 
semi-empirical relations from Hallworth et al. 
(1996) in de Nijs (2010). 

In the model, a gravity current starts to 
propagate along the bed after the release 
of a block of dense fluid within a fluid of low 
density (see Figure 10A, B).

In the model there is some transition period 
before the block of dense fluid evolves into 
a gravity current (de Nijs, 2010). After this 
transition period, the simulated distance 
travelled by the head of the gravity current 

shows accurate agreement with the analyti-
cal solutions (see Figure 10C). 

Model validation 
The external and internal current models form 
the hopper sedimentation model. This model 
is validated for the total cumulative over-
flow losses with data from laboratory model 
tests and prototype measurements of TSHD 
Cornelia (van Rhee, 2002), and Van Oord’s 
TSHD Vox Maxima and Volvox Atalanta. For 
the model calibration, the laboratory model 
Tests 5 and 6 (van Rhee, 2002) are used. For 
validation, an independent set of laboratory 
model Tests (7, 8, 9 and 12) and the prototype 
measurements are used to indicate the pre-
dictive capability and to exclude scale effects. 

The modelled and measured total cumulative 
overflow losses show good one to one agree-
ment (see Figure 11A). The goodness of fit of 
the model to measurements (see Figure 11A), 
based on the coefficient of determination , 
of 0.90 is favourably high. It is noted that a 
proper reproduction of the overflow losses 
required the specification of particle size 
distributions.

The simulated final along hopper sediment 
bed layer distribution of Vox Maxima shows 
good agreement with hopper soundings (see 
Figure 11B, C). These results are promis-
ing, but soundings over a wider range of 

FIGURE 9

Simulation of horizontal transport and sedi-
mentation along a domain of 100 m with a con-
stant discharge per unit width of q = 10 m2/s, a 
constant inflow concentration of ϕ = 0.2 [-] and 
a constant settling velocity of 1.0 m/s (Δx = 4.0 
m, Δt = 0.2 s and Δx = 1.0 m, Δt=0.05 s). The figure 
shows the analytical (black) and simulated (red 
and blue) normalised concentration profiles for 
25 and 100 grid cells after 50s. 
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conditions are required to validate the  
model’s bed level elevation predictions.

Conclusions
The following conclusions can be drawn from 
verification and validation:
• The verification of specific parts of the 

numerical model to analytical solutions 
demonstrates that the model satisfactory 
simulates barotropic and baroclinic currents 
that require proper mass, momentum and 
mechanical energy conservation. 

• Furthermore, the model can deal with drying 
and flooding of the sediment bed and with 
transitions from subcritical flow to super-
critical flow and vice versa. 

• The validation of the hopper sedimentation 
model to laboratory experiments and proto-
type measurements demonstrates that the 
model predicts the total cumulative overflow 
losses favourably well for a wide range of 
conditions and scales.

The model performs well even though several 
physical simplifications have been made. 
Therefore, for our purposes, we can assume 
that it includes the essential physics involved 
in hopper sedimentation for sufficient predic-
tive power. Although the model predicts the 
total cumulative overflow losses well, future 
efforts are directed towards further validation 
to prototype data for overflow losses as well 
as for the along hopper sediment bed layer 
distribution. Preliminary results of the latter 
are promising (not all shown). We will also 
investigate whether the predictions improve  
by taking into account turbulent mixing. 

Currently, we apply our model as a simulator 
to test working strategies and to develop and 
test dredging loading automation e.g. draught, 
water level and trim control by managing 
anti-pollution valves, overflow positions and 
inflow positions amongst other things. To 
this end we included the effect of the along 
hopper sediment bed layer distribution on ship 
draught and trim by coupling the model with 
vessel specific hydrostatic tables. We also use 
this simulation model in new build projects, for 
instance to determine the appropriate height 
of transverse hopper bulkheads.

The model performs with low computational 
effort: only a couple of minutes simulation time 
for prototype conditions on an ordinary PC. 

TECHNICAL

FIGURE 10

Simulation of an axis-symmetric gravity cur-
rent with a concentration of the lock of 0.1 [-] , 
and a lock length and height of 25 m and 3.0 m, 
respectively (Δx = 5.0 m, Δt = 0.5 s). The settling 
velocity is set naught. Graph (A) and (B) show 
the simulated height of the gravity current and 
the horizontal layer averaged velocity along the 
domain after 200 s, respectively. Graph (C) 
shows the simulated (blue) and analytical (red) 
distance travelled by the gravity current from 
the origin vs time on a log-log scale. 
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FIGURE 11

Graph (A) show the one to one comparison of 
measured total cumulative overflow losses 
versus simulated total cumulative overflow 
losses for a wide range of conditions. The R2 
coefficient is 0.90. The operational parame-
ters, particle size distributions and the hopper 
geometry for both the laboratory model tests 
and the prototype test of TSHD Cornelia can 
be found in Van Rhee (2002). Graph (B) and 
(C) show the final along hopper sediment bed 
layer distribution of TSHD Vox Maxima.
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Summary
This article describes the development, verification 
and validation of a new transient one-dimensional 
cross-sectional averaged numerical model to predict 
the sedimentation process inside hoppers of TSHDs. 
The model includes an external current model and an 
internal current model both based on cross-section 
averaged equations for mass and momentum in  
conservative forms to simulate barotropic and  
baroclinic flows. 

First presented as a paper at the CEDA Dredging  
Days Conference 2017, this article has been pub-
lished in a slightly adapted version with permission  
of the copyright holder, CEDA. At the conclusion  
of the conference, IADC’s Secretary General  
René Kolman bestowed the Young Author Award  
to Jordy Boone to recognise his outstanding paper  
and presentation.

Jordy Boone 
After obtaining his bachelor’s 
degree in Marine Technology from 
Delft University of Technology, 
Jordy acquired an MSc degree 
in Offshore and Dredging 
Engineering from the university 
in 2016. After graduating, he 
joined Van Oord Dredging and 
Marine contractors as a Dredging 
Research and Development 
Engineer. Within Van Oord, he is 
involved in the research of hopper 
sedimentation processes and 
hopper loading strategies.

Michel A.J. de Nijs 
Michel earned his BSc and MSc 
degrees in Civil Engineering 
(Cum Laude) and PhD degree 
in estuarine oceanography from 
Delft University of Technology. As 
a team leader Dredging Research 
& Development at Van Oord, he 
provides expertise in dredging 
projects with emphasis on fluid 
mechanical, geotechnical, geome-
chanical and mechanical aspects 
related to new build/modification 
of equipment, working strategies, 
automation and dredging con-
struction project support.
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ENGAGE THE 
INDUSTRY 
NETWORK

IAPH Conference: World Ports 
Sustainability Program
22-23 March 2018
Port of Antwerp
Antwerp, Belgium
www.wpci.iaphworldports.org

During a two-day conference, IAPH will launch 
the successor of its World Ports Climate 
Initiative (WPCI).

First announced at its 2017 forum in Bali, the 
World Ports Sustainability Program extends 
WPCI’s scope from climate action to address a 
range of sustainability port development chal-
lenges facing the industry. According to IAPH 
President Santiago Milà:‘By incorporating the 
‘Smart Port’ concept and ‘Digitalisation’, the 
WPSP is expected to assist ports in increas-
ing the efficiency and sustainability of their 
day-to-day port operations’. Attendees of the 
conference will partake in the process which 
will set forth the program’s priorities.

EVENTS

WEDA Dredging Summit & Expo
25-28 June 2018
Hilton Norfolk The Main Hotel
Norfolk, Virginia, USA
https://dredging-expo.com

Hosted by the Western Dredging Association 
(WEDA), the Dredging Summit & Expo ’18 
is a technical conference to promote the 
exchange of knowledge in fields related to 
dredging, navigation, marine engineering and 
construction. 

The three-day-long forum targets the improve-
ment of communications, technology transfer 
and cooperation among associations and 
societies. Furthermore, the agenda will empha-
sise the importance of understanding and 
developing solutions for problems related to 
the protection and enhancement of the marine 
environment. 

Attendees will be representatives of a diverse
maritime industries, ranging from contractors
and engineers to public authorities, suppliers,
universities and research institutes. The 
expected 400 attendees will have access to 
high-quality presentations, an exposition and 
social programme. Continuing education short 
courses are also available.

Increase the potential
for successful
completion of a
dredging project.
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Seminar On Dredging and  
Reclamation
25-29 June 2018
IHE Delft Institute for Water Education
Delft, the Netherlands
www.iadc-dredging.com

IADC’s Seminar on Dredging and Reclamation 
is a five-day course which covers a wide range 
of subjects, from explanations about dredging 
equipment and methods, rainbowing sand and 
placing stone to cost estimates and contracts. 
Aimed at all stakeholders – newcomers in the 
field of dredging as well as higher-level consult-
ants, port authority advisors and offshore  
projects – the seminar provides a broad 
foundation of knowledge and a well-rounded 
understanding of this essential industry.

Since 1993, this week-long seminar has been 
continually updated to reflect the dynamic-
nature of the industry and successfully pre-
sented in cities all over the world. Conceived 
by IADC to benefit the activities of future 
decision makers and their advisors in govern-
ments, port and harbour authorities, off-shore 
companies and other organisations in the 
execution of dredging projects, the seminar is 
organised at various venues, often in coop-
eration with local technical universities. To 
increase the potential for successful comple-
tion of a dredging project, contracting parties 
should fully understand the requirements 

from the start. The course strives to provide 
this understanding through lectures given by 
experts in the field as well as workshops to give 
participants a hands-on experience applying 
the learned material in a realistic scenario.

Highlights of the programme
• Overview of the dredging market and the 

development of new ports and maintenance 
of existing ports;

• Project phasing (identification, investiga-
tion, feasibility studies, design, construction, 
and maintenance);

• Descriptions of types of dredging equip-
ment and boundary conditions for their use; 

• State-of-the-art dredging and reclamation 
techniques including environmental measures;

• Site and soil investigations, designing and 
estimating from the contractor’s view;

• Costing of projects and types of contracts 
such as charter, unit rates, lump sum and 
risk-sharing agreements;

• Design and measurement of dredging and 
reclamation works;

• Early Contractor Involvement.

Each participant receives a set of compre-
hensive proceedings and a Certificate of 
Achievement in recognition of the completion 
of the coursework. 

Register for the seminar at
http://bit.ly/2bdoPXE

For further questions contact:
Jurgen Dhollander, PR & Project Manager 
of International Association of Dredging 
Companies

Email: dhollander@iadc-dredging.com
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An inherently multidisciplinary activity, port 
planning involves expertise in the field of 
transport economics, shipping, nautical matters, 
safety and logistics. Also of importance is knowl-
edge regarding waves and currents, sediment 
transport and coastal morphology, dredging and 
land reclamation, and design of breakwaters 
and quays. All of these areas intertwine, making 
teamwork a vital part of port planning. Within the 
team, the port planner retains a pivotal role, both 
developing concepts and obtaining the required 
expertise when it is necessary. 

The new edition of Ports and Terminals has 
been thoroughly updated and includes the 

latest developments in the field of masterplan-
ning, waterway design and container terminals. 
Written as a comprehensive handbook for port 
planners, it covers all technical, economic and 
environmental aspects that play a role in the 
preliminary feasibility study, the masterplanning 
and the basic design of ports, terminals and 
offshore marine facilities.

Compared to the 1st edition (2012), the follow-
ing changes are most noteworthy. In the chapter 
on Planning Methodology is has been explained 
how the studies carried out by the project owner 
best fit within the applicable legal framework. 
The text on financial and economic studies has 
been expanded and the central function of the 
Business Case in the optimisation of the project 
has been elaborated. New sections on sus-
tainable port development and Adaptive Port 
Planning have been added.

The chapter on design of approach channels 
has been updated based on the report by 
PIANC on this subject (Harbour Approach 
Channel, Design Guidelines, 2014) that was 
prepared in close cooperation with IAPH, IALA 
and IMPA. And the latest developments in 
container shipping and design of container 
terminals have been included in the chapter on 
that subject. Only minor changes were made in 
the text on General Cargo, Multi-purpose, Ro/
Ro and Ferry terminals, as well as Liquid and 
Dry-Bulk terminals, Fishery ports and Marinas.

The latest edition of Ports and Terminals offers 
relevant, up-to-date information and integrates the 
rapid developments which have taken place in the 
areas of container ships and terminals. An Emeritus 
Professor of Delft University of Technology, the 
publication’s author, Han Ligteringen, delineates the 
updates to this recently released version.

Han Ligteringen

Ports and TerminalsPorts and Terminals

Han Ligteringen 
Professor Han Ligteringen’s career 
spans more than 45 years in both aca-
demia and practice. He was appointed 
as Professor in Ports and Waterways at 
Delft University of Technology in 1995, 
and chair of Port Development at IHE 
Delft Institute for Water Education in 
2011. In addition to Ports and Terminals, 
he has authored many papers in the 
field of port planning and design.

Just as in the first edition, the book serves as 
study material for graduate students, but it will 
also be most useful for professionals in the 
port sector, to provide insight in the planning 
process and guidance in the design of facilities. 
In this respect, one might say that it supersedes 
the UNCTAD Handbook on Port Development, 
becoming outdated after more than 30 years.

PORTS AND TERMINALS
2ND EDITION 2017

BOOK REVIEW

Author: Han Ligteringen
Publisher: Delft Academic Press
Published: October 2017
Language: English
Price: € 33.00
ISBN: 97890-6562-4147

Availiable from
www.delftacademicpress.nl/f031.php
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