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Abstract

Asymmetrical tides cause an uneven sediment redistribution within a system. The faster water level rise
during the flood tide, compared to the slower decline during ebb tide, activates a tidal pumping process
that transports additional sediment into the waterway. When the duration of the ebb tide exceeds that
of the flood tide, there is less resuspension during ebb. Sediment primarily settles during slack tide,
gradually filling the riverbed. The highest sedimentation rates occur near the tidal meeting zone. One
of the most significant consequences of this process is the decline in navigability of the waterway. An
example of such an asymmetrically tide-dominated delta can be found in the southwest of Bangladesh,
specifically in the Mongla-Ghasiakhali waterway. This area experiences high sediment concentrations
and substantial sedimentation volumes. To address the sedimentation, a conceptual design has been
developed, introducing locks at Mongla and Ghasiakhali.

The amount of sedimentation within the lock chamber and channel is strongly influenced by the fre-
quency of lock gate operations. The primary water exchange processes during lock operation include
the filling and emptying of the chamber, density currents, and boat movements. The schematized box
method is employed to model the water and sediment movements resulting from these water exchange
processes.

Two operational scenarios are considered for modelling a single operational cycle. Scenario 1 and 2
consist of ten and eight phases, respectively, each with a specific duration. Under critical conditions,
the sedimentation layer thickness after one operational cycle for scenario 1 is 6.93 ∗ 10−4 m inside the
chamber and 3.65 ∗ 10−7 m in the channel. For scenario 2 these values are comparable.

A tidal cycle consists of multiple operational cycles and, depending on the operational scheme that is
used, possibly a resting period. Two operational schemes were simulated: a two way traffic scheme
with 12 out of 24 operating hours and a fully operational scheme. The simulation of one tidal cycle is
repeated in various sequences to model the sediment conditions after one month of operation. Sedi-
mentation in the chamber and channel can be minimised by adopting the two way traffic scheme with
a flushing cycle after every 12-hour operating period. Under these conditions, the sediment layer thick-
ness is 2.65∗10−1 m in the chamber and 2.19∗10−3 m in the channel after one month. When the growth
of the sediment layer thickness is extrapolated to represent one year of operation, the annual sediment
layer thickness growth is 3.22 m in the chamber and 2.67 ∗ 10−2 m in the channel. The sedimentation
values remain below the expected maximum thresholds.

After analysing the behaviour of sediment, the optimum choices for the structural and maintenance
design of the lock system are evaluated. These choices are based on the functional requirements, with
a focus on sediment characteristics. The most suitable lock gates, considering sediment dynamics,
are mitre gates, vertical lift gates, and radial (or tainter) gates. These gates offer low to moderate
opening/closing times and are effective at pushing sediment away from the lock system. For theMongla-
Ghasiakhali waterway, the mitre gate is the optimal choice. The preferred filling and emptying system
for locks dealing with high sediment concentrations, is openings in lock gates. Additionally, it may be
beneficial to lengthen, deepen, or widen the lock chamber to accommodate more sedimentation.

The annual dredging volume inside the chamber is 4.60 ∗ 103 m3. For the channel, this volume is
5.79 ∗ 104 m3 per year. The total required dredging volume is approximately 35 times smaller than what
would be required in the absence of the lock construction. The minimum frequency of dredging the
chamber is once per year, whereas the channel can be dredged once every 37 years. The dredging of
the chamber must be carried out during the lock’s non-operating hours, while the channel dredging can
take place throughout the day. The introduction of two navigation locks will reduce the total maintenance
costs for the Mongla-Ghasiakhali waterway.
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1
Introduction

Background
Sluices and their navigation locks are typically designed to maintain a specific water level or protect an
area from high water levels. However, in some regions of the world, there is a need for a new approach.
The rivers in these areas require a sedimentation-based solution rather than a water level-based one.
Sedimentation can become a problem when the water velocity is low, causing sediment particles to
settle at the bottom or sides of the waterway. As this process repeats itself, the navigability of the
waterway can be compromised. The navigability can be partially or completely disrupted due to the
accumulated sediment. This can result in environmental degradation as well as social and economic
losses for local communities and organisations dependent on the waterway.

The case study area requiring a sedimentation-based solution is the Mongla-Ghasiakhali navigation
route in Bangladesh. This waterway is affected by an asymmetrical tide, which causes inflowing sedi-
ment to settle. To maintain the navigability of the waterway, a hydraulic structural design is needed to
mitigate sediment inflow.

Project scope
There is a plan to construct two sluices, each with one or two navigation locks, on either sides of the
waterway between Mongla and Ghasiakhali. The aim of this thesis is to identify the sedimentation
issues and conduct a study on how the hydraulic structures can be optimally designed to address the
sedimentation within the waterway.

A hydraulic structural design involves various elements. This project will primarily focus on the design
of a navigation lock to facilitate sluice passage while managing sedimentation. The study area for this
project is the waterway route between Mongla and Ghasiakhali. While the potential effects on other
parts of the area will be considered, the main focus will remain on the design of the hydraulic structures.

Methodology
The first step of the project is to analyse the problem and study area through a comprehensive liter-
ature review. To understand the issue, the case study focuses on the Mongla-Ghasiakhali route in
Bangladesh, which serves as an example of how to design a sluice to manage large sedimentation.
The study will examine how sedimentation occurs in the presence of sluices. To determine the size
and location of the design challenges, calculations are performed to predict the water and sediment
inflow into the sluice chambers. The results of these calculations will provide insights into the amount
of sedimentation that occurs in the chamber and in the channel between Mongla and Ghasiakhali dur-
ing both an operational and tidal cycle. Once the specific design problems are analysed, the optimal
design option for each sub-question will be determined across multiple chapters.

1
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Report structure
The report begins with a problem analysis in which the project’s sub-questions are presented. Following
this, the area analysis and methodology are described. Next, each sub-question is analysed along with
their potential design options. Finally, the most suitable design option is selected and the design and
methodology are critically evaluated in the discussion section of the report.



2
Problem analysis

Due to a lack of understanding of morphological processes in the past, human interventions were made
that are now still negatively impacting tidal waterways. An example of such an intervention is creating a
polder upstream of a delta. The reduction of fresh water supply from upstream the system, decreases
the tidal volume and creates a tidal asymmetry in the system. In an asymmetric tidal system where
the ebb tide lasts longer than the flood tide, sediment is distributed unevenly. Riverbed sedimentation
will occur mostly during slack tide. In addition, an enhanced tidal pumping process due to the absence
of fresh water flow will also contribute to the increased presence of sediment in the water channels
(Center for Environmental and Geographic Information Services, 2014). The channel dimensions will
decrease as a result of the sedimentation. As the channel dimensions decrease, the tidal volume will
decrease as well. This means that the process keeps repeating itself when no other measures are
taken, resulting in a declining navigability.

In the southwest part of Bangladesh, the waterway problems started around 1980 when smaller river
channels were cut off for the purpose of shrimp cultivation (Rahman et al., 2013). This process was
increased by the construction of polders upstream in the year of 1990. The shrimp cultivation as well
as the polders reduced the tidal volume of water in large parts of the river system. The absence
of the fresh water inflow together with an increased tidal pumping process, caused sedimentation to
occur in multiple channels in the area. As mentioned earlier, the process repeats itself resulting in a
large amount of sediment settling in the waterway. The waterway between Mongla and Ghasiakhali in
Bangladesh is important for the navigation between the west and east part of the country. An image of
the route is given in Figure 2.1.

Figure 2.1: Mongla-Ghasiakhali waterway in southwest Bangladesh.

In 2010, this route had to be dredged to maintain the navigability. The flow area was increased by
90 m2 after the dredging was done. However, there was still a natural imbalance and the waterway

3
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started refilling rapidly causing the route to be completely filled again just three months after dredging.
The same problem occurred again after dredging was done in 2011. Figure 2.2 shows the filling of the
cross section of the channel due to sediment accumulation after the dredging in 2010.

Figure 2.2: Monitoring results of cross section survey Mongla-Ghasiakhali route after dredging in 2010 (Rahman et al., 2013).

2.1. Problem formulation
The described problem can occur in a tide dominated delta. In such a system, the tide redistributes
the sediment over the delta, following the tidal rivers. When the system is disturbed and an imbal-
ance occurs, the tide can become asymmetrical. An asymmetrical tide also causes an asymmetric
redistribution of the sediment in the system. When the ebb tide occurs over a longer period of time
than the flood tide, the mean water level rises faster during flood than it decreases during ebb. This
phenomena causes not only the resuspension during ebb tide to be less than during flood, but also
causes the activation of a tidal pumping process that brings more sediment into the waterway (Center
for Environmental and Geographic Information Services, 2014). It is during every slack tide that sedi-
ment will settle and slowly fill up the riverbed. The positive feedback process of riverbed sedimentation
followed by a further decrease of tidal volume can continue for a long time period. One of the most
important consequences of this process is that the navigability of the waterway will decline until there
might eventually be no navigability possible at all in the specific waterway route.

The Mongla-Ghasiakhali waterway finds itself in a tide dominated delta with a weak tidal asymmetry.
The period of ebb tide is 6.43 hours and the period of flood tide is 6 hours (Center for Environmental
and Geographic Information Services, 2014). Next to this, the waterway transports a large amount of
fine sediment concentrated in the water every tidal cycle. From Mongla to Rampal (a place between
Mongla and Ghasiakhali, shown in Figure 2.1) there is about 12, 100 tonnes of sediment transported per
cycle (Center for Environmental and Geographic Information Services, 2014). From the Ghasiakhali
side to Rampal, 3, 550 tonnes of sediment is transported per cycle.

2.2. Desired solution direction
Several partial solutions exist to address specific aspects of the problem. The overall solution will likely
involve a combination of these approaches. One straightforward solution, but with only temporary
effects, is dredging the waterway channel. However, when the asymmetric tide is still present and
no other solution is introduced, the riverbed sedimentation will soon start again after the dredging.
Then, within a relatively short amount of time, the channel needs to be dredged again, resulting in high
annual dredging costs. Another option is to increase the water volume upstream or to decrease the
tidal fluctuation and sediment inflow in the navigation route. This thesis will focus on maintaining the
latter option.

For the route between Mongla and Ghasiakhali in Bangladesh, there is already a plan to construct two
sluices in the waterway; one at Mongla and one at Ghasiakhali. The purpose is to stop the tidal range
and thereby decrease the sediment inflow. In 2014, a combined plan for the waterway between Mongla
and Ghasiakhali was presented including multiple solution directions (Center for Environmental and
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Geographic Information Services, 2014). The plan consists of constructing the sluices in combination
with the dredging of the channel, a re-excavation of adjacent channels and the construction of an
artificial loop-cut. This thesis will focus on only the sluices, and specifically on how the navigation locks
of the sluices at Mongla and Ghasiakhali can best be designed to withstand the amount of sediment in
the river system.

2.3. Problem statement and design objective
The problem statement of the thesis is that there is no experience in designing a sluice system, more
specifically a lock design, for operating in a waterway with high sediment concentrations. The design
objective is therefore to perform a study on how the navigation locks of sluices are best designed to
face high sediment transportation in a waterway. The study can be divided into three parts: a sedimen-
tation analysis, structural design considerations and maintenance design considerations. The research
questions that are formulated, are stated below.

1) How much sedimentation will occur in a lock chamber and channel, during an operational and tidal
cycle, and where will it concentrate?

2) How can sedimentation be reduced through improvement of lock design and operation?

3) How frequent is maintenance required in a lock dealing with high sediment concentrations and what
steps can be taken to optimise the maintenance process?

In order to design a proper methodology to answer the research questions, first the study area and a
conceptual lock design are analysed.



3
Study area

Information about the area that should be known includes the natural boundary conditions of the rivers
and their flow regime, the hydraulic conditions, and the topographical andmorphological characteristics.
In a delta, it is essential to understand the tidal range and associated water velocities. Because this
project focuses on the sedimentation in a waterway, the sediment concentration and characteristics of
the sediment are very important. With the Mongla-Ghasiakhali waterway being an important navigation
route, the nautical conditions and shipping frequency and size are important parameters to include in
the analysis of the area.

This chapter provides an analysis of the area near Mongla and Ghasiakhali in Bangladesh. First, a
general description of the location and existing climate is given. After this, a discussion of the tidal
conditions and the current sedimentation is presented. In the final part of the chapter, the navigation
needs of the area are analysed.

3.1. General
The area of the case study is in the southwest of Bangladesh, as could be seen in Figure 2.1. Bangladesh
has several large rivers distributing water from themountains into smaller rivers in the deltas. The deltas
of Bangladesh are in the south part of the country.

Mongla is a town and a port located at the confluence of the Pashur (south), Rupsa (north) and Mongla
river. Ghasiakhali is situated east of Mongla at the confluence of the Pangunchi (south), Dharatana
(north) and Mongla river. The waterway between Mongla and Ghasiakhali is 31 km long (Center for
Environmental and Geographic Information Services, 2014). The waterway consists, from west to east,
of the Mongla Nula, the Kumarkhali River and the Mongla-Ghasiakhali channel (further referred to as
MG channel). The MG channel is manmade and was excavated in 1970 to enhance the navigation
possibilities. From a bathymetry search, it is concluded that the water depths in the waterway vary
from about 2 to 8 m. Overall, the MG channel has smaller water depths than the rest of the waterway.

Bangladesh has a sub-tropical humid climate (Rashid, 1991). The main characteristics of this climate
are wide seasonal variations in rainfall, moderately warm temperatures and a high humidity. The cli-
mate can be divided into four seasons: dry winter (December to February), pre-monsoon hot summer
(March to May), rainy monsoon (June to September) and post-monsoon autumn (October to Novem-
ber) (Shadid, 2010). The average temperature during winter is between 7.2 and 12.8 ◦C and during
summer between 23.9 and 31.3 ◦C.

3.2. Tidal conditions
The delta in which the Mongla-Ghasiakhali route finds itself, is dominated by an asymmetrical tide.
During flood tide, water comes into the waterway both from the western side at Mongla, as well as the
eastern side at Ghasiakhali. There is not one specific point where the tide meets, but it is often found
to be in a range near Rampal. There are no measurements on a possible superimposed residual flow

6
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due to the tidal flows from both sides, but it is expected that they are present in some form. After the
lock is constructed, there are no tidal flow velocities in the channel anymore. Hence, the superimposed
residual flow due to these tidal velocities are assumed to not play a role in this phase.

In 2014, the water levels at Mongla in the Mongla-Ghasiakhali navigation route have been measured
for three months; from the end of January till the end of April (Center for Environmental and Geographic
Information Services, 2014). The results of the water level analysis are given in Figure 3.1. In this figure
it can be seen that the highest water level in the three months in 2014 was about +2.0m PWD and the
lowest was about −2.0 m PWD. PWD in these measurements is the Public Works Datum established
by the Department of Public Works, Bangladesh (Haque & Sakil, 2020). In Bangladesh, the PWD is
0.46 m below Mean Sea Level (MSL). The maximum tidal range in spring tide is four to five meters.
The tidal range during neap tide is around two and a half meters.

Figure 3.1: Water levels at Mongla in 2014 (Center for Environmental and Geographic Information Services, 2014).

Due to the tidal asymmetry in the system, the maximum velocity and discharge during flood tide, are
higher than the maximum velocity and discharge during ebb tide on both sides of the channel. At
Mongla, inside the channel, the maximum velocity during flood tide measured in 2014 is 1.01 m/s
and the maximum ebbing velocity is 0.53 m/s (Center for Environmental and Geographic Information
Services, 2014). The periods of flood and ebb tide have also been measured in March 2014. The
period of flood tide then was 6 hrs and the ebbing period was 6.43 hrs.

Another source has also reported to have measured the water levels at the entrances of the Mongla-
Ghasiakhali waterway in March 2024 and calculated the discharges with this (Delta Context & Wit-
teveen+Bos, 2024). Themeasurements were done at three locations: at the western side of theMongla
Nula, at the south end of the Doratana river and at the northern end of the Panguchi river. The ebbing
period has been measured to occur between 06 : 00 and 12 : 00 in the morning. The flooding would then
occur in between 12 : 00 and 18 : 00. The water level at Mongla varies with about 4 to 5m during spring
tide. During flood, the water level is high and during ebb, the water level is low. The maximum flood
discharge at spring tide at the Mongla station is about 2, 000 m3/s and the maximum ebb discharge
during spring tide at this location is around 1, 500 m3/s.

3.3. Sedimentation
Southern Bangladesh consists of a large delta which is characterized by its high concentration of fine
sediment. During flooding, this sediment is transported land inwards, and during ebbing, the sediment
is transported back to the Bay of Bengal. The suspended sediment concentration will peak just after
the peak discharge of ebb tide is reached. The concentration decreases when the tide moves from ebb
to flood. The peak concentration during the tide that was described earlier, is assumed to be around
6.0 kg/m3 at Mongla in the Mongla Nula. The suspended sediment concentration is the highest near
the bed of the channel and will be somewhat lower near the water surface. The mean concentration
near Mongla is around 3.0 kg/m3. The median sediment grain size of bed samples for the western
end of the Mongla Nula and for the eastern end of the MG channel, near Ghasiakhali, are 46 µm and
52 µm respectively (Delta Context & Witteveen+Bos, 2024). The measured sediment sizes both corre-
spond to the material silt, and more specifically, coarse silt (Brunner, 2020; The GeoTech: Geotechnical
Engineer’s Knowledge Base, n.d.).
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The flow velocities during ebb tide are lower than the flow velocities during flood tide, which leads
to less resuspension during ebb than during flood. Next to this, the asymmetry in the tide leads to
a faster mean rise of the water level than the decrease of the water level. With these conditions, a
tidal pumping process is activated (Center for Environmental and Geographic Information Services,
2014). During the tidal pumping process, sediment is brought to the Mongla-Ghasiakhali waterway
and sedimentation is enhanced. Sedimentation will mainly occur during slack tide where there is little
to no horizontal movement of tidal water. The sedimentation occurs every cycle, causing the waterway
to silt up. In the Mongla-Ghasiakhali waterway, the largest sedimentation occurs near Rampal, because
the lowest flow velocities occur here. This is due to the two tides coming from the west (Mongla) and
east (Ghasiakhali) that meet each other around this point, this is called the tidal meeting zone (Center
for Environmental and Geographic Information Services, 2014). The sedimentation rate of the route
between Mongla and Ghasiakhali is given in Figure 3.2.

Figure 3.2: Sedimentation rate of the Mongla-Ghasiakhali route from 2010 to 2014 (Center for Environmental and Geographic
Information Services, 2014).

The sedimentation in the waterway is causing severe bed level changes over the whole waterway length.
To maintain a navigable depth in the waterway, an average volume of 2.2 Mm3 is currently dredged
per year (Delta Context & Witteveen+Bos, 2024). The highest annual bed level change occurs near
Rampal at the tidal meeting zone, but there is also a large change near other bends as the velocity will
have decreased here.

3.4. Navigation
3.4.1. Navigation route
The Mongla-Ghasiakhali canal is part of the Indo-Bangladesh protocol route that connects two parts
of India through inland waterway navigation. Both India and Bangladesh can experience benefits from
the inland navigation route as it enhances the travelling and trading possibilities that are also often less
expensive than other transportation methods. The inland navigation route can be seen in Figure 3.3.

When the Mongla-Ghasiakhali waterway would not be functional, the other option of water navigation is
to travel south from Mongla. However, in this area the Sundarbans start which is a protected mangrove
forest in the river delta of the Ganges. Travelling through the Sundarbans poses an enormous risk on
the ecosystem of the forest (Center for Environmental and Geographic Information Services, 2014).
Next to this, it would lead to a length increase of the route of 60 km.

3.4.2. Water vessels
Based on the observed vessels of the inland waterway transport (IWT) fleet, the spread of the vessels
passing through the system is determined. After consideration of the inland waterway classification
system of the European Conference of Ministers of Transport, three design vessels are identified. The
lengths and widths of the design vessels are shown in Table 3.1. The first design vessel has a length
of 20 m and a width of 5 m. The second design vessel has a length of 50 m and a width of 11 m, and
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Figure 3.3: Indo-Bangladesh protocol route (Menon, 2023).

the third has a length of 75 m and a width of 12 m. On top of this, smaller vessels need to be taken into
account when assessing the lock operations.

Table 3.1: Design vessels IWT fleet in Mongla-Ghasiakhali waterway.

Design vessel Length [m] Width [m]

Small 20 5

Medium 50 11

Large 75 12

3.4.3. Frequency
In the Mongla-Ghasiakhali route, there is only daylight navigation as there are no aids of navigation to
make night navigation possible. The average speed of the vessels is 9 km/h, resulting in an average
passage time through the canal of 3.5 hrs.

With the current conditions, the route is only navigable during high water as the water levels during low
water do not result in a large enough navigation depth. The vessels have to wait each morning before
entering the canal until the required water level is reached. Together with the information stated above
and a Google Earth search, it can be concluded that 95 vessels passing the canal on a daily basis is a
good estimate for the IWT frequency.



4
Conceptual lock design

To deal with the sedimentation, a conceptual lock design has been made, introducing a lock at Mongla
and at Ghasiakhali (Delta Context & Witteveen+Bos, 2024). The goal of the lock design is to stop the
sediment from entering the Mongla-Ghasiakhali waterway and to take away the tidal influences on the
canal. Major benefits that would be extracted by the design is that a certain minimum water level can
be sustained in the canal such that navigation is possible at any time and that the required dredging
volume would be decreased significantly.

This chapter goes into the conceptual lock design. It provides a general analysis of the design and
presents an overview of the new tidal conditions, sedimentation properties and navigation options when
the design would be constructed.

4.1. General
The proposed design consists of a lock at the western end of the Mongla Nula and a lock at the eastern
end of the MG-canal. Both locks are chosen to be on the southern side of the larger sluice construction.

The navigation lock consists of an approach structure, lock gates, lock heads and a lock chamber and
several smaller details such as the construction of a sill. The dimensions of the lock are determined by
the water levels, soil conditions and navigation characteristics. In the conceptual design, it is chosen
to incorporate a double set of mitre gates at each side of the chamber. The filling and emptying system
that is used in the design is openings in the gates. In Figure 4.1, a sketch is shown of how the chamber
and double set of mitre gates would look like in a lock.

Figure 4.1: Top view of a lock with double mitre gates.

The design of the lock has to withstand the hydraulic loads and the mooring loads. Hydraulic loading
conditions differ with the tidal range. The lock will be under critical hydraulic conditions, when the water
level difference between the lock chamber and river or channel is the largest. Because the lock first has
a long approach structure, it is assumed that the wave forces from the river influencing the chamber,
can be neglected. Some boats will need to moor inside the lock chamber when the chamber is levelled,
in order to maintain their balance. The loads that come with this need to be held by the chamber walls.

10
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4.2. Tidal conditions
The lock is only opened when vessels need to pass the construction in order to maintain the water level
inside the channel and minimise the sediment in it. This means that there will not be a tidal influence
on the water between the two locks. However, the tide does strongly influence the design requirements
of the lock as it will still be present in the adjacent Pashur river and the Pangunchi and Dharatana river.
Because of the tidal movements, the lock can have high water levels from both sides. During high tide,
the water level outside the channel is higher and during low tide, the water level inside the channel will
be higher.

For this study, certain boundaries are used to describe the water levels. Theminimum operational water
level at Mongla is set to−3.0mMSL and the largest operational water level is set to+2.0mMSL (Delta
Context & Witteveen+Bos, 2024). The bottom level of the lock is determined by the minimum operation
water level on the outside of the lock, the draught of the design ship (4.2 m) and the sill depth (0.7 m).
The bottom level is then determined to be −7.9 mMSL. The maximum operational head difference of
the lock is 5 m.

At Ghasiakhali, the minimum operational water level is set to −2.0 mMSL and the largest operational
water level is set to +2.0 mMSL (Delta Context & Witteveen+Bos, 2024). The draught of the design
ship and sill level remain the same for both lock locations. The lock bottom level then results in a value
of −6.9 mMSL. The maximum operational head difference at Ghasiakhali is 4 m. The maximum and
minimum water levels at the locks are shown in Figure 4.2.

Figure 4.2: Side view of the maximum and minimum water levels in the locked Mongla-Ghasiakhali waterway.

4.3. Sedimentation
The sedimentation in between the two locks will decrease significantly due to the lock constructions
and can be assumed zero in the first design phase. In practice, the amount of sedimentation inside the
channel strongly depends on the frequency of opening of the lock gates. During every opening, it is
inevitable that some sediment enters. Some of this sediment will stay inside the lock construction, and
other sediment will be passed down to the river water between the locks. The sediment inside the lock
can cause issues for the operation of it, when the amount increases or concentrates at a problematic
area.

Another risk of constructing the locks, is that it may probably cause an increase in the sedimentation in
the Pashur, Pangunchi and Dharatana river. The most sedimentation in these rivers will concentrate
in front of the lock as the flow velocities become very low there. The expected bed level change near
the lock entrances after one year of the lock construction is shown in Figure 4.3 (Delta Context &
Witteveen+Bos, 2024).

4.4. Navigation
4.4.1. Dimensions
The feasibility study of Delta Context and Witteveen+Bos (2024) has concluded lock dimensions with a
length of 110 m, a width of 13 m and a depth of 4.2 m. With these dimensions, the lock chamber will be
able to accommodate two medium vessels or a combination of one large vessel and one or two small
ones. To increase the capacity of the waterway, the construction of additional navigation locks can be
taken into consideration in the future.
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Figure 4.3: Expected bed level change in the Mongla-Ghasiakhali route one year after construction of the two locks.

4.4.2. Operation
Three lock operation scenarios have been identified: a scenario with one way traffic, a scenario with
two way traffic and finally a fully operational scenario. The choice of the operational scenario depends
on the actual vessel sizes and frequency after the construction of the lock. Two way traffic is more time
efficient, but also requires more aids of navigation. The capacity of the lock with regards to the different
operating scenarios can be seen in Table 4.1.

Table 4.1: Lock capacity for different operating schemes.

Scenario Lock operat-
ing (out of 24
hours)

Lock cycle
[min]

Vessels per
cycle

Vessels per
day

Vessels per
year

One way traffic 9 45 2 24 8,800

Two way traffic 12 60 4 48 17,500

Fully operational 24 60 4 96 35,000

With regards to the sedimentation, there is a balance to be found to determine which operation scenario
would be preferable. More lock cycles will cause a higher sediment concentration to appear in the
chamber and channel. However, this does not necessarily lead to a higher sediment layer thickness.
A higher amount of lock cycles also means more sediment is able to pass through the system without
being able to settle due to the presence of a long resting period.



5
Methodology

Now that the area and conceptual design are known, this chapter will give insight into the methodology
to design the lock chamber in such a way that it can deal with high suspended sediment concentrations
and large amounts of sedimentation. The first step that needs to be taken in order to make a proper
design, is defining how much sedimentation will occur and where it will concentrate. After this, different
design options are presented and their responses to sedimentation are analysed. The subquestions
that need to be answered using the methodology originate from the problem analysis in Chapter 2.

5.1. Sediment transport and sedimentation
1) How much sedimentation will occur in a lock chamber and channel, during an operational and tidal
cycle, and where will it concentrate?

To answer the first subquestion, the water and sediment exchange processes need to be analysed.
The water and sediment exchange system around a lock chamber is complex as there are multiple tur-
bulent water processes present. Furthermore, the scale in which the solution is needed is quite small
in comparison to solutions provided by existing hydrodynamic and morphological models. Some hydro-
dynamic and morphological models can simulate multiple water exchange causes simultaneously. The
models that were considered to be used were, among others, Delft3D and Flow-3D. None of the models
however, could meet the requirement of operating on a small scale while still simulating complex three-
dimensional flow patterns. Not being able to use an existing hydrodynamic and morphological model
means it is recommended to look into the separation of the turbulent water processes and possibly
making a choice of neglecting the processes with considerably small influences.

Sediment is transported whenwater volumes are exchanged. The water exchange processes occurring
in a lock chamber which is open, resemble the ones which would occur in a harbour. Therefore, a
literature study on harbour siltation is done to determine the most critical water exchange processes
with regards to sedimentation.

When the most important sediment transport and sedimentation processes around a lock chamber are
identified, a sediment balance can be set up. The schematized box method assumes a rectangular
box with one opening to a waterway, as a harbour. The situation has a good resemblance to the lock
chamber situation. With the formulas from the schematized box method, the sediment volume and
sediment layer thickness that are in the lock after a certain period of time can be calculated.

One operational cycle of a lock can be schematized into different phases. For each phase, a new
sediment balance equation needs to be set up, using the schematized box method. One phase can be
divided into multiple smaller time steps. The second phase begins with the same water and sediment
conditions as the last step of the phase before. When using small time steps, the calculation can
become very long. Therefore, the program Python is used to structure the repetition of the calculations.
After one operational cycle is simulated, the steps can be repeated to simulate one tidal cycle. The
simulation of a tidal cycle strongly depends on how frequent the lock operates, which in turn depends
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on the vessel movements near the channel. The calculations can be done by assuming the most critical
conditions. The simulations can be repeated to also represent one month. These results can in turn
be extrapolated to come to the values for one year of operation.

After the simulations are completed, the sediment concentrations and sediment layer thicknesses inside
the lock chamber and the channel are visualized in multiple graphs.

5.2. Design considerations
There are two types of designs that can be optimised regarding a specific lock situation: the structural
design and the design of the lock maintenance. In order to discuss the design options, a list of the
functional requirements for the structural and maintenance design, regarding a lock that faces high
sediment transportation, is first set up. After this, the different design options can be presented per
subcategory and they can be assessed using the list of functional requirements.

2) How can sedimentation be reduced through improvement of lock design and operation?

The main features of the structural design that are analysed are the approach structure, the lock gates,
the lock chamber and the filling and emptying system. The lock gates are assessed based on some
standard lock gate requirements, but also specifically on their sediment characteristics. It is important
here to analyse the sediment streams around a lock gate when it is opening and closing. Eventually, the
best lock gate type and filling and emptying system for the case study is determined through the assess-
ment based on all of the functional requirements. The analysis also considers smaller modifications to
the lock’s structural design and their potential impact on reducing sedimentation. Additionally, the study
examines how optimising lock operation, such as adjustments in opening and closing procedures, can
help minimise sediment build-up and improve overall efficiency.

3) How frequent is maintenance required in a lock dealing with high sediment concentrations and what
steps can be taken to optimise the maintenance process?

The maintenance design of the system will focus on the maintenance dredging, as reducing this was
a large part of the goal of the lock design. The initial dredging volume will be compared to the new
estimated dredging volume and a conclusion can be drawn about the possible improvements and de-
teriorations. A clear distinction should be made in the dredging in the lock chamber and in the channel.
After the simulations have been done, the maintenance chapter should be able to give a first indica-
tion on how frequently maintenance would be necessary in both the chamber and channel. Next to the
maintenance dredging, other maintenance works will also shortly be discussed and possible alternative
routes for during the maintenance are determined.



6
Water exchange processes

Factors that can influence the sediment transport and sedimentation in and near a lock chamber are the
filling and emptying system, the gate movements, boat movements and the density currents. The water
exchange mechanisms fueling the sediment movements are similar to the water exchange movements
in harbour basins. The processes that have the largest effects on sedimentation in harbour basins are
the filling and emptying during a tide, the horizontal eddy circulation at the entrance generated by the
difference in flow direction and the vertical density currents due to water density differences (Eysink,
1989; Langendoen, 1992; van Rijn, 2016; Weber-Shirk et al., n.d.). Previous reports on harbours have
paid little attention to the influence of boat movements as other effects were larger. However, it is
expected that these boat movements can have a much larger effect in lock chambers than in harbours.
This is due to the smaller ratio of the water volume that can be flushed by a boat and the total water
volume in which the boat can move. The horizontal eddy circulation at the harbour entrance is excluded
in the quantitative analysis, because a proper designed lock entrance will already have reduced the
effect at the front so that it will not have a direct effect at the entrance of the lock chamber. The water
exchange movements induced by gate operations were not mentioned in harbour siltation studies as
these studies did not go into harbours which were closed by sluices and locks. The choice of the gate
system can have a large influence on how sediment responds to gates that are moving. Therefore, it
is chosen to only include this process in a qualitative way in the later stage of design considerations.

6.1. Operational phases
The operational cycle of a lock can be separated into different operational phases, each of which has
its own water exchange process. Before going into the specifics of each water exchange process, an
overview of the phases in which they occur will be given in this paragraph. There are two different
operational cycle schemes that need to be discussed. The first scenario happens when the first boat
wants to move from the high, sediment containing, water side on the left of the lock chamber to the low
water side on the right. The second scenario occurs when a boat first wants to move from the low water
side on the right of the chamber towards the high, sediment containing, water on the left. The most
critical conditions for each scenario will now be discussed and their operational schemes are explained.

6.1.1. Scenario 1
The first scenario is the most critical when looking at the sedimentation potential, when the water inside
the chamber starts at the low water level. This is because the chamber first needs to be filled with water
with suspended sediment in it. The operational scheme in this scenario consists of ten phases. Figure
6.1 gives an overview of the phases. The last step is there to indicate at which step the next operational
cycle starts.

The first phase of the operational cycle in this case is the filling of the lock chamber from the left side.
After the water level inside the chamber matches the high water level on the left side, the gates on
the left are opened, and the second phase begins. In phase 2, 5 and 9, the gates are open so that
boats can travel through the lock head. However, because two water bodies with different densities are
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Figure 6.1: Operational phases scenario 1, where the first vessel moves from high to low water.

now in connection with each other, density currents will first be induced. Boats will generally wait on
the decrease of the turbulence due to these density currents, before moving in or out of the chamber.
Therefore, it can be assumed that the water exchange processes occur non-simultaneously. In phase
3, the first boat travels from the left, high water, side into the lock chamber. In the fourth phase, boat
1 is in the lock chamber, the gates are closed again and the chamber is partially emptied to level the
water inside with the water on the right, low water, side of the system. When the water is levelled, the
gates on the right side are opened. In the phase 5, the water bodies are exposed to density currents. In
the sixth phase, boat 1 leaves the lock on the right side. The seventh phase is the start of the passage
of boat 2. Here, boat 2 travels from right to left into the lock chamber. After this, the gates are closed
again on both sides in phase 8. The chamber is then filled with water from the left side to increase
its level. When the high water levels are equal or nearly equal, the gates on the left side are opened
in phase 9. In this phase, the density currents cause a water exchange process. In phase 10, boat
2 leaves the chamber to the left, causing another type of water exchange process. As it is assumed
that the operation is continuous during the operating hours of the lock, the operating cycle will directly
be repeated. However, the first two phases of the cycle can now be skipped, because the water level
inside the chamber is already high and density currents have already occurred. This means the cycle
is repeated, beginning with phase 3.

6.1.2. Scenario 2
The second option for the operational scheme, is that a boat wants to move from low water on the right
of the lock chamber to high, sediment containing, water on the left. An overview of the second option is
shown in Figure 6.2. Before the first operational cycle of the lock, it is assumed that the water inside the
chamber and inside the channel (low water side) is fresh and does not contain suspended sediment.
In case of the operational cycle in scenario 1, it was more critical to let the cycle begin with the filling of
the chamber. In the second scenario, boat 1 is coming from the low water channel. As it is assumed



6.2. Filling and emptying 17

that the water bodies of the chamber and channel have the same characteristics at the beginning, it is
not more or less critical to start with a high or low water level inside the chamber when a boat comes
from the channel. Therefore, the shortest scheme is chosen, beginning with a low water level in the
lock chamber. In that case, there are eight operational phases. The last step in Figure 6.2 is, once
again, to indicate with which step the next cycle begins.

Figure 6.2: Operational phases scenario 2, where the first vessel moves from low to high water.

In the first phase, the water level in the chamber is low and the gates on the right side are already
opened. There are no density currents as the characteristics of the water bodies on both sides are
equal. Boat 1 moves from the right side into the chamber in the first phase. When the boat in the
chamber and the gates on both sides are closed, the second phase occurs. In this phase, the chamber
is filled until the water level is equal or almost equal to the water level on the left, high water, side. In
phase 3, the gates on the left are open and density currents occur between the left high water side and
the water in the lock chamber. When these density currents are in equilibrium, boat 1 travels out of the
lock to the left in phase 4. In phase 5, boat 2 is introduced and will travel into the chamber from left
to right. Water travels in the opposite direction. In the sixth phase, boat 2 is inside the chamber and
the gates on both sides are closed. The water in the chamber is levelled by discharging some of it to
the right, low water, side. When the water levels of the chamber and the channel are about equal, the
gates on the right side are opened and phase 7 begins. The water exchange process in phase 7 is
induced by the density currents. In the eighth phase, water is moved due to boat 2 travelling from the
lock towards the right, low water, side. One operational cycle is now complete and the cycle can be
repeated. A second operational cycle will begin with phase 1 again, allowing a boat to pass from the
low water side into the lock chamber.

6.2. Filling and emptying
The water exchange volume due to the filling and emptying system of a lock is strongly dependent on
the type of filling and emptying system that is introduced. The filling and emptying systems that can be
used are openings in gates, flow through culverts and partially opening the main gate itself. The filling
and emptying through the partial opening of the main gate is often used for locks with a large head
difference to speed up the processes (Glerum & Vrijburcht, 2000). The disadvantages of the method is
that it is not suitable for mitre, pivot or rolling gates and that the flow needs refraction bars. Refraction
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bars can be implemented right after the opening to reduce the flow velocity of the water coming in or
out of the chamber when it would be filled or emptied. However, it is hard to minimise this effect when
there is a larger head difference. The unfavourable flow patterns that can otherwise be induced, can
cause negative effects on the sediment distribution and boat stabilities.

The filling and emptying by flow through culverts is normally used for medium to large lock heads
(Chen, 2015). The culverts can provide a good distribution of flow in- and outlet through the side walls
or bottom floor. The locking process can therefore be faster than the locking through openings in gates
and boats are usually hindered less during the process (Daniel & Paulus, 2019). However, a great
disadvantage of culverts outside lock chambers is its proneness to sediment deposits in them and to
debris accumulation at their intakes.

Gate openings are normally used for water heads up to about 6 m (Glerum & Vrijburcht, 2000). This
option is the least expensive and often the most favourable with regards to its maintenance aspects.
The risks for vessels are somewhat higher for gate openings than for culverts as there is less space
for a balanced distribution of the flow (Daniel & Paulus, 2019). In the case study, a large advantage of
the gate opening system would be that they generally encounter no problems with sediment deposits
in normal conditions and little problems with debris.

With themaximum head difference in the case study of 5m, gate openings are often chosen for the filling
and emptying. This is also the most favourable option regarding sedimentation. In the next phases,
the calculations are based on the use of gate openings. The maximum required time of filling and
emptying was set to 15 min and the therefore needed area of the gate openings at Mongla is 2.0 m2.
The maximum velocity through the gate openings can be determined by using the head difference.
Subsequently, the discharge through the openings can be calculated with the maximum velocity, area
of the openings and the discharge coefficient. The formulas for the calculations are stated as Equations
6.1 and 6.2.

vFE =
√
2g∆h (6.1)

vFE Filling and emptying velocity m/s
g Gravitational acceleration m/s2

∆ Difference −
h Height of water column m

QFE = aCvFE (6.2)

QFE Filling and emptying discharge m3/s
a Area gate openings m2

C Discharge coefficient −

6.3. Density currents
When water with two different densities are brought in contact with each other, vertical circulation cur-
rents are generated due to these density differences (Eysink, 1989). The density of a water body
depends on its temperature, suspended sediment concentration and salinity. In this case, there is no
variation in temperature included, so it is assumed that the density currents are only induced by salinity
and suspended sediment concentration differences. When two water bodies with different densities
come into contact, the water with a higher density, being heavier, will flow under the water body with a
lower density. This interaction generates density currents. Figure 6.3 gives a sketch of how the water
exchange volumes due to density differences would look when the high density water is on the left and
low density water is on the right.
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Figure 6.3: Density currents with high density water on the left and low density water on the right (Langendoen, 1992).

The volume of the water exchanged is dependent on the densities of the water bodies, the water depth,
the width of the water bodies and the vertical exchange coefficient. The vertical exchange volume on
one side can be expressed with Equation 6.3, which is derived by Eysink (1989).

Vvert = 0.5f3bh(
∆ρw
ρw,out

gh)
0.5

dt (6.3)

Vvert Water exchange volume density currents m3

f3 Vertical exchange coefficient −
b Width of chamber m
h Height of water column m
∆ Difference −
ρw Water density kg/m3

g Gravitational acceleration m/s2

dt Time step s

As the lock chamber is a relatively short structure, the currents will be reflected back in a short time
period. It is assumed that there exists a density equilibrium when the density current in fully reflected
back. The time at which the equilibrium starts is thus depending on the speed of the density current.
The speed of the density current can be determined using Equation 6.3, but without multiplying the
number with time step dt. A sketch of the return current and layered equilibrium is given in Figure 6.4.

Figure 6.4: Density return current and equilibrium with high density water below and low density water on top.

The time required to reach the density equilibrium can be determined using Equation 6.4. Here, the
time is calculated by dividing the total distance the current has to travel by the velocity of the current.

te =
2L

vvert
(6.4)

te Time to density equilibrium s
L Length of chamber m
vvert Velocity density currents m/s
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6.3.1. Salinity induced currents
Salt water has a larger density than fresh water and is therefore heavier and will move under the fresh
water when they are made into contact. At the start of the calculation, the density of the water outside
the locked system is set to 1025 kg/m3 which is often used as a number for the density of sea water.
The density of the water inside the lock is first set to 1000 kg/m3. In Figure 6.3, the salt sea water would
be on the left and the fresh water on the right.

6.3.2. Sediment induced currents
Water bodies with high suspended sediment concentrations have a larger density than water bodies
without suspended sediment in it. The equation used to calculate the density of a suspension is stated
below as Equation 6.5. The density of the suspension is depending on the density of the water without
suspended particles, the sediment concentration and the density of the suspended particles. The
density of the suspended particles is in this case set to 1600 kg/m3.

ρw,susp. = ρw(1−
c

ρd
) + c (6.5)

ρw Water density kg/m3

c Suspended sediment concentration kg/m3

ρd Sediment density kg/m3

The density currents induced by the suspended sediment concentrations move in a similar manner
as the salinity induced currents. When looking at Figure 6.3, the water on the left would have a high
suspended sediment concentration and the water on the right a low one.

6.4. Boat movements
After the equilibrium in density currents is reached, it is safe for boats to travel to or from the lock
chamber. Large and heavy boats can also occupy a large volume underwater. As the water levels
near the boat stay equal, boats are transporting water while moving, to account for the volume they
occupy underwater. This is called the flushing property of a vessel. The largest design vessel was
now assumed to have a length of 75 m, a width of 12 m and a draught of 4.2 m. This corresponds to a
total underwater volume of 3, 780 m3. As the width of the lock is not much larger than the width of the
design vessel, it is assumed that the maximum speed of the design vessel when coming into or going
out of the lock chamber is 3 km/h. The speed with which the water is moved by the design vessel is
calculated with Equation 6.6. The discharge is then 42 m3/s.

Qboat = vboatbdd (6.6)

Qboat Boat movement discharge m/s
vboat Boat velocity m/s
bd Width of design vessel m
d Draught of design vessel m

After about 1.5min, a water exchange volume equal to the total underwater volume is reached. Figure
6.5 presents a sketch of the boat and water movements. When a boat is entering the chamber, wa-
ter from the chamber is transported outwards. In the case of a boat travelling from the chamber to the
channel or an outside river, water from that channel or the river is transported into the chamber. The av-
erage velocity of water displacement can be calculated by dividing the discharge by the cross-sectional
area of the water body, accounting for the reduction caused by the boat’s draught.
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Figure 6.5: Water exchange volume due to boat movements.

6.5. Conclusion
The operational cycle of a lock is divided into phases, each characterised by distinct water exchange
processes. These processes include filling and emptying, density currents, and boat movements. Two
operational scenarios are considered, differing in the sequence of phases.

The water exchange volume during filling and emptying is calculated based on the use of gate openings.
The velocity of the water flowing through the openings depends on the head difference. Density currents
arise from differences in salinity and suspended sediment concentration, with higher density water
flowing under lower density water. The water exchange volume resulting from density currents depends
on the estimated vertical exchange coefficient. Boat movements also contribute to water exchange, as
vessels entering or leaving the chamber transport water outward or inward, respectively. The analysis
models one large design vessel travelling at a speed of 3 km/h.

The study assumes complete mixing of water in both the chamber and the channel. This means that
the suspended sediment concentration and salinity are distributed evenly across the entire chamber
as well as the channel.



7
Deposition and erosion

Before the water exchange processes can be simulated, a closer look into the vertical movement of sus-
pended sediment and sediment bed particles is needed. This is done by looking at the sedimentation
rate of a suspension above a certain bed. Sedimentation can be defined as the net bed level change.
The rate of net bed level change is calculated by subtracting the erosion rate from the deposition rate,
as can be seen in Equation 7.1 (Winterwerp et al., 2021).

S = D − E (7.1)

S Sedimentation rate kg/m2/s
D Deposition rate kg/m2/s
E Erosion rate kg/m2/s

7.1. Deposition
In this report, the schematized box method is used to model the water and sediment movements at
the lock chamber entrances (van Rijn, 2005). The method focuses on the time-dependent behaviour
of suspended sediment concentration in a basin. The basin is modelled as a box, which should be
very similar to a lock chamber. The main outputs of the model are the sedimentation volume and
thickness inside the basin. These can be expressed using Equations 7.2 and 7.3. In Equation 7.2,
the sediment volume is computed by multiplying the water body area inside the so called ’box’, with
the effective settling velocity of the suspension divided by the sediment density, and the sum of the
suspended sediment concentration at a certain time multiplied by a time step. With the water body
area, the horizontal surface of the water is meant. For a lock chamber, this area would be the width of
the lock multiplied by the length of the lock. The settling velocity of the suspension determines how fast
sediments want so settle down. Because the definition of the settling velocity is somewhat complex,
this is further described in Paragraph 7.1.1. The sediment density is assumed to be 1600 kg/m3. The
suspended sediment concentration for each time step can be determined by using the ratios of different
water volumes and their according concentrations. The water volume ratios follow from the water
exchange processes analysis.

Vs = A
ws,eff

ρd
Σ(c∆t) (7.2)

When the volume of the sediment that will settle is known, the sediment layer thickness can be calcu-
lated using Equation 7.3. Here, the sediment volume is divided by the area of the water body. The
outcome is then in meters.

22
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Vs Sedimentation volume kg/m3

A Area water body m2

ws,eff Effective settling velocity m/s
ρd Sediment density kg/m3

Σ Sum −
c Concentration kg/m3

t Time s

δs =
Vs

A
(7.3)

δs Sediment layer thickness m

7.1.1. Settling velocity
Before the situations are elaborated, it is important to zoom in on the settling velocity used in Equation
7.2. For the first calculation stage, a constant settling velocity is assumed, but in reality this is depending
on sediment characteristics like the floc diameter and the concentration of the suspended sediment. In
a later stage of calculations, the suspended sediment concentration over a tidal cycle is incorporated.
In this stage, an estimation of the according settling velocities is also used, as this might be of important
influence. In Bangladesh, there are very high concentrations of fine sediment in the water coming inland
from the tide. The goal of the sluice system is to minimise the concentrations between the locks.

The type of settling of the suspended particles depends on the concentration of the water body. Until
a suspended sediment concentration of about 2.8 kg/m3, the settling is unhindered and is primarily de-
pending on the floc diameter (Winterwerp & van Kesteren, 2004). The settling velocity of the sediment
in the water body can then be treated as the settling velocity of individual mud flocs in still water. Figure
7.1 presents a graph with data and model outputs on the settling velocity of individual mud flocs in still
water for different floc diameters. In reality, the mud flocs will not be in still water. However, this can
be a good first estimate of the upper boundary of the settled sediment. As mentioned in Chapter 3,
the median sediment grain size in Mongla is 46 µm and near Ghasiakhali this is 52 µm. These values
correspond to a settling velocity of individual mud flocs of 0.17mm/s and 0.19mm/s respectively (using
a fractal dimension of mud flocs, nf , of 2.0).

Figure 7.1: Settling velocity of individual mud flocs in still water and floc size (Winterwerp & van Kesteren, 2004).

From about 2.8 kg/m3 to 100 kg/m3, there is hindered settling where the velocity is primarily depending
on the sediment concentration. Hindered settling is the process where the concentrations are high and
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the flocs start to hinder each other in their settling, reducing the settling velocity. In Figure 7.2, a graph
is shown with data and model outputs on the settling velocity in the hindered settling regime for different
sediment concentrations.

Figure 7.2: Settling velocity in hindered settling regime and sediment concentrations (Winterwerp & van Kesteren, 2004).

Figure 7.2 shows that the gelling concentration influences the settling velocity greatly. The gelling con-
centration is the sediment concentration at the transition from a water-supporting system to a sediment-
supporting system (Kämpf & Myrow, 2014). According to Camenen and van Bang (2011), the esti-
mation of the gelling concentration in case of cohesive sediments is fundamental in determining the
sedimentation. However, the article also shows the difficulty of the determination of the variable. In the
hindered settling regime, a low gelling concentration computes a lower settling velocity and represents
a more critical condition for the sedimentation between the two locks. A higher gelling concentration
with a higher settling velocity gives a more critical condition for the area inside the lock chamber as
more sedimentation would occur here.

7.2. Erosion
The deposition is an upper limit for the calculation of the sedimentation. In reality, sediment may re-
suspend due to erosion. There has been a lot of research regarding the erosion processes of a bed
(Mitchener & Torfs, 1996; van Rijn, 2020; Winterwerp et al., 2021). Still, it is often stated that the erosion
of a certain natural bed remains hard to predict. Erosion and the resuspension of sediment particles
in the bed are depending on the bed characteristics and certain erosion event properties which can
enhance local flow velocities. The sediment that has eroded can either stay in the suspension or settle
again in a further spot.

In the Mongla-Ghasiakhali waterway in Bangladesh, there is a natural bed of cohesive sediment with
a bed composition of about 90% clay and silt and 10% sand. Properties of a cohesive bed that are
important for predicting erosion, are themixture contents of the bed, the history, themineral composition,
the organic content, and the pore water composition (Mitchener & Torfs, 1996; Winterwerp et al., 2021).
To test a suspended sediment dynamics approach, a sufficiently long time series is required (Tognin
et al., 2024). Specific events can enhance erosion processes, when they increase the near-bed flow
velocity. The events occurring in a lock chamber which is under operation, that can increase this near-
bed flow velocity are listed in Table 7.1.

The filling and emptying of a lock chamber happens through the lower part of the gates. During the
filling of the chamber, the velocities induced by the process, can erode the settled sediment at the
bottom, when these are high enough. The sediment can then be transported further away from the
gate through which the filling is happening. When the chamber is emptied, the process can cause the
same effect near the entrances of the lock chamber on the western or eastern side of it. A large amount
of settled sediment in front of the lock gates, is able to obstruct the gates from opening. However, when
the gates do open, they are able to push a possible sediment layer away and cause resuspension of a
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Table 7.1: List of events that can enhance erosion processes.

Number Erosion event

1 Filling/emptying process
2 Opening and closing of the lock gates
3 Density currents
4 Boat induced turbulence

part of it. During the movements of density currents, a high density water volume travels in the lower
part of a water column, thus inducing a flow velocity near the bed that can in turn stir up an erosion
process. At last, boat activity can cause an increase in turbulent water movements which can lead to
more erosion. Verney et al. (2007) has shown that an erosion event can clearly be correlated with a
boat passage. In the study of Safak et al. (2021), an increase in sediment transport due to boat traffic
of 12% was found.

Whether erosion will really occur, depends on the actual bed-shear stress and the critical erosion bed-
shear stress. Paragraph 7.2.1 presents several approaches to estimate the critical erosion bed-shear
stress. In Paragraph 7.2.2, themethod on how to calculate the applied bottom shear stress is presented.
Equation 7.4 describes that erosion occurs if the applied bottom shear stress exceeds the critical shear
stress for erosion.

τb > τce (7.4)

τb Applied bottom shear stress N/m2

τce Critical shear stress for erosion N/m2

Mitchener and Torfs (1996) have presented a relation to describe the erosion rate, shown in Equation
7.5. It is also found that a mean value for the erosion constant (me) with 10−50% sand, is 0.0002 kg/N/s.
The erosion constant found for a 0% sand bed varies from 0.0004 to 0.0006 kg/N/s. The sand content
of the bed material in the Mongla-Ghasiakhali waterway is about 10%. This is on the lower side of the
10−50% range. For the first calculations, it is assumed that the erosion constant has an average value
of 0.0003 kg/N/s.

E =
dm

dt
= me(τb − τce) (7.5)

dm
dt Erosion rate kg/m2/s
me Erosion constant kg/N/s

The volume of the erosion can be determined by multiplying the erosion rate with the time step and
area, and dividing this by the density of the bed material. The calculation step is shown in Equation
7.6. After this, the layer depth for where erosion occurs can be calculated in the same manner as in
Equation 7.3.

Ve = Ae
E

ρd
Σ∆t (7.6)
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Ve Erosion volume kg/m3

Ae Erosion area m2

7.2.1. Critical bed-shear stress
Mitchener and Torfs (1996) have presented an approach to approximate the critical shear stress for
erosion depending on the bulk density of an undisturbed sediment bed. Figure 7.3 presents the relation
they found. The specific dry bulk density of the bed in Bangladesh is not known. Because the bed
mainly consists of silt material, a bulk density of 1300 kg/m3 is assumed here (Dong et al., 2013). The
bulk density gives a critical shear stress for erosion of about 1 N/m2 using the graph.

Figure 7.3: Critical bed-shear stress for erosion against the bulk density of a natural undisturbed sediment bed (Mitchener &
Torfs, 1996).

The material properties of the bed used in the experiments of Jacobs (2011) are similar to the ones in
the Mongla-Ghasiakhali case. The materials are dense and have a high silt percentage and a medium
clay content. In the study of Jacobs (2011), a critical bed-shear stress for erosion of 1N/m2 was found.

According to van Rijn (2020), the critical bed-shear stress for mass and surface erosion of a mud-sand
mixtures is depending on its dry bulk density and percentage of fines. The study has shown that with
a percentage of fine bed material of 90%, a critical bed-shear stress of about 2 N/m2 is found.

Recently, a new study has been conducted in which different bed samples with mud-sand mixtures
have been taken and tested in a laboratory to determine its critical bed-shear stress (van Rijn et al.,
2024). In the tests that were done, the bed samples are placed at the bottom of a scaled model and the
current velocity is increased gradually until erosion could be observed. One group of bed samples they
used, came from a site in the Bay of Bengal in Bangladesh. The samples from the Bay of Bengal in
Bangladesh that were tested had a clay and silt content of 94%, a sand content of 6% and a dry density
of 1260 kg/m3. The contents of the bed in the Mongla-Ghasiakhali waterway were about 90% clay and
silt and 10% sand. Thus, these contents are very similar to the ones of the Bay of Bengal samples in
the study. The critical bed-shear stress for erosion for the bed that is studied in van Rijn et al. (2024),
has been determined to be 1.5 N/m2.

The approximated values for the critical bed-shear stress for a bed with similar properties as the bed
in the Mongla-Ghasiakhali waterway are 1 to 2 N/m2. As the latest study, van Rijn et al. (2024), has
determined the critical bed-shear stress of bed samples in the same region as the case study of this
report, it is assumed that this critical stress value will be most similar to the actual critical stress value for
the erosion of the bed in the case study. On top of this, the value of 1.5N/m2 is also an average number
in the earlier mentioned range that includes other studies. In the next phases, the critical bed-shear
stress for erosion, τce, is therefore set to the value of 1.5 N/m2.

7.2.2. Applied bottom shear stress
In the study of van Rijn (1993), a formula for the applied time-averaged bed-shear stress has been
derived. The formula is shown in Equation 7.7. The applied bottom shear stress that can be computed
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with this, is depending on the density of the water, the gravitational acceleration, the depth-averaged
velocity of the water and the Chézy coefficient.

τb = ρwg
u2

C2
h

(7.7)

ρw Water density kg/m3

g Gravitational acceleration m/s2

u Depth-averaged velocity m/s
Ch Chézy coefficient m1/2/s

The basis of determining the depth-averaged velocity varies per water exchange process. The bed will
only erode when a certain water velocity is reached. It is very likely that such a critical velocity only
occurs near the heads of the navigation lock. For the erosion that can be induced by the filling and
emptying system, it is assumed that the bed will only erode until a distance of 30 m from the lock head.
For the density currents, erosion is assumed to occur over the full length of the chamber. When there
are only vessel movements causing erosion, it is assumed that they can erode the bed over a distance
of 50 m from the lock head.

A large uncertainty in defining the applied bottom shear stress can be caused by the uncertainty in the
Chézy coefficient. During the operation of a navigation lock, the water depth can have large variations,
including water depths that are considered to be shallow. Therefore, it is useful to use a Chézy value
which is depending on the water depth. The formula for the Chézy coefficient depending on the depth
that is often used in such cases is stated in Equation 7.8. The Chézy coefficient is then also depending
on the Manning coefficient. Under the conditions of the case study, the Manning coefficient is often
between 0.01 and 0.015 m1/3/s. There will be more erosion, when the applied bottom shear stress is
higher and thus when the Manning coefficient is higher. The sedimentation situation in the lock is most
critical when there is minimal erosion. Therefore, the value for the Manning coefficient that will be used
for now is 0.01 m1/3/s.

Ch =
1

n
h1/6 (7.8)

n Manning coefficient m1/3/s
h Height of water column m

7.3. Sedimentation
The largest sedimentation occurs when there is deposition and no erosion. This happens when the
water velocities are low. The water exchange processes can however induce high local flow velocities
around the navigation lock heads. Not taking into account the erosion due to these higher local floc
velocities, can lead to a design which is too conservative. In the later steps of this report, a distinction
will be made between results that have included erosion processes and results that have not.
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Sediment balance

The amount of sedimentation inside a lock chamber during an operating cycle is an important piece of
information that is required to define the possible sedimentation problems inside the chamber. There
are two different operation cycle scenarios identified in Chapter 6 with either ten or eight phases. The
operational phases of the scenarios are set up to present the most critical conditions. For this same rea-
son, the first calculations have been made using a maximum head difference and a maximum density
difference.

8.1. Operational scenario 1
8.1.1. Phase 1: Filling from sea to chamber
The first phase of scenario 1 for which a sediment balance was set up is when the lock is filled with
water from the sea side. Phase 1 occurs when boats are waiting on the sea side of the channel and
the water inside the lock chamber is low and has to be levelled to let the boats into the chamber. It is
estimated that the process can take up to 14 min. A schematization of the phase is given in Figure 8.1.

Figure 8.1: Sediment balance scheme for scenario 1, phase 1.

The formulas that were used in the calculation of the sediment processes during the first phase are
given below. The index ’i’ in the formulas refers to a certain time step. The calculations can be done
for one time step, and then repeated using a loop over ’i’ to compute the sedimentation over a longer
time period. The formulas of the model calculations are now further explained.

The first step is to set the water exchange volume for the time step due to filling (∆VF,i) equal to the
discharge through the gate openings from the previous time step (QF,i−1). This value is then multiplied
by the time step duration (dt). The water exchange volume due to density currents is neglected in this
situation, as the contact surface between the two water bodies with different densities is rather small
and the filling of the chamber already causes a force of water from left to right.

∆VF,i = QF,i−1dt (8.1)

Now that the water exchange volume is known, the new head difference between the river and lock
chamber (∆hi) can be calculated. This is done by taking the old head difference (∆hi−1) and subtract-
ing the height difference caused by the water exchange volume of that certain time step. The height
difference is equal to the water exchange volume (∆VF,i) divided by the horizontal surface area in the
lock (A). The formula is valid under the condition that the newly computed head difference remains
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positive. This is because the goal of the situation is to achieve water levelling. Once the water is
levelled, the gates will be closed, and the head difference is assumed to be zero.

∆hi = max(∆hi−1 −
∆VF,i

A
, 0) (8.2)

With the new head difference, a new flow velocity (vF,i) and discharge (QF,i) through the gate openings
can be determined using the equations below. The equations are based on Equations 6.1 and 6.2.

vF,i =
√
2g∆hi (8.3)

QF,i = aCvF,i (8.4)

Then, when the head difference is above zero, the total volume inside the lock chamber (Vin,i) is
updated with the water exchange volume. When the head difference is not above zero, the volume
inside the lock chamber remains the same. The value for the volume inside the chamber is needed for
the calculation of the concentration in the chamber.

Vin,i =

{
Vin,i−1 +∆VF,i, ∆hi > 0

Vin,i−1, ∆hi ≤ 0
(8.5)

The new water density and suspended sediment concentration of the water inside the chamber (ρin,i
and cin,i respectively) are calculated using volume ratios. The formulas consist of two similar parts that
are added up. The formula for the concentration has an extra part. The first similar part is the ratio of
the water that has come from the sea side into the lock chamber (∆VF,i

Vin,i
) multiplied by the density or

suspended sediment concentration of the outside water (ρout, cout). The second similar part consists
of the ratio of the water that was already in the lock chamber and remains there (Vin,i−∆VF,i

Vin,i
), multiplied

with the inside water density or suspended sediment concentration at the time step just before the
current time step (ρin,i−1, cin,i−1). The extra part in the formula for the concentration is the subtraction
of the sediment that is settling down at a time step. This reduces the suspended sediment concentration
in the water. The reduction is calculated by multiplying the change in sedimentation volume that has
already included erosion processes (∆Vse,i−1) with the sediment particle density (ρd) and dividing this
product by the water volume in the chamber (Vin,i).

ρin,i =
∆VF,i

Vin,i
ρout +

Vin,i −∆VF,i

Vin,i
ρin,i−1 (8.6)

cin,i =
∆VF,i

Vin,i
cout +

Vin,i −∆VF,i

Vin,i
cin,i−1 −

∆Vse,i−1ρd
Vin,i

(8.7)

The density of the water, assuming no suspended materials are present, is in every time step converted
to the density of the water with a certain suspended sediment concentration. This is done by using
Equation 6.5 from Chapter 6. How this equation is dependent on time step ’i’ is indicated below.

ρin,susp,i = ρin,i(1−
cin,i
ρd

) + cin,i (8.8)

After the suspended sediment concentration at a time step is known, the volume of the sediment that
will settle in that time step (Vsed,i) can be calculated. This calculation is done based on Equation 7.2.
After this, the accumulated sediment volume in the lock (ΣVsed,i) is updated by adding the new value.

Vsed,i = A
ws,eff

ρd
cin,idt (8.9)

ΣVsed,i = ΣVsed,i−1 + Vsed,i (8.10)
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The sediment layer thickness in the chamber (δsed,i) can be determined based on Equation 7.3 from
Chapter 7. The last step is to add the sediment layer thickness to the accumulated one (Σδsed,i). The
steps of the calculation are shown below.

δsed,i =
Vsed,i

A
(8.11)

Σδsed,i = Σδsed,i−1 + δsed,i (8.12)

The sedimentation volume and sediment layer thickness that have now been calculated, do not take
erosion into account yet. Because the case of no erosion gives the most critical sedimentation case for
inside the lock chamber and the erosion parameters are based on a few uncertain assumptions, it is im-
portant to also consider the case of no erosion. However, when the erosion is large, it is also important
to understand when and to what extent erosion could occur. That is why, in the next explanation and
formulas, the sedimentation volume and sediment layer thickness are computed when there is erosion
present.

The computation of the depth-averaged velocity in the chamber near the left gate during the filling
process (uF,i) is needed in order to determine the applied bottom shear stress in this area. This velocity
is estimated by dividing the discharge through the gate openings due to filling in the chamber (QF,i) by
the cross sectional area of the water body which it will immediately meet when entering this. The cross
sectional area of the water body consists of the width (W ) multiplied by the water level in the chamber
at that time (hin,i).

uF,i =
QF,i

Whin,i
(8.13)

After the depth-averaged velocity near the openings is known, the Chézy coefficient (Ch,i) and the
applied bottom shear stress near this area (τb,i) can be calculated based on Equations 7.8 and 7.7
respectively. The specifics of the equations are shown below.

Ch,i =
1

n
h
1/6
in,i (8.14)

τb,i = ρin,susp,ig
u2
F,i

C2
h,i

(8.15)

Now, the erosion rate in the area where the depth-averaged velocity is considered to be present. Ero-
sion only occurs when the applied bottom shear stress is larger than the critical bed-shear stress. When
this is the case, the erosion rate can be calculated using the earlier discussed Equation 7.5.

Ei =

{
me(τb,i − τce), τb,i > τce

0, τb,i ≤ τce
(8.16)

The volume of the sediment that is eroded in the area can be computed by using Equation 7.6 from
Chapter 7. This equation first takes the area in which erosion occurs (Ae) and then multiplies this with
the erosion rate, E, divided by the density of the suspended particles, ρd, and with the time step dt.

Ve,i = Ae
Ei

ρd
dt (8.17)

After the volume of eroded material is known, the total sedimentation volume including the consider-
ation of erosion (ΣVsed,e,i) can be calculated by taking the total sedimentation volume (ΣVsed,i) and
subtracting the erosion volume (Ve,i).

ΣVsed,e,i = ΣVsed,i − Ve,i (8.18)
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The last step in the calculation of the sedimentation for phase 1, is to calculate the sediment layer
thickness which includes erosion processes. It is assumed that erosion will only occur near the gate
openings. However, there are also other turbulent water streams which can lead to the redistribution
of the layer thickness of the bottom sediment. Next to this, sediment can slip into the eroded zone
when the layer thickness here is much lower than the non-eroded zone. Due to these effects, and for
simplicity, the average sediment layer thickness inside the lock chamber over its full horizontal area is
computed, this is referred to asΣδsed,e,i. The thickness is determined by dividing the total sedimentation
volume including the consideration of erosion (ΣVsed,e,i) by the whole horizontal area of the chamber
(A).

Σδsed,e,i =
ΣVsed,e,i

A
(8.19)

8.1.2. Phase 2: Density currents sea side
The second phase occurs when the gates of the chamber are opened on the sea side. The water levels
are equal, but there is a difference in density of the water bodies. The difference in density induces
density currents which also transport sediment. The time for the occurrence of the phase is set to 4min.
Figure 8.2 gives a schematic overview of the phase.

Figure 8.2: Sediment balance scheme for scenario 1, phase 2.

The formulas for the calculation of this sediment transport and according sediment thickness layer are
given below. The index ’i’ refers to a certain time step again. The steps will now be further explained.

The water exchange volume that is induced by the density currents (Vvert,i) is based on the earlier
mentioned Equation 6.3. One density current moves from left to right and the other one moves in
the opposite direction. There is no volume exchange due to boat movement taken into account yet,
because it is assumed that the vessels will wait until the density currents are in equilibrium before
moving into the chamber. The time to reach the density equilibrium is calculated using Equation 6.4.

Vvert,i = 0.5f3bh(
∆ρout,susp,i−1

ρout
gh)

0.5

dt (8.20)

The next step is calculating the new water density and suspended sediment concentration inside the
lock chamber. It is assumed that when the outside water density is larger than the inside water density,
there are indeed density currents. The inside density cannot surpass the outside water density due
to natural limitations. This boundary can be seen in the right part of Equation 8.21 and 8.22. When
the densities of the two water bodies become nearly the same, there are no density currents present.
In this case, the water density inside the chamber is set equal to the value of the water density inside
the chamber of one earlier time step. The water densities, in this case, are including the effect that
suspended sediment can have on the density. The calculation of the water density including this effect
is done in the same manner as for phase 1 (Equation 8.8). The suspended sediment concentration
when there are no density currents is equal to the concentration of one time step earlier minus the
reduction of the sediment that was first in the suspension and has settled in the last time step. This
reduction is calculated in the same manner as for Equation 8.7.

The water density and suspended sediment concentration in the chamber when there are density cur-
rents, can be calculated using volume ratios. The ratio of volume of the water coming from the sea side
into the lock with regards to the total volume inside (Vvert,i

Vin
) is multiplied by the water density or sus-

pended sediment concentration of the water body coming from the outside (ρout and cout respectively).
The second term in the equations, which is added up to this first part, is the volume ratio of the water
that was already and remains inside the chamber with respect to the total volume inside (Vin−Vvert,i

Vin
),

multiplied by the water density or suspended sediment concentration of the water in the chamber at
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one earlier time step (ρin,i−1, cin,i−1). In the equation for the suspended sediment concentration, a
reduction term to account for the settled sediment of one earlier time step needs to be included again.

ρin,i =

{
Vvert,i

Vin
ρout +

Vin−Vvert,i

Vin
ρin,i−1, ρout,susp,i > ρin,susp,i−1

ρin,i−1, ρout,susp,i ≤ ρin,susp,i−1

(8.21)

cin,i =

{
Vvert,i

Vin
cout +

Vin−Vvert,i

Vin
cin,i−1 − ∆Vse,i−1ρd

Vin,i
, ρout,susp,i > ρin,susp,i−1

cin,i−1 − ∆Vse,i−1ρd

Vin,i
, ρout,susp,i ≤ ρin,susp,i−1

(8.22)

Thewater density difference of the outside water body and thewater body inside the chamber (∆ρout,susp,i)
is needed for the computation of the water exchange volume. The difference is computed by taking
the water density outside (ρout,susp) and subtracting the water density inside (ρin,susp,i).

∆ρout,susp,i = ρout,susp − ρin,susp,i (8.23)

After this, the sedimentation without erosion can first be calculated using the same formulas as for
phase 1: Equations 8.9 to 8.12. For the calculation with erosion, the depth-averaged flow velocity near
the lock head due to the density currents, udens,i, is important. The flow velocity is assumed to only
occur in the specific erosion area (Ae). The depth-averaged velocity is then determined by dividing the
vertical exchange volume (Vvert,i) per time step (dt) by the width of the chamber (W ) and half of the
inside water depth at that time (hin,i).

udens,i =
Vvert,i/dt

0.5Whin,i
(8.24)

Once the depth-averaged flow velocity in the erosion area is known, the sedimentation volume and
sediment layer thickness including erosion processes can be calculated using the same equations as
for phase 1: Equations 8.14 to 8.19. Finally, the sediment volumes and sediment layer thicknesses are
obtained for when there is erosion, as well as the situation for when there is no erosion.

8.1.3. Phase 3: Boat from sea to chamber
In the third phase, a vessel moves from the sea side to the right, into the lock chamber. The process
is assumed to take up to 6 min. During the vessel movements, water is transported from the lock
chamber to the sea side. The density of the water inside the chamber is not affected by this.

Figure 8.3: Sediment balance scheme for scenario 1, phase 3.

The important change in conditions during this process is in the total volume of water present in the
chamber (Vin,i). There is a maximum water exchange volume which is equal to the underwater volume
of the design vessel (Vboat,max). Water will only be exchanged when this maximum volume is not yet
reached. Otherwise, the volume inside the chamber remains the same as the volume of one step
earlier (Vin,i−1). The water which is exchanged during a time step of 10 sec is referred to as ∆Vboat.
The total water volume which is exchanged during a certain time step is called Vboat,i. In the equations
below, the calculation of the water volume inside the chamber and the water exchange volume due to
boat movements is shown. The di in the equations is the number of the step for which the calculation
is done.

Vin,i =

{
Vin,i−1 −∆Vboat, ∆Vboatdi < Vboat,max

Vin,i−1, ∆Vboatdi ≥ Vboat,max

(8.25)
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Vboat,i =

{
∆Vboatdi, ∆Vboatdi < Vboat,max

Vboat,max, ∆Vboatdi ≥ Vboat,max

(8.26)

The suspended sediment concentration is only affected by the concentration of a time step earlier
(cin,i−1) and the reduction due to sediment that was initially in the suspension and has now settled.
This reduction is again calculated by taking the sedimentation volume including erosion of one earlier
time step (∆Vse,i−1), multiplying it with the sediment density (ρd) and dividing this by the water volume
in the chamber (Vin,i).

cin,i = cin,i−1 −
∆Vse,i−1ρd

Vin,i
(8.27)

After the concentration calculation, the steps in Equations 8.9 to 8.12 can be repeated to calculate the
sedimentation volume and sediment layer thickness in the chamber when there is no erosion.

To calculate the sedimentation including erosion, the depth-averaged flow velocity near the boat move-
ment, uboat,i, needs to be calculated. This only occurs in the estimated area of erosion (Ae) for the spe-
cific water exchange process. The velocity can be determined by dividing the water volume (∆Vboat)
which is exchanged per time step (dt) by the cross sectional area of the water body without the presence
of a vessel (Whin,i) minus the underwater volume which is taken up by the vessel itself (bdd).

uboat,i =
∆Vboat/dt

Whin,i − bdd
(8.28)

When the velocity in the erosion area is calculated, the sedimentation volume and sediment layer thick-
ness including erosion can be determined in the same manner as for the previous phases (Equations
8.14 to 8.19).

8.1.4. Phase 4: Emptying from chamber to channel
Phase 4 is similar to phase 1, but now the chamber is emptied instead of filled, to lower the water level
inside the lock chamber. The density of the water in the chamber remains the same. Parameters that
do change are the head difference, emptying velocity and discharge, and the total volume of water
inside the chamber. The time in which phase 4 occurs is again set to 14min. The situation takes place
when boats want to pass from west to east and are already in the chamber. The situation is visualized
in the scheme in Figure 8.4.

Figure 8.4: Sediment balance scheme for scenario 1, phase 4.

The formulas for the sedimentation calculation are very similar to the equations used in phase 1: Equa-
tions 8.1-8.19. One of the differences is that now the emptying volume and discharge is used, instead
of the filling one. The difference is distinguished through the use of different subscriptions. The other
difference is the sign in Equation 8.5, which is now negative instead of positive. Because the set of
equations are almost the same as for phase 1, only the new equation for the volume inside the lock
chamber is stated below.

Vin,i =

{
Vin,i−1 −∆VE,i, ∆hc,i > 0

Vin,i−1, ∆hc,i ≤ 0
(8.29)

The sediment concentration inside the chamber is only depending on the settling of the sediment. The
concentration can be calculated using Equation 8.27.
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It is assumed that there is no erosion of the bed inside the chamber due to the emptying process. This
is due to the fact that the inlets of the gate openings are not very close to the bed and when bed material
starts to erode and move towards the channel side, the material encounters the gate first and a large
part will settle again.

8.1.5. Phase 5: Density currents channel side
Phase 5 occurs when the gates of the lock are open on the channel side and vessels are not moving yet.
The main flow that occurs and influences sediment concentrations is induced by the density currents
due to density differences of the water bodies. It is assumed that the process of the density currents
reaching an equilibrium can take up to 4 min. In Figure 8.5, a schematic overview of the phase is
presented.

Figure 8.5: Sediment balance scheme for scenario 1, phase 5.

The sediment concentrations, volume and layer thickness can be calculated by using almost the same
equations as for phase 2. A difference is that in phase 2, the density difference was between the
water on the sea side and the water inside the chamber (∆ρout,susp,i), and in phase 5, this difference
is between the water inside the chamber and the water in the channel (∆ρc,susp,i).

∆ρc,susp,i = ρin,susp,i − ρc,susp,i (8.30)

The other equations needed for the sedimentation calculation of phase 5 remain the same as the
equations used in phase 2.

8.1.6. Phase 6: Boat from chamber to channel
In the sixth phase, a boat moves from inside the chamber into the channel on the right side. During
the boat movements, water is transported into the lock chamber. In Figure 8.6 a schematic overview
of the phase with its water exchange direction is shown. The phase is assumed to occur in a period of
6 min.

Figure 8.6: Sediment balance scheme for scenario 1, phase 6.

The equations that are used to model the sediment transport and sedimentation process during phase 6
are similar to the ones used in phase 3. The equations that are adapted for phase 6, are the equation for
the water volume inside the chamber (Vin,i) and the equation for the suspended sediment concentration
inside (cin,i). Now, the volume is increased during the process instead of decreased. The new formula
for the water volume inside the chamber is stated below.

Vin,i =

{
Vin,i−1 +∆Vboat, ∆Vboatdi < Vboat,max

Vin,i−1, ∆Vboatdi ≥ Vboat,max

(8.31)

The suspended sediment concentration inside the chamber is calculated by taking the water volume
ratios dependent on the water exchange volumes due to the boat movements.

cin,i =

∑
∆Vboat

Vin,i
cch,i−1 +

Vin,i −
∑

∆Vboat

Vin,i
cin,i−1 −

∆Vse,i−1ρd
Vin,i

(8.32)
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After adapting the formulas for the water volume and suspended sediment concentration inside the
chamber and changing the information on the outside water to information about the water in the chan-
nel, the rest of the equations of phase 3 can be used to complete the sediment calculation.

8.1.7. Phase 7: Boat from channel to chamber
Phase 7 occurs when a boat moves from the channel side into the lock chamber. The boat movement
induces a water exchange volume from inside the lock chamber to the channel. The time in which
phase 7 occurs is set to 6 min. A schematic overview of the phase is given in Figure 8.7.

Figure 8.7: Sediment balance scheme for scenario 1, phase 7.

The construction of the equations and water exchange volume conditions are similar to the ones of
phase 3. An important feature that needs to be changed is that you now need the information about
the water body in the channel (next to the information about the water body in the chamber) instead of
the information about the water body on the sea side. There is no significant change in the equations
or signs in the equations that are changed with respect to the equations in phase 3.

8.1.8. Phase 8: Filling from sea to chamber
In phase 8, the lock chamber is filled, with a boat already in the chamber, to change the water level
inside it from low water to high. The time in which phase 8 occurs is again estimated to be 14 min. A
schematic overview of the phase can be seen in Figure 8.8.

Figure 8.8: Sediment balance scheme for scenario 1, phase 8.

The sediment balance equations that can be used to simulate phase 8 are the same equations that are
used to simulate phase 1 of scenario 1.

8.1.9. Phase 9: Density currents sea side
After the filling of the chamber in phase 8, the gates are opened on the left side of the chamber and
density currents between the sea side and the water in the chamber can occur. The time in which
phase 9 occurs is set to 4 min. Figure 8.9 shows an overview of the phase and its water exchange
directions.

Figure 8.9: Sediment balance scheme for scenario 1, phase 9.

The equations that help simulate the phase during its period are the same equations that were used
for phase 2.

8.1.10. Phase 10: Boat from chamber to sea
In the last phase of operational scenario 1, a boat leaves the chamber towards the sea side. The boat
movement causes a water volume from the sea side to enter the chamber. An overview of the phase
is given in Figure 8.10. The phase occurs for a period of about 6 min.

For the method of calculating the sediment transport and sedimentation during phase 10, almost all of
the same equations as for phase 3 can be used. The exception is in Equation 8.5. In this equation, the
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Figure 8.10: Sediment balance scheme for scenario 1, phase 10.

sign changes for phase 10 because there is now water coming into the chamber instead of leaving the
chamber. The equation that should replace Equation 8.5 is Equation 8.31.

8.1.11. Conclusion
Each phase of operational scenario 1 has slight changes in the construction of the sediment balance
equations. However, there are also a lot of equations that are repeated. Because it is easy to get lost
in the repetitions and slight variations of the equations used in each phase, an overview of which set of
equations to use in each phase is presented in Appendix A. The equations in the appendix are listed
per phase and are set in the order in which they should be used.

8.2. Operational scenario 2
The second operational scenario consists of the same kind of phases as scenario 1, but now in a
different order. The schematic overview of the phases of scenario 2 can be seen in Figure 6.2. It is
unnecessary to explain the specific set of equations of the sediment balance calculation for each phase
of scenario 2, as they are already explained in the phases of scenario 1. What is needed however, is an
overview of which phase of scenario 1 corresponds to the phases of scenario 2. Then, the same set of
equations can be used for these phases. The overview of the corresponding phases of the scenarios is
given in Table 8.1, in which the phases of scenario 2 are first listed, and then the corresponding phases
of scenario 1 are given.

Table 8.1: Phase comparison scenario 2 and 1.

Phases scenario 2 Corresponding phases scenario 1

1 7

2 8

3 9

4 10

5 3

6 4

7 5

8 6



9
Cyclic sedimentation

This chapter will go into the integration of the subsequent phases from Chapter 8 into one model so
that it correlates to one operating cycle of the lock. An operational cycle can occur following the phases
of operational scenario 1 of Table 6.1 or the phases of operational scenario 2 of Table 6.2. Using an
operating scheme of Table 4.1, the operation can be simulated during one tidal cycle. Depending on
the operating scheme, this will include multiple operational cycles. The simulations are done for the
scheme with 12 lock operating hours (two way traffic) and 24 lock operating hours (fully operational).
During one operational cycle, the water level on the outside of the lock and the suspended sediment
concentration of the water outside can be assumed constant. During a tidal cycle, the water level and
suspended sediment concentration will vary in time. However, the variation of these variables is not
known at the time. Therefore, these are first assumed to be constant as well. After one operational cycle
and one tidal cycle is simulated, a longer time period including multiple tidal cycles can be simulated.
This is done in Paragraph 9.3. There are model checks introduced after every paragraph to make a
quick estimate about whether the outcomes of the model are reasonable.

9.1. Operational cycle
The first operational cycles are computed using themaximum head difference of the case study of 5.0m.
The maximum head difference gives the most critical scenarios for the phases with a filling/emptying
water exchange volume. Next to this, the first calculations are done by assuming the largest density
differences as this gives the most critical scenarios for the phases with density currents. Therefore, the
initial density of the water in the channel is assumed to be 1000 kg/m3 and that of the water outside
the lock system 1025 kg/m3. This is excluding the influence of suspended sediment concentrations on
the water density. The discharge coefficient is assumed to be 0.6 and the vertical exchange coefficient
0.3. The suspended sediment concentration in the water from the sea side is first set to 3 kg/m3

and the concentrations inside the lock chamber and in the channel are set to zero. The sediment
balance calculations are first done with a settling velocity of 0.17 mm/s. After this first calculation,
the maximum suspended sediment concentration is determined for the operational cycle. When the
maximum concentration is larger than 2.8 kg/m3, an appropriate reduction of the settling velocity should
be applied due to hindered settling, on the basis of Figure 7.2. The source code of the calculation in
Python can be seen in Appendix B. Because the calculation methods for the two scenarios are very
similar, only the code for scenario 1 is presented here. The outcomes of the simulations for the two
operational scenarios are now analysed separately.

9.1.1. Operational scenario 1
The suspended sediment concentrations inside the lock chamber during one operational cycle, that will
occur under the conditions mentioned above, are given in Figure 9.1a. It can be seen that there is a
parabolic increase in concentration during the first two phases. This is due to the filling of the chamber
and the water exchange volume containing sediment during the period in which the gates are open.
In phase 3, water volume from inside the chamber is transported towards the sea side, due to boat

37
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(a) lock chamber (b) channel

Figure 9.1: Suspended sediment concentration for one operational cycle, scenario 1.

movements. The concentration inside the chamber remains almost constant in this case. The slight
decrease is due to the settling of suspended sediment. In phase 4, the chamber is emptied through gate
openings. The decrease in suspended sediment concentration is again only caused by the settling of a
part of the sediment. In the fifth phase, there is a parabolic decrease of the concentration, as there will
be an exchange of water volume with a water body containing a lower salinity. In phase 6, there is also
a decrease in the concentration inside the chamber, caused by the water exchange volume due to boat
movements going from the channel (lower concentration) towards the chamber (higher concentration).
In phase 7, there is, just like in phase 3, only water going out of the chamber. The suspended sediment
concentration remains constant here. The eighth phase resembles phase 1 of the scenario. Here, the
chamber is filled with water from the sea side that has a high concentration and a parabolic increase can
be seen. In phase 9, there is also water from the sea side transported into the chamber due to density
currents. Here, the graph also shows a parabolic increase in sediment concentration in the chamber. In
the last phase, water from the sea side is transported into the chamber due to boat movements. There
is an increase in suspended sediment concentration, until the maximum water exchange volume due
to the design vessel is reached. Then, the concentration remains roughly constant.

In the next figure, Figure 9.1b, the suspended sediment concentration inside the channel in between
the two locks is presented during one operational cycle. In the first three phases, there is no connection
between the water inside the chamber and the water inside the channel, so the suspended sediment
concentration in the channel remains at a constant value of zero. In the following two phases, phase
4 and 5, the suspended sediment concentration curve follows a same kind of parabolic increase as
the first two phases of the curve for the suspended sediment concentration inside the lock chamber,
as these two processes are repeated, but now with different water body characteristics. In phase
6 and 7 there are water volumes exchanged between the chamber and the channel. However, the
suspended sediment concentrations of both water bodies is close to zero. That is why there is only a
small decrease shown in the suspended sediment concentration graph in the channel during phase 6
and 7. This decrease is also due to the settling of a part of the sediment that was first in the suspension.
In the last three phases, there is no connection again between the lock chamber and the channel, so
the concentration inside the channel only shows a small decrease due to the settling.

Excluding erosion
The sediment layer thickness inside the lock chamber during one operational cycle is plotted in Figure
9.2a. It can be seen that the layer thickness has a slight parabolic increase in the first two phases, and
is then linear until phase 6. The parabolic increase is due to the increase of the suspended sediment
concentration inside the chamber at the same time. The linear increase during phase 3 and 4 occurs
as the concentration then remains constant. In phase 5 and the beginning of phase 6, the increase
in layer thickness is a bit weakened. This is logical, as the concentration decreases in these phases,
but the suspended sediment staying inside the lock chamber keeps settling. The layer thickness in the
middle of phase 6 and in phase 7 remains constant, because the sediment concentration inside the
chamber is then close to zero. During phase 8 to 10, the sediment layer thickness inside the chamber
is increasing parabolically again, as the concentration in the chamber increases as well. The sediment
layer thickness at the end of the operational cycle, without taking erosion into account, is 6.93 ∗ 10−4 m
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for scenario 1.

(a) lock chamber (b) channel

Figure 9.2: Sediment layer thickness without erosion for one operational cycle, scenario 1.

Figure 9.2b shows the growth of a sediment layer inside the channel between the two locks. During
the three phases, there is no sediment layer as there is no suspended sediment in the water yet. From
the start of phase 4, the graph shows a mildly parabolic growth of the layer thickness, because the
concentration in the channel is then also increasing. After phase 5, the concentration in the channel
remains constant and this can also be seen in the sediment layer thickness graph, as the increase in
thickness is linear from here. The sediment layer thickness in the channel after the simulation, without
taking erosion into account, is equal to 3.65 ∗ 10−7 m.

Including erosion
When there is erosion present, the suspended sediment concentration graphs do not change. There is
only erosion calculated for the sediment layer inside the lock chamber. The sediment layer thickness
graph for inside the chamber can change when there is erosion included. However, the simulation has
shown that for this situation and these conditions, the graph does not show a visible change. One of
the causes for this, can be seen when the figure of the applied bottom shear stress is plotted. This
graph is shown in Figure 9.3. With a critical bed-shear stress of 1.5 N/m2, it can be concluded that the
value is only exceeded during phase 6 and 7. This is caused by the fact that the water volume inside
the chamber is then low and a boat travels near the lock heads with a small space between the bottom
of the boat and the bottom of the lock. The erosion volume remains below 2.10 ∗ 10−3 m3. There is
no change in the value for the sediment layer thickness in the chamber at the end of the simulation of
scenario 1.

Figure 9.3: Applied bottom shear stress in certain areas of the chamber for one operational cycle, scenario 1.

9.1.2. Operational scenario 2
In operational scenario 2, there are only eight phases. The suspended sediment concentration during
one operational cycle for these eight phases inside the lock chamber is shown in Figure 9.4a. During
phase 1, the suspended sediment concentration inside the chamber remains zero, because there is
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(a) lock chamber (b) channel

Figure 9.4: Suspended sediment concentration for one operational cycle, scenario 2.

only an outflow of the water in the chamber due to a boat that is moving into it. In the following three
phases, there is an increase seen in the concentration, as there is a water volume coming from the sea
side into the chamber in all of these phases. In phase 2, this is due to the filling of the chamber. In phase
3, this is due to the density currents between the water volume on the sea side and the water volume
in the chamber. In phase 4, the water volume exchange is due to a boat leaving the chamber. The
concentration stops increasing in this phase, when the maximum water exchange volume due to boat
movements is reached. The slight decrease in the concentration is due to the settlement of suspended
sediment. In phase 5 and 6, there is only water going out of the chamber, so the concentration inside it
remains almost constant. The decrease in concentration in these phases follows the same direction as
the second part of phase 4, as the decrease is only caused by sediment that is settling here. During the
seventh phase, there are density currents between the water in the chamber (higher concentration) and
the water in the channel (lower concentration). The concentration inside the chamber then decreases
parabolically. In the last phase of the scenario, the concentration in the chamber decreases, because
there is water from the channel transported into the chamber due to a boat that is moving outwards.

The suspended sediment concentration inside the channel for one operational cycle in scenario 2 is
plotted in Figure 9.4b. In the first phase, there is water transported from the chamber into the channel.
However, it is assumed that the starting conditions are that the concentration both inside the chamber
and inside the channel are zero. That is why the concentration in the channel also remains zero during
the first phase. In the phases 2, 3, 4 and 5, there is no connection of the channel and the chamber
with the sea side. Therefore, the concentration during these phases still remains zero. During phase
6, water from inside the chamber, now containing suspended sediment, is discharged into the channel.
The concentration inside the channel shows a parabolic increase during this phase. In the seventh
phase, there are density currents between the chamber and the channel, thus also transporting more
sediment into the channel and letting the concentration increase. In the last phase, phase 8, there is
only water transported from the channel into the chamber. There is a small decrease in concentration
due to a part of the suspended sediment that is settling.

Excluding erosion
The sediment layer thickness inside the lock chamber for one operational cycle with scenario 2 is plotted
in Figure 9.5a. In phase 1, the layer thickness remains zero, as the concentration inside the chamber
is also still zero. In the following three phases, there can be a parabolic increase in layer thickness
seen in the graph. There is a parabolic increase, as the concentration in the chamber also increases
in phases 2, 3 and 4. During phases 5 and 6, the concentration inside the chamber remains almost
constant and the increase in layer thickness is linear. During phase 7 and the beginning of phase 8, the
increase in layer thickness is weakened as the concentration decreases. During the latter part of phase
8, the layer thickness remains the same, due to the concentration inside the chamber that is close to
zero. The sediment layer thickness in the chamber at the end of the simulation of one operational cycle
with scenario 2 (not including erosion) is 7.32 ∗ 10−4 m.

The simulated sediment layer thickness inside the channel for one operational cycle in scenario 2 is
plotted in Figure 9.5b. It can be seen that the layer thickness remains zero during the first five phases.
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(a) lock chamber (b) channel

Figure 9.5: Sediment layer thickness without erosion for one operational cycle, scenario 2.

This is due to the fact that there is no suspended sediment concentration in the channel during this
period in scenario 2. During phase 6 and 7, there is a parabolic increase in the layer thickness in
the channel, as there is also an increasing suspended sediment concentration. In the last phase,
the suspended sediment concentration remains constant and the layer thickness graph shows a linear
increase. At the end of the simulation of the operational cycle of scenario 2, the sediment layer thickness
(excluding erosion processes) is equal to 2.14 ∗ 10−7 m.

Including erosion
The sediment layer thickness in the chamber for one operational cycle with scenario 2 slightly changes
when erosion is taken into account. The change is not visible when both cases are plotted in the same
graph, but the change can be explained using another graph. In Figure 9.6 the applied bottom shear
stress during the phases of scenario 2 is plotted. The graph shows that the critical bed-shear stress
for erosion of 1.5 N/m2 is only exceeded during phase 1 and phase 8 of the scenario. The erosion
volume remains below 5.20 ∗ 10−3 m3 during the cycle. The value for the sediment layer thickness in
the chamber at the end of the operational cycle for scenario 2 is 7.30 ∗ 10−4 m.

Figure 9.6: Applied bottom shear stress in certain areas of the chamber for one operational cycle, scenario 2.

9.1.3. Model check
The highest possible concentration inside the chamber is equal to the 3 kg/m3 concentration of the
water on the seaward side, because the chamber is fully exposed to the much larger water volume
on this side. This is different for the channel between the locks. After one operational cycle, only one
chamber water volume reduced by the draught volume of the boat(s) inside the chamber can enter
the channel. This is a volume of about 10, 500 m3 with a maximum concentration of 3 kg/m3. If this
is all transported into the channel, the maximum concentration in the channel for the first operational
cycle is 2.90 ∗ 10−3 kg/m3. Figures 9.1 and 9.4 show that the upper limits for the suspended sediment
concentrations is not exceeded.
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The operational cycle for scenario 1 takes 78min and the operational cycle for scenario 2 takes 60min.
When the settling velocity is set to a constant value of 0.17 mm/s and the maximum concentration that
was determined above is also taken as a constant, a quick calculation can be done to estimate the
upper limit of the sediment layer thicknesses. A first estimate is acquired by multiplying the settling
velocity with the operational time. The maximum layer thickness in the system is then 7.96 ∗ 10−1 m for
scenario 1 and 6.12 ∗ 10−1 m for scenario 2. This is a rough estimate which is not yet depending on
the suspended sediment concentration of the water in the chamber and channel. Better estimates are
calculated using Equation 7.2 and 7.3. The maximum sediment layer thickness in the chamber would
then be 1.49 ∗ 10−3 m for scenario 1 and 1.15 ∗ 10−3 m for scenario 2. The upper limit for the sediment
layer thickness in the channel is 1.44 ∗ 10−6 m for scenario 1 and 1.11 ∗ 10−6 m for scenario 2. Both
Figure 9.2 and Figure 9.5 show that none of these four upper limits are exceeded. This confirms that
the model is working correctly. The check for the sediment layer thicknesses for each scenario can
also be seen in Table C.1.
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9.2. One tidal cycle
A tidal cycle can be simulated in different ways depending on the operational schemes from Table 4.1.
For the first calculation, the operating scheme of two way traffic is used with lock operating hours of 12
out of 24 and an average locking time of 60 min. Therefore, there are 12 operational cycles in this tidal
cycle, followed with a resting period of 12 hrs. The second calculation is done using the fully operational
scheme. The lock is constantly operating in this case. The average locking time remains 60 min. The
scheme consists of 24 operational cycles and no resting period.

During a tidal cycle, the water levels and suspended sediment concentration outside the lock system
will vary. This variation is not known for the case study, but will be important to include in a later design
stage, once this is measured. For now, themaximum head difference of 5.0m is taken and a suspended
sediment concentration of 3 kg/m3 is used. The density of the water in the channel and inside the
chamber is first assumed to be 1000 kg/m3 and that of the water on the sea side 1025 kg/m3. The
discharge coefficient is again assumed to be 0.6 and the vertical exchange coefficient 0.3. The settling
velocity is calculated in the same manner as for an operational cycle. It is chosen not to incorporate the
source code of this calculation in the appendices, as it was very extensive. The code can be requested
by contacting the author of the report.

9.2.1. Two way traffic
Operational scenario 1
The suspended sediment concentration inside the lock chamber and the channel for one tidal cycle
with 12 operating hours and scenario 1 is given in Figure 9.7. In Figure 9.7a, it is seen that inside
the lock chamber, the increase in suspended sediment concentration is strongly dependent on the
concentration of the water from the sea side. When the water inside the chamber is connected with the
sea side, the concentration increases significantly until it almost reaches the 3 kg/m3 concentration of
the outside water. When the chamber is connected to the channel, it passes along sediment, causing
the concentration in the chamber to decrease to a value close to zero. The concentration fluctuates
between 0 to 3 kg/m3 during the first 12 hrs of the tidal cycle. At the end of the first 12 hours, the
concentration in the chamber is close to 3 kg/m3. There is no connection between the chamber and
the sea side or channel side for the following 12 hrs. The decrease in the concentration for this period
is only due to the settling of sediment particles that were first suspended. The concentration decreases
to a value of 1.42 kg/m3.

(a) lock chamber (b) channel

Figure 9.7: Suspended sediment concentration for one tidal cycle, two way traffic, scenario 1.

Figure 9.7b shows the progression of the suspended sediment concentration inside the channel of the
tidal cycle with 12 operating hours and scenario 1. It is assumed that the channel can not pass sediment
on to more upstream parts of the waterway. There is an increase in the concentration during the first
12 hrs, because sediment is transported from the sea and chamber side into the channel when the
chamber and channel are in connection with each other in every operational cycle. The concentration
inside the channel stays relatively small compared to the concentrations in the lock chamber, as this
is divided over a much larger area. The same holds for the sediment layer thickness. In the second
part of the tidal cycle, the concentration in the channel is only decreasing, because the connection with
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the sea side via the chamber is closed. The decrease is due to the settling of sediment that was first
suspended.

The settled and suspended sediment volumes during the tidal cycle is presented in Figure 9.8a for the
chamber and in Figure 9.8b for the channel. These graphs are an important check to verify that there
is no extra sediment added in the system that should not be there. In the non-operational part of the
cycle, the total sediment volume inside the chamber and channel should stay constant, because the
system is closed. This means that the settled sediment volume would increase with the same rate as
the suspended sediment volume would decrease with. Figure 9.8 verifies that this part of the model is
working correctly.

(a) lock chamber (b) channel

Figure 9.8: Settled and suspended sediment volume for one tidal cycle, two way traffic, scenario 1.

The emergence of the sediment layers in the lock chamber and in the channel during a tidal cycle, are
shown in Figure 9.9a and 9.9b, respectively. It can be seen in the graph of the lock chamber, that
the increase in layer thickness is somewhat steeper for the second part of the cycle than for the first
part. This is because during the first part, the concentration varied from 0 to 3 kg/m3, while at the end
of the 12 operating hours the concentration is close to 3 kg/m3 and decreases to 1.42 kg/m3. In the
second half of the tidal cycle, in which the lock is not moving for 12 hrs, the sediment concentrations are
decreasing and the sediment layer thickness continues to grow with a slightly negative parabolic rate.
The sediment layer thickness inside the chamber at the end of the tidal cycle for operational scenario
1 is equal to 1.78 ∗ 10−2 m.

(a) lock chamber (b) channel

Figure 9.9: Sediment layer thickness for one tidal cycle, two way traffic, scenario 1.

In Figure 9.9b, the development of the sediment layer thickness in the channel during one tidal cycle
with scenario 1 is shown. As the suspended sediment concentration in the channel is still increasing in
the first 12 hrs, the layer thickness shows a positive parabolic increase. During the second half of the
cycle, the concentration in the channel is decreasing, and the layer thickness graph shows a negative
parabolic growth. The total layer thickness in the channel after one tidal cycle is 7.65 ∗ 10−5 m for
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operational scenario 1. This is assuming that the settled sediment in the channel is distributed equally
over the whole channel.

Operational scenario 2
The suspended sediment concentration graphs of scenario 2 are similar to the ones of scenario 1. In
Figure 9.10a, the concentration inside the chamber is shown. It can be seen that the concentration
varies again from 0 kg/m3 when the chamber is in connection with the sea side and 3 kg/m3 when the
chamber is connected to the channel. One large difference compared to scenario 1 is that, at the end
of the first 12 hrs of the tidal cycle, the suspended sediment concentration is nearly 0 kg/m3 instead of
approximately 3 kg/m3. There is no visible decrease in the concentration in the next non-operational
part of the cycle as this is already very low.

(a) lock chamber (b) channel

Figure 9.10: Suspended sediment concentration for one tidal cycle, two way traffic, scenario 2.

Figure 9.10b shows a step by step progression during the operational hours of the suspended sediment
concentration in the channel for operational scenario 2. The concentrations are much smaller in the
channel than inside the chamber. The concentration in the channel starts decreasing when the system
is in a closed position. This decrease is again assumed to only be caused by the settling of sediment
particles that were initially in the suspension.

The interim check regarding the sediment volumes in the system is also done for this scenario. In
Figure 9.11, the settled and suspended sediment volumes in the chamber and channel during one tidal
cycle are presented. It can be seen in Figure 9.11a that the settled sediment volume in the chamber is
not visibly increasing in the second part of the tidal cycle. This is because there is not much sediment
present in the suspension from that point that can settle. The total sediment volume in the channel is
smaller for scenario 2 than for scenario 1. The volumes presented in Figure 9.11b do follow a same
course as the lines in Figure 9.8b.

(a) lock chamber (b) channel

Figure 9.11: Settled and suspended sediment volume for one tidal cycle, two way traffic, scenario 2.

The development of sediment layer thicknesses in both the lock chamber and the channel during a full
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tidal cycle is shown in Figure 9.12. In Figure 9.12a, it can be seen that in the first part of the tidal cycle
with scenario 2, the layer thickness in the lock chamber shows a similar increase in the thickness as
in Figure 9.9a which shows the increase during scenario 1. However, there is a large difference in the
course of the second part of both graphs. In scenario 1, the concentration in the chamber at the end
of a tidal cycle is about 3 kg/m3. The concentration in the chamber at the end of a tidal cycle with
scenario 2 is, however, close to 0 kg/m3. This means that there is a much slower increase in sediment
layer thickness in the second part of the tidal cycle with scenario 2 than with scenario 1. The sediment
layer thickness in the lock chamber at the end of the tidal cycle with scenario 2 is 8.81 ∗ 10−3 m.

(a) lock chamber (b) channel

Figure 9.12: Sediment layer thickness for one tidal cycle, two way traffic, scenario 2.

During the tidal cycle, the sediment layer thickness in the channel first increaseswith a positive parabolic
rate, as can be seen in Figure 9.12b. The increase is parabolically, as the concentration inside the chan-
nel is increasing. After the operational part of the cycle, the graph shows a negative parabolic increase
in sediment layer thickness during the next 12 hrs of the non-operational part of the cycle, as the sedi-
ment concentration is simultaneously decreasing. The layer thickness in the channel is 6.56 ∗ 10−5 m
at the end of the full tidal cycle with scenario 2.

9.2.2. Fully operational
Operational scenario 1
There is no non-operational period in the operation scheme with 24 operational hours. This means that
the tidal cycle does not have a period in which the suspended sediment volume only decreases while
the settled sediment volume would increase with the same rate. Instead, the suspended sediment
volume in the chamber keeps varying from about 0 kg/m3 to 3 kg/m3. The settled sediment volume
in the chamber is increasing step by step. The growth of the sediment layer thickness in the chamber
for scenario 1 is shown in Figure 9.13a. The total sediment layer thickness at the end of the 24 hrs is
1.66 ∗ 10−2 m.

(a) lock chamber (b) channel

Figure 9.13: Sediment layer thickness for one tidal cycle, fully operational, scenario 1.
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The suspended sediment volume inside the channel keeps increasing during the fully operational tidal
cycle. The rate of increase gradually decreases over time. The settled sediment volume and sediment
layer thickness in the channel are both increasing parabolically. As the rate of increase of the sus-
pended sediment is decreasing in time, the sediment layer thickness curve is becoming less parabolic
in time. The sediment layer thickness curve for in the channel is shown in Figure 9.13b . The layer
thickness at the end of the cycle is 1.21 ∗ 10−4 m when the sediment would be distributed equally in the
channel.

Operational scenario 2
There is not a visible difference in the course of the sediment layer thickness graphs for scenario 1 and
2 for the fully operational case. There is, however, a difference in the overall rate of increase of the layer.
The sediment layer thickness graphs for scenario 2 are shown in Figure 9.14. The layer thickness in
the chamber for scenario 2 after one fully operational tidal cycle is 1.76 ∗ 10−2 m. In the channel, the
layer thickness after the cycle would be 9.88 ∗ 10−5 m when the sediment would be distributed evenly.

(a) lock chamber (b) channel

Figure 9.14: Sediment layer thickness for one tidal cycle, fully operational, scenario 2.

9.2.3. Model check
The maximum suspended sediment concentration during a tidal cycle is 3 kg/m3 in both the two way
traffic case and the fully operational case. The upper limit for the suspended sediment concentration
inside the channel for the two way traffic scheme, can be determined by assuming that 12 chamber
water volumes reduced by the draught volume of the boat(s) with a concentration of 3 kg/m3 are
exchanged with the water in the channel. The upper limit for the concentration in the channel is then
3.48 ∗ 10−2 kg/m3 for both operational scenario 1 and 2 of the two way traffic scheme. Figures 9.7 and
9.10 show that this condition is fulfilled. The upper limit for the suspended sediment concentration in
the channel for the fully operational scheme is calculated in the same way, but then taking 24 chamber
water volumes instead of 12. The maximum concentration for both scenarios is 6.97 ∗ 10−2 kg/m3 for
this operation scheme.

An estimate for the upper limit of the sediment layer thicknesses can be calculated by using Equations
7.2 and 7.3 and assuming a constant maximum suspended sediment concentration which is calculated
above and a constant settling velocity of 0.17 mm/s. The maximum sediment layer thickness inside
the chamber for both schemes is determined to be 2.75 ∗ 10−2 m. The upper limits for the sediment
layer thicknesses in the channel are different for the two schemes, as the schemes also have a different
maximum suspended sediment concentration. The upper limit for the layer thickness in the channel
for the two way traffic scheme is 3.19 ∗ 10−4 m. For the fully operational scheme, the upper limit for the
layer thickness is 6.40 ∗ 10−4 m. All of the sediment layer thickness graphs in the previous paragraphs
remain under the limits that are calculated. The model still satisfies the upper limit checks. An overview
of all the sediment layer thickness checks is also given in Table C.2.
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9.3. Multiple tidal cycles
The sedimentation process in the lock during one tidal cycle can be repeated to simulate a longer time
period. Repeating the same data over multiple tidal periods, can be a good first estimation, but it is
essential to remember that the actual situation will differ.

The two scenarios that were considered, differ in where the first boat of the operational part of the
cycle comes from. Whether a boat comes from the left or the right can differ each day, but it can also
happen that vessels almost always want to travel from the left to the right (or the other way around)
in the morning. The actual specific order of each day cannot be fully known, but it is possible to find
out what one of the most critical options would be. In order to do this, four different kind of series are
analysed. The series differ in the sequence of four options that can happen. There are two different
situations under scenario 1: one where the starting water level is low (1.1) and one where this is high
(1.2). In both cases, the first boat of the operational part of the tidal cycle wants to move from the sea
side to the channel (left to right). The water level at the end of these situations is high. Next to these,
there are also two situations that can be considered for scenario 2: one beginning with a low water
level (2.1) and one beginning with a high one (2.2). The first boat wants to travel from the channel to
the sea (right to left) in both these situations and the water level at the end of the tidal cycles is low.
Table 9.1 gives an overview of the four situations.

Table 9.1: Directions and water levels of tidal cycle situations.

Situation Direction of first vessel Water level at start and end

1.1 Sea -> Channel Low -> High

1.2 Sea -> Channel High -> High

2.1 Channel -> Sea Low -> Low

2.2 Channel -> Sea High -> Low

Now that the situations have been presented, the four series types that are considered are analysed.
In series A, it is assumed that a boat always travels from the sea to the channel at the start of a new
tidal cycle. The first situation is situation 1.1. As this situation ends with a high water level, the following
situations of this series are all of the type of situation 1.2. For series B, the assumption is made that a
boat always wants to travel from the channel to the sea at the start of a new tidal cycle. The starting
situation is situation 2.2. After this, the water level in the chamber is low and the following tidal cycle
situations are all of type 2.1. For series C and D, it is assumed that the direction of the first boat of a
new tidal cycle alternates per cycle. In series C, the first tidal cycle starts with a boat moving from the
sea to the channel (1.1) and the second tidal cycle starts in the opposite direction (2.2). In the series D,
the first tidal cycle starts with a boat from the channel to the sea (2.2) and the second tidal cycle with
a boat from the sea to the channel (1.1). Table 9.2 presents an overview of the situation sequence of
all series.

Table 9.2: Multiple tidal cycles series with their situation sequences.

Series Situation sequence

A 1.1 -> 1.2 -> 1.2 -> 1.2 -> etc.

B 2.2 -> 2.1 -> 2.1 -> 2.1 -> etc.

C 1.1 -> 2.2 -> 1.1 -> 2.2 -> etc.

D 2.2 -> 1.1 -> 2.2 -> 1.1 -> etc.
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9.3.1. Monthly prediction
Two way traffic
The simulation of multiple tidal cycles will first be done for 30 days with 12 operating hours. Figure
9.15a presents the sediment layer thicknesses development during 30 days inside the chamber for the
four series with the two way traffic operation scheme. It can be seen that the sediment layer thickness
in the chamber will be the largest when multiple tidal cycle series A would occur. Here, the sediment
layer thickness after 30 days would be 5.32 ∗ 10−1 m. The sediment layer thickness graphs for series
C and D are very similar to each other. Series B gives the least critical sediment layer thickness case
for in the chamber with 2.65 ∗ 10−1 m.

(a) lock chamber (b) channel

Figure 9.15: Sediment layer thicknesses over 30 days, two way traffic, different multiple tidal cycle series.

The layer thicknesses in the channel have a different order of magnitude than the ones in the chamber.
Nevertheless, they are still very important for the design of the lock and the determination of what
the most critical operational series would be. In Figure 9.15b, the sediment layer thicknesses in the
channel over a period of 30 days for the two way traffic operation scheme are presented. This is again,
assuming the settled sediment in distributed equally over the whole channel area. The most critical
sediment layer thickness situation for the channel is the same as the one for the chamber, this is series
A. The total sediment layer thickness in the channel for series A after 30 days is equal to 2.54 ∗ 10−3 m.
The least critical case occurs again for series B with 2.19 ∗ 10−3 m. The graphs for series C and D are,
once more, very similar to each other. The layer thickness values over time remain between the values
for series A and B.

Fully operational
The situation with 24 operating hours is for almost all cases more critical than the situation with 12
operating hours. The only case for which this is not true, is the sediment layer thickness that can be
developed inside the chamber with series A. The sediment layer thicknesses in the chamber during
the first 30 days for all series with the fully operational scheme are given in Figure 9.16a. The largest
sediment layer thickness development now occurs for series B. The total thickness would then be
5.28∗10−1 m after 30 days. The values for the sediment layer thicknesses are quite close to each other.
Series A has the lowest sediment layer thickness with 5.02 ∗ 10−1 m.

For the channel, the layer thicknesses are approximately one hundred times smaller than for the cham-
ber. The sediment layer thicknesses for inside the channel during 30 days with a fully operational
scheme are given in Figure 9.16b. The most critical situation occurs with series A. The sediment layer
thickness in the channel is in that case 5.05∗10−3 m after 30 days. The lowest sediment layer thickness
occurs for series B and is 4.14 ∗ 10−3 m.

Erosion influence
The erosion constant strongly depends on the type of sediment that is settling in the chamber and
channel. In the Mongla-Ghasiakhali waterway, this is primarily a combination of the materials silt and
sand. While there have been a lot of studies on the erosion of sand, the erosion of silt remains difficult
to predict. The specific composition of the sediment that would settle is not known. This means that
the erosion constant also remains hard to predict. The erosion constant for the simulations was first
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(a) lock chamber (b) channel

Figure 9.16: Sediment layer thicknesses over 30 days, fully operational, different multiple tidal cycle series.

set to 0.0003. The most favourable situation with regards to the minimisation of the sediment layer
thickness in one month, would be the one with the two way traffic scheme following series B. The
simulation of this scenario is also done with different values for the erosion constant. The results of
the simulations can be seen in Figure 9.17. It is observed that there is not a real visible change in
the sediment layer thickness inside the channel. The cause of this could be that the erosion volume
remains small with respect to the surface area of the channel. It can, however, be seen that there is
a difference in the developed sediment layer thickness in the chamber for different erosion constants.
The sediment layer thickness in the chamber decreases with an increasing erosion constant. This is
logical, as more of the settled sediment in the chamber will erode with a higher erosion constant. The
eroded sediment is resuspended and can either settle again in the chamber or in the channel or stay
resuspended. Because of this new distribution of sediment volume, the volume of settled sediment in
the chamber is able to decrease.

(a) lock chamber (b) channel

Figure 9.17: Sediment layer thicknesses over 30 days, two way traffic, series B, different erosion constants.

9.3.2. Yearly prediction
Two way traffic
For the yearly sedimentation prediction of the two way traffic case, only operational series A and B
are considered as these are the two extreme cases. The lines in Figure 9.15 are quite linear and can
therefore be extrapolated to estimate the sediment layer thickness progression over one year. This
computed thickness for the sediment layer would only occur when the concentration of the water on
the sea side remains 3 kg/m3 during the whole year and the maximum head difference of 5 m also
remains present during this time. The sediment layer thickness in the chamber after one year under
these same conditions, assuming the progression of the layer continues in the same manner, would
be about 6.50 m for series A and 3.22 m for series B. The sediment layer thickness in the channel after
one year under the same conditions is 3.11 ∗ 10−2 m for series A and 2.67 ∗ 10−2 m for series B.
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Fully operational
The sediment layer thickness lines for the fully operational scheme, seen in Figure 9.16, are also linear
and can be extrapolated to estimate the layer thickness in the chamber and channel after one year of
operating. The series A and B are again extrapolated because they give the extreme cases. It should
be noted that the result of the cases would only occur when the concentration of the water on the sea
side is constantly 3 kg/m3 and the water level difference remains 5 m during the whole period. The
estimated sediment layer thickness in the chamber after one year of operating under these conditions
is then 6.12 m for series A and 6.45 m for series B. The sediment layer thickness in the channel after
one operational year under the described conditions is 6.22 ∗ 10−2 m for series A and 5.12 ∗ 10−2 m for
series B.

9.3.3. Model check
The maximum suspended sediment concentration in the lock chamber is still assumed to be 3 kg/m3.
For the monthly prediction of the two way traffic scheme, the upper limit for the concentration in the
channel can be calculated by assuming that 30 times 12 chamber water volumes are exchanged with the
water in the channel and that the water volume of the chamber constantly has a concentration of 3 kg/m3

when the exchange takes place. The maximum concentration is then 1.05 kg/m3 in the channel. For
the monthly prediction of the fully operational scheme, it is assumed that 30 times 24 chamber water
volumes with a concentration of 3 kg/m3 are exchanged. Then, the upper limit for the concentration in
the channel is 2.09 kg/m3. When the samemethod is used to calculate the concentration in the channel
after one year, this outcome would exceed 3 kg/m3, which is not possible. Therefore, the upper limit
for the suspended sediment concentration after one year is set to 3 kg/m3 for both the two way traffic
scheme and the fully operational scheme.

The upper limit values for the sediment layer thickness in the chamber and channel can again be
estimated using Equation 7.2 and Equation 7.3. In these formulas, the maximum suspended sediment
concentration that was previously calculated is used. The maximum sediment layer thickness inside
the chamber is then 8.26 ∗ 10−1 m for one month. This holds for both the two way traffic scheme and
the fully operational scheme, as the maximum suspended sediment concentration in the chamber is
assumed to have the same value in these cases. The upper limit for the sediment layer thickness in
the channel for the two way traffic scheme is estimated to be 2.89 ∗ 10−1 m for one month. For the
fully operational scheme, the maximum layer thickness in the channel is 5.76 ∗ 10−1 m for one month.
The maximum value for the layer thickness in the chamber and channel for one year is estimated to
be 10.1 m for both the two way traffic and fully operational scheme. None of the upper limits for the
sediment layer thicknesses in the chamber and channel that are mentioned above are exceeded in the
model simulation. This is a good sign for the correctness of the model.

In the area analysis in Chapter 3, it was mentioned that there is currently an average volume of 2.2Mm3

sediment dredged annually to maintain navigability in the channel. This corresponds to a sediment layer
thickness in one year of 1.01 m, when the sediment would be distributed equally over the length and
width of the channel. With the construction of the two navigation locks, the sediment layer thickness in
the channel should be lower than this, because the locks reduce the amount and velocity of the amount
of sediment coming into the channel. Therefore, the 1.01m is also an upper limit for the sediment layer
thickness in the channel after one year. The limit is not exceeded in the model simulations. The model
checks for one month are summarized Table C.3. The model checks for the situation after one year
are presented in Table C.4.
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9.4. Conclusion
The outcomes of the sedimentation model are based on a constant water level on the sea side and in
the channel, a constant head difference between these two, a constant water density on the outside
of the system and a suspended sediment concentration of the water on the sea side that remains con-
stant. The water levels, head difference and water density have been chosen to represent a situation
with maximum water exchange volumes. The suspended sediment concentration that was used is an
average value.

The operational cycle is simulated with two different scenarios. The suspended sediment concentration
in the chamber is highly dependent on the concentration in the water to which it is connected every time.
The concentration at the end of one operational cycle with scenario 1 is close to 3 kg/m3, while the
concentration at the end of one operational cycle with scenario 2 is close to 0 kg/m3. The sediment
layer thicknesses in the chamber and channel for each scenario are given in Table 9.3. It is notable
that while the sediment layer thickness in the chamber is lower in scenario 1 and higher in scenario 2,
the sediment layer thickness in the channel shows an opposite difference.

Table 9.3: Sediment layer thickness per case.

Case SLT chamber [m] SLT channel [m]

Operational cycle Scenario 1 6.93 ∗ 10−4 3.65 ∗ 10−7

Scenario 2 7.30 ∗ 10−4 2.14 ∗ 10−7

Tidal cycle Two way traffic Scenario 1 1.78 ∗ 10−2 7.65 ∗ 10−5

Scenario 2 8.81 ∗ 10−3 6.56 ∗ 10−5

Fully operational Scenario 1 1.66 ∗ 10−2 1.21 ∗ 10−4

Scenario 2 1.76 ∗ 10−2 9.88 ∗ 10−5

One month Two way traffic Series A 5.32 ∗ 10−1 2.54 ∗ 10−3

Series B 2.65 ∗ 10−1 2.19 ∗ 10−3

Fully operational Series A 5.02 ∗ 10−1 5.05 ∗ 10−3

Series B 5.28 ∗ 10−1 4.14 ∗ 10−3

One year Two way traffic Series A 6.50 3.11 ∗ 10−2

Series B 3.22 2.67 ∗ 10−2

Fully operational Series A 6.12 6.22 ∗ 10−2

Series B 6.45 5.12 ∗ 10−2

In the two way traffic operation scheme, the concentration of the water in the chamber at the end
of the first operating hours is very important for the eventual suspended sediment concentration and
sediment layer thickness in the chamber. As mentioned earlier, scenario 1 and 2 differ in their chamber
concentrations at the end of an operational cycle. Scenario 1 has a high end concentration in the
chamber and therefore also has a higher sediment layer thickness in the simulation of one tidal cycle
with the two way traffic scheme in the chamber. The sediment layer thicknesses are summarized in
Table 9.3. The sediment layer thickness in the channel is overall higher for the fully operational scheme
than for the two way traffic scheme. This is logical, as the chamber is transporting sediment from the
sea side into the channel, a double amount of times.

For the channel, it is preferred to have a two way traffic scheme rather than a fully operational one.
This gives a lower sediment layer thickness for one tidal cycle, but also for the simulation of one month
and one year. The advice would be to start with the introduction of the two way traffic scheme and only
use a fully operational scheme when the capacity of the lock is constantly lacking significantly. It is also
clear that, when a two way traffic scheme is chosen, series B would be preferred when looking at the
sediment layer thickness in the chamber. Series B consists of operational cycles of scenario 2, so with
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a low concentration at the end of each operation. This can lead to almost half of the sediment layer
thickness in the chamber than series A, consisting of scenario 1 cases, would lead to. It is not necessary
to only use scenario 2 cases when you want the sediment layer thickness in the chamber reduced. The
last cycle of the two way traffic operation scheme is the one that matters most. The scenarios can be
alternated, but the last operating cycle needs to be kept as a ’flushing cycle’ like scenario 2. This will
reduce the suspended sediment concentration in the chamber during the non-operational period of the
tidal cycle, which can cause a significant reduction in the sediment layer thickness here.

Once the two way traffic scheme is used and every operating part of the tidal cycle is ended with a
’flushing cycle’, the most representative values for the sediment layer thicknesses in the chamber and
channel are the ones for the two way traffic scheme and series B from Table 9.3. The sediment layer
thickness in the chamber after one year would then be 3.22 m and the sediment layer thickness in the
channel after one year would be 2.67 ∗ 10−2 m. This corresponds to a total sedimentation volume in
one year of about 6.25 ∗ 104 m3.

One of the limitations of the model that should be noted is that the simulation only uses one large design
vessel. Smaller vessels can decrease the water exchange processes as they have a smaller draught.
However, they can also increase the sediment exchange as there remains a larger water volume with
sediment inside the chamber when a boat travels from the sea side to the channel. Another limitation
is that the model is based on a two-dimensional approach. In reality, vertical sedimentation rates would
actually be larger than for this two-dimensional case.
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Structural design

The previous chapters have provided insight into the scope of the sedimentation problem in a naviga-
tion lock. The objective of this report is to develop tools that improve the design of a navigation lock
operating in conditions of high sediment transport. Rather than providing a complete sluice design,
the focus is placed on addressing sedimentation-specific challenges in a navigation lock design. This
chapter focuses on tools regarding the structural design and Chapter 11 focuses on the maintenance
design.

Multiple sources (Hoekstra, 2015; Kirby, 2011; Navigation channel sedimentation task committee,
2023) state that there are three preventive sedimentation strategies: keep sediment out, keep sedi-
ment moving, and keep sediment navigable. Keeping the sediment out entails that the inlet of water
with high suspended sediment concentrations is minimised. With the option of keeping the sediment
moving, the suspended sediment is being passed through the channel while minimising the settlement
inside it. Minimising the settlement can for example be done by raising the flow velocities in quiescent
areas. Keeping the sediment navigable means, for example, increasing the depth of the lock and chan-
nel, so that boats are still able to travel through them when sedimentation has occurred. The design
choices presented in this chapter are based on all three preventive sedimentation strategies.

The main features of the structural design of a navigation lock are the approach structures, the lock
heads with lock gates, the lock chamber and the filling and emptying system. Next to these, the lock
consists of several smaller components which can each affect the sedimentation in a negative or pos-
itive manner. First, a general explanation of the functional requirements will be given. Subsequently,
the lock design features will be explored in greater detail across several paragraphs.

10.1. Functional requirements
Before going into the different parts of the design and their design options, it is important to specify
the functional requirements for the structural design of the lock. There are functional requirements
regarding the economic efficiency of the design and regarding different aspects of the safety of the
structure. Next to this, a design specifically made to reduce sedimentation in a system, will have a
few extra requirements regarding this topic. Some of the functional requirements have a role in all of
the main features of the structural design of a lock, but others only play a part in a few of them. The
functional requirements listed in Table 10.1 are now clarified.

A lock approach is the navigation area between the connected waterway and the lock system. In
this area, ships need to be able to decrease their speed and moor to a guiding structure when this is
necessary. The connection should be navigable safely and therefore, the income of transverse currents
should be minimised. In case of high suspended sediment concentrations, the approach can also bear
the function of diverting the flow such that the sediment inlet is minimised. The loading jetties between
the rectangular lock approach part and the lock chamber are there to guide the vessels and enable a
smooth connection. The layout of the lock approach can be seen in Figure 10.1. In Table 10.1, the
requirements for the lock approach can be found as numbers 1, 4 and 7.

54
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Table 10.1: Functional requirements for the structural design of a lock facing high sediment transportation.

Number Functional requirement

1 Cost efficient, stable and constructable design
2 Minimising the waiting time for vessels
3 Minimising the filling and emptying time
4 Safe and navigable lock approach that can guide vessels
5 Chamber which can safely accommodate one or multiple ships
6 Prevent high water velocity currents due to filling/emptying
7 Minimising sediment inlet in lock system
8 Gate operation able to flush sediment
9 Tight sealing of the gates

Lock gates play a crucial role in the design of a navigation lock and therefore need to meet multiple
of the requirements. The gates should be able to operate under a certain amount of time, which is
determined by the desirable transfer time and required capacity. The operation should not induce
currents that can influence the safety of the vessels negatively. When the gates are open, all ships that
are present in the area should be able to safely pass the lock head. When the gates are closed, they
should be sealed tight to ensure no streams of water or sediment can still pass through. With regard
to sedimentation, the gates should be designed in such a way that sedimentation near the lock gates
will not be able to disturb the movements. Flushing can be an effective solution to mitigate the risk of
sedimentation. The aforementioned requirements are represented by numbers 1, 2, 7, 8 and 9 of Table
10.1.

The chamber of a lock is required to safely accommodate one or multiple ships during the filling and
emptying process. The number of ships the chamber should accommodate depends on the vessel
frequency and size, and the acceptable waiting time in the waterway channel. The chamber should be
equipped with mooring facilities to stabilise the vessels during filling and emptying when necessary. The
depth of the chamber may be increased in advance to account for a certain sediment layer thickness.
The requirements are listed as numbers 1, 2 and 5 in Table 10.1.

Filling and emptying systems were already shortly introduced in Chapter 6. The filling and emptying
process should be as fast as is safely possible. This means that the filling or emptying should not
induce water velocities that can negatively impact vessel stabilities. The system should not be prone
to sedimentation accumulations. The requirements applicable to the filling and emptying system are
numbers 1, 3 and 6 of Table 10.1.

Flushing
In Chapter 9, it is found that the sedimentation in the chamber and channel strongly depends on the
sequence of the operational phases. The sedimentation in the chamber significantly decreases when
the operational cycle ends with a flushing cycle, flushing more sediment into the channel. Subsequently,
the sedimentation in the channel increases. The effectiveness of a flushing cycle is depending on the
time that the sediment is present in the chamber. It is either preferable to minimise the time inside
the chamber to minimise the sedimentation possibilities in it, or to lengthen this in order to minimise
the passing through capacity of the sediment through the lock chamber. The latter option increases
the flushing cycle effectiveness. The choice of minimising or maximising the time inside the chamber
depends on the preference regarding the location of the dredging works.

The operation of the gates can also flush sediment out of the system in a different manner. More on
this will be explained in Paragraph 10.3.
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10.2. Approach structure
The approach structure of a lock is meant to guide the ships to and from the waiting area and chamber.
With regards to sediment transportation, the approach structure is especially important on the outside
of the lock system (on the west at Mongla and on the east at Ghasiakhali). The functional requirements
of an approach structure are making the transition of the rivers navigable, contributing to a safe and
speedy entry of vessels and facilitating mooring spaces for vessels (Chen, 2015; Glerum & Vrijburcht,
2000). In a holding basin, vessels can wait and line up before they can enter the lock chamber. To
prevent sedimentation on the lock sill, holding basins must have a greater depth than the sill depth
(Rijkswaterstaat, 2020). At the end of the holding basin, the approach structure often has a funnel
structure leading to the chamber which ensures the ships have visual and physical guidance when
needed to enter the lock safely. Figure 10.1 shows the layout of a typical approach structure. In Figure
10.2 a picture of the lock approach at Engelen, Netherlands, can be seen.

Figure 10.1: Lock approach structure (Rijkswaterstaat, 2020).

Figure 10.2: Lock approach at Engelen, Netherlands (Glerum & Vrijburcht, 2000).

As this report focuses more on the inside of the lock chamber and channel, there are no further steps
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taken in determining and optimising the alternatives for the approach structures. The effect that different
approach structures can have on the sediment transport and sedimentation is recommended to take
into account in a future study.

10.3. Lock gates
There are fifteen possible gate types identified through a literature study (Chen, 2015; Daniel & Paulus,
2018, 2019; Glerum & Vrijburcht, 2000). Not every gate type is fit to be used in a navigation lock. There
are already a lot of navigation locks constructed around the world. The first step in the choice of the
gate type is therefore to look at the history of the gate types and their use in reference projects. By doing
this, it can be concluded that a group of five gate types are generally not used in navigation locks: drum
and roller gates, horizontally hinged sector gates, barge gates, bear-trap and roof gates, and inflatable
gates (Daniel & Paulus, 2018, 2019). Five other gate types that are sometimes used in navigation
locks, but often not the preferred option, are: single-leaf gates, hinged crest or other flap gates, radial
(or tainter) gates, visor gates, and vane gates. The five options that are often used in navigation locks
are: mitre gates, vertical lift gates, rotary segment gates, vertically hinged sector gates and rolling and
sliding gates. All of the gate types are given in Table 10.2.

Table 10.2: Gate types and their previous usage in navigation locks.

Almost never used Sometimes used Often used

Drum and roller gates Single-leaf gate Mitre gate
Horizontally hinged sector gate Hinged crest or other flap gate Vertical lift gate
Barge gate Radial (or tainter) gate Rotary segment gate
Bear-trap and roof gate Visor gate Vertically hinged sector gate
Inflatable gate Vane gate Rolling and sliding gate

Now that the options are known, the gate types can be analysed and assessed based on the functional
requirements for the structural design of the lock. The general aspects of each gate type are not
discussed. For these details, the information provided by Daniel and Paulus (2018, 2019) and Glerum
and Vrijburcht (2000) can be consulted. In Appendix D, an overview of the lay-outs of the ten gate
types which are sometimes and often used for navigation locks are shown. The gate movements can
also be seen in the Figures 10.3-10.11, along with their sediment streams during the operation. These
figures are explained later on.

Some of the mentioned lock gates have clear disadvantages for the specific application with regards
to sedimentation and variable water heads. All of the gate types that are almost never used for locks,
except for barge gates, can only control the flow in one direction. They can carry a water head only
on one side and are not suited for alternating flows (Daniel & Paulus, 2019). The same case holds
for a hinged crest of other flap gate which is more often used in spillways. Near a navigation lock,
which is also subjected to a flow following tidal variations on one side, the water head is constantly
alternating. The gates of a navigation lock need to account for this and also need to be able to control
the flow in both directions as this is the only way to ensure the safe passage of ships. Barge gates are
often not considered for navigation locks, because they are not suitable to operate frequently. The gate
structure is heavy and has a very long opening and closing time. Additionally, the five gate types that are
generally not used for locks and the hinged crest or other flap gates do not have a specific advantage
with regards to sediment transport and sedimentation. Therefore, these will not be analysed in further
detail. In the next part, the other gate types will be analysed to a greater extent, beginning with the
sediment considerations.

10.3.1. Sediment considerations
Inlet in opened condition
Sediment can only enter the lock system either when the gates are opened or when the water in the
chamber is being levelled. The optimisation of this second situation is discussed in Paragraph 10.5.
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The sediment inlet while the gates are opened, can be influenced by the type of gates. One of the
largest variables here is the time that is required for the gates to be fully opened. When this time is
large, the water from the sea side, with a high sediment concentration, has a longer period to enter the
chamber during density currents. The closing of the gates and the opening of the gates on the other
side will also take longer, when the same gate type is implemented on both sides. The sediment will
therefore be able to settle more inside the chamber. The time inside the chamber will directly influence
the suspended sediment concentration that the water in the chamber has when it is in connection with
the channel. On the one hand, it is possible that more sediment has entered the chamber with a longer
gate opening/closing time resulting in a higher concentration of sediment in the chamber. On the other
hand, the sediment has a longer period to settle, which would cause a decrease in the suspended
sediment concentration in the chamber. It can be concluded that the total sediment volume entering
the lock system will probably increase when the opening/closing time of the gate increases.

Gate types with low to moderate opening/closing times are themitre gate, vertical lift gate, radial (or tain-
ter) gate and the vertically hinged sector gate. Single-leaf gates and rolling and sliding gates generally
have a high opening/closing time due to their weight and size. There is not much specific information
regarding the opening and closing times of the remaining gate types when they are used in navigation
locks.

Sediment movements during opening/closing
It is predicted that sediment will accumulate in front of lock gates as the flow velocity is near zero here.
Some gates are able to flush a part of this sediment away during their operation. Other gate types can
increase the inlet of sediment by their operation. For this property, it is important to understand the
movement of each gate type.

A single-leaf gate, a mitre gate and a vane gate all turn around a vertical axis, pushing the gate doors to
the high water side. In these cases, the sediment that has accumulated in front of the doors, is pushed
back. A large part of the sediment that is pushed back will erode and be resuspended into the water in
front of the gate. During this process, the concentration of the water in front of the gate can increase.
An advantage of these gate types is that the accumulated sediment is not let directly into the chamber
or channel, thus directly increasing the sediment layer thickness in these areas. When the layer of
sediment in front of the gate is very large, the gate might start experiencing trouble pushing this away
and fully open. The force opening the gates acts at the top of them, while the resistant force, induced
by sediment accumulation, acts near the bottom. This force distribution causes the gates to experience
an increase in stress internally. Consequently, the doors become more susceptible to fatigue. If these
gates would be implemented in an environment with high sediment concentrations, this should be a
point of attention.

The sediment streams induced by the opening and closing of a single-leaf gate is shown in Figure
10.3. On the left side of the figure, the gate is opened and on the right, the gate is closed. The yellow
arrows represent the horizontal movement of the sediment that remains settled on the ground. The
blue arrows indicate the movement of sediment that was first settled and is now resuspended due to
the gate movements.

Figure 10.3: Sediment movements single-leaf gate.

The sediment movements around a mitre gate when it is opened or closed are shown in Figure 10.4.
The sediment following the yellow arrows stays settled again, and the sediment following the blue
arrows will resuspend. When there is a same amount of sediment in front of a single-leaf gate and a
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mitre gate, the mitre gate will have less difficulties with pushing the sediment away, as the span of the
gate is halved.

Figure 10.4: Sediment movements mitre gate.

Figure 10.5 shows the sediment movements during the opening and closing of a vane gate. The
movements look a lot like the movements of a mitre gate. Only now, the sediment can be collected
in the gate chambers of the lock heads. This sediment volume can be replenished during every gate
opening cycle. The accumulation can cause problems for the gate operation.

Figure 10.5: Sediment movements vane gate.

The vertical lift gate, radial (or tainter) gate and the visor gate all operate vertically. When these gates
are opened, they cause friction between the gate and the sediment in front of the gate. A part of the
sediment will be able to erode and be resuspended, but another part of the sediment layer might also
be able to directly enter the chamber or channel and enhance the layer thickness in these. A danger
of this is that the sediment should not end up in the connection between the gate and the bottom or sill.
This can hinder the sealing functionality of the gate. An advantage of the gates is however, that when
they are closed, the movement of the gates can flush the sediment near the connection away again to
both sides of the gate.

The sediment movements around a vertical lift gate when the gate is opened and closed are shown in
Figure 10.6. On the left of the figure, it can be seen that some of the sediment that was first settled in
front of the gate will move horizontally towards the gate opening, because their resistant wall is removed.
Another part of the sediment is sucked upwards due to the gate movement and will resuspend in the
water. When the gate is closed on the right side of the figure, the sediment that was able to gather
around the gate opening is pushed away to both sides of the gate. A part of the sediment will move
horizontally and another part is partially pushed upwards due to the turbulence and will be able to
resuspend in the water.

The sediment movements around a radial (or tainter) gate when it is opening and closing can be seen
in Figure 10.7. Just like for the vertical lift gate, it can be seen on the left side of the figure that one
part of the settled sediment will move towards the gate opening when the gate is opened and another
part is sucked upwards and will resuspend. When the gate is closing (on the right), the sediment is
flushed away. Some of the sediment is only pushed away horizontally, and the other part is also moving
upwards due to the turbulence. This part is able to settle again later or will be resuspended in the water.
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Figure 10.6: Sediment movements vertical lift gate.

Figure 10.7: Sediment movements radial (or tainter) gate.

Figure 10.8 shows the sediment streams during the opening and closing of a visor gate. When the gate
is opened on the left side of the figure, a part of the settled sediment is moved towards the connection
area of the gate and the bottom of the lock. Another part is moved upwards to the bottom of the gate. A
part of this last sediment will be resuspended into the water. The sediment that has gathered near the
connection area is pushed towards both sides of the gate when it is closing again. The sediment can
either move horizontally and stay settled or also move upwards and get resuspended into the water.

Figure 10.8: Sediment movements visor gate.

A rotary segment gate is a separate case with regards to the flushing of sediment. When the gate
is closed, sediment can also accumulate in the rotating hole behind the gate. When the gate is then
opened, it will scoop up this sediment and let a large part erode and be resuspended. The gate might
endure problems in opening again when a lot of the sediment is settled on top of the gate when it is
down. However, this amount is assumed to be limited, as the boat movements will help let this settled
sediment erode again. During the closing of the gate, it can suck in some sediment in the hole behind
it. On the other hand, the gate will push the sediment right in front of the gate away. The sediment
movements during the opening and closing are shown in Figure 10.9.

The vertically hinged sector gate and rolling and sliding gate move horizontally without pushing sedi-
ment back. Just like for the vertical lift gate, radial (or tainter) gate and the visor gate, a part of the
sediment will be able to erode and be resuspended while opening the gates, but another part of the
sediment layer might also be able to directly enter the chamber or channel and enhance the layer
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Figure 10.9: Sediment movements rotary segment gate.

thickness in these.

The sediment streams induced by the opening and closing of a vertically hinged sector gate are shown
in Figure 10.10. During the opening of the gate, sediment can be moved more to the sides of the lock
chamber, as this is also the direction in which their resistant walls are moving. During the closing of the
gate, the sediment near the sides of the lock chamber are moved towards the middle again. A part of
this sediment will also move upwards due to the turbulence and get resuspended.

Figure 10.10: Sediment movements vertically hinged sector gate.

In Figure 10.11, the sediment movements during the opening and closing of a rolling/sliding gate are
shown. Sediment will move towards the gate chamber and gate opening when the gate is opened.
There is a danger of having sediment near the connection area. The gate will be able to push a part of
this sediment away again when it is closing. During the closing, the sediment is moved sidewards to
both sides of the gates, and is also pushed in the moving direction of the gate. Due to the turbulence,
a part of the sediment that is pushed away, will be able to resuspend into the water around the gate.

Figure 10.11: Sediment movements rolling/sliding gate.

Flushing
The timing and manner in which lock gates are operated, can significantly influence the flushing of
sediment around the gates. Gates are frequently opened and closed before the water levels of the two
bodies are fully equalized. This residual difference in water head generates a flow over the sill of the
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lock, which facilitates the removal of sediment through flushing. Certain gate operation methods can
also enhance the flushing capacity of locks. This is often achieved by closing the gates relatively quickly
until a small opening remains, followed by a slower closing phase. During this final, slower movement,
the flow near the sill of the lock effectively flushes accumulated sediment. Among the various gate types,
the vertical lift gate, radial (or tainter) gate and visor gate can particularly be effective for improving the
flushing, as their closingmechanisms bring the opening closer to the bottom of the lock, where sediment
tends to accumulate most.

Sealing
A tight sealing of the gate will ensure that no water with sediment can enter the chamber or channel,
when the gates are in a closed position. Such a leak can be small, but when a leak is constantly present
it can cause a significant increase in sedimentation in the end. The sealing property of gates can be
improved by, for example, changing the seals more often or introducing a high-precision sill. There are
three gate types that have proven to be difficult to seal in a lock gate operation: rotary gates, vertically
hinged sector gates, and rolling and sliding gates. Gate types that are generally sealed quite well
because the hydraulic loads working on them increase this property, are single-leaf gates and mitre
gates.

10.3.2. Cost, construction, time and safety requirements
Table 10.3 gives a comparison of the different gate types based on the remaining criteria from the
functional requirements. The criteria include costs, construction complexity, vessel waiting time and
safety of vessels. The scoring of the criteria is based on literature research (Daniel & Paulus, 2018,
2019; Glerum & Vrijburcht, 2000).

Now, an elaboration is given on how each of the criteria is defined. Both costs and complexity are
desired to be kept to a minimum. Bangladesh does not have a rich history of implementing navigation
locks in their sediment polluted waterways. Because of their lack in experience, the construction of a
gate with a relatively low complexity will be beneficial. In a later design stage, a more detailed study
should be conducted on the costs of certain gate types. This will give insights into what gates will give
the optimal cost to benefit ratio. The waiting time for vessels depends on a few factors: the amount
of boats wanting to pass the channel at that time, the state that the lock is in when the vessel arrives,
the time required to fill and empty the chamber, and the time required to open and close the gates.
Generally, a low waiting time is desired. Maintaining the safety of vessels passing through the gates is
of utmost importance. The safety of vessels can be decreased when there is a limited clearance under
the gate when it is in an open condition and when they are more susceptible to ship collisions due to
the direction and way in which they move. Each gate is assigned a score, varying from ’-’, ’0’, ’+’, for
every criterion.

In Table 10.3, it is seen that the radial (or tainter) gate, the mitre gate and the vertical lift gate have
the best total score. All three gate types have low to moderate costs and a low vessel waiting time.
Additionally, the mitre gate has good properties with regards to the safety of vessels. Radial (or tainter)
gates and vertical lift gates score lower on vessel safety due to their limited clearance when they are
fully opened. These gate types remain viable options. However, this limitation warrants attention,
particularly in the Mongla-Ghasiakhali case, where navigation aids are absent, and fleet information is
insufficient.

10.3.3. Conclusion
The opening/closing time of the gates is the most important sediment consideration when the differ-
ences between the water bodies outside and inside the chamber are large. When the sediment layer
thickness is relatively large, the flushing property is of importance. The tight sealing of the gates is very
important when there is a high suspended sediment concentration inside the water in front of the gate.

The gates that have a low to moderate opening/closing time are the mitre gate, vertical lift gate, radial
(or tainter) gate and vertically hinged sector gate. A mitre gate is able to push accumulated sediment
in front of the gate away and thereby reduces the sediment inlet. The operation can experience trouble
when the force needed for this pushing away becomes large due to an increased accumulated sediment
volume. The vertical lift gate and radial (or tainter) gate can flush sediment away when they are closed.
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Table 10.3: Gate comparison: cost, construction, time and safety.

Gate type Costs Construction
complexity

Vessel waiting
time

Safety of ves-
sels

Single-leaf gate + 0 - +

Radial (or tainter) gate + 0 + 0

Visor gate 0 0 0 -

Vane gate 0 0 0 +

Mitre gate + 0 + +

Vertical lift gate + 0 + 0

Rotary segment gate 0 0 0 -

Vertically hinged sector gate - - + +

Rolling and sliding gate - 0 - -

This is needed, as sediment in the connection between the gate and the bottom or sill can cause various
problems. A vertically hinged sector gate is more likely to flush sediment into the lock chamber than
outwards. Mitre gates are often sealed well as the loads on the gate increase its sealing function. A
vertically hinged sector gate has experienced problems with sealing in the past.

It can be concluded that in the Mongla-Ghasiakhali case, the mitre gate is the best option for reducing
the sediment inlet and accumulation, while still fulfilling the other gate requirements. The vertical lift
gate and radial (or tainter) gates are also valid options, but would not be chosen here in this stage,
because there is not enough information about the heights of the vessels in the waterway.
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10.4. Lock chamber
Themost important properties of the chamber of a lock are its length, width and depth. These properties
are primarily dependent on the vessel sizes, but sedimentation can also play a role in these. It can
be chosen to widen or deepen the chamber in order to account for future sedimentation. Otherwise,
maintenance dredging would have to be undertaken earlier. More on this is explained in Chapter 11.
When the length or width of the chamber is increased, the sediment layer thickness will generally
be decreased due to the fact that the sediment volume can be distributed over a larger area. When
only the depth of the chamber is increased, the layer thickness will not be immediately increased or
decreased, but the system can allow for a greater layer thickness, as there is more clearance in the
height. Next to these direct influences, the changes in the chamber dimensions can also affect the
sediment movements indirectly.

By increasing the chamber dimensions, the water exchange volume needed to level the water inside
the chamber is also increased. However, there is also a larger initial water volume inside the chamber
in this case. The ratio between the water exchange volume and the water already inside the chamber
only changes when the height of the water column is changed.

When the width of the chamber is increased, the water exchange volume due to density currents is
increased as well. However, there is again also a larger volume of fresh(er) water in the chamber. The
ratio remains the same in this case. The sediment layer thickness in the lock chamber can also be
affected indirectly through the length of the chamber and its influence on the density currents. When
the length of the chamber is increased, the time required for the density currents to reach an equilibrium
increases as well.

The ratio of water exchange volume due to boat movements of the total water volume inside the cham-
ber decreases when the chamber dimensions increase. This means the boat movements will have a
lesser effect on the suspended sediment concentration inside the chamber until the keel clearance is
reduced considerably. The reduction of the keel clearance can cause a rise in the erosion rate and can
increase the suspended sediment concentration due to the resuspension of particles. A boat will also
be able to travel with a greater speed into the lock when the width of the chamber is increased. This
change reduces the time in which the total water exchange volume due to boat movements is reached.
Higher boat velocities can enhance the erosion and resuspension processes during these movements.

10.5. Filling and emptying system
The most frequently used filling and emptying systems are culverts, openings in lock gates and lock
gates themselves (Daniel & Paulus, 2018, 2019; Glerum & Vrijburcht, 2000). Each type has their own
advantages and disadvantages. When the different types are known, their efficacy can be assessed
using the functional requirements of the structural design of the lock.

Culverts are closable conduits along or below the lock entrance. This option is often preferred in large
locks as they have a better flow distribution and can therefore have a lower filling/emptying time without
disturbing vessels due to high currents. Culverts do requiremore space aside or under the lock chamber
which in turn requires more excavation of the site. This leads to higher construction costs. Another
disadvantage of using culverts is their susceptibility to sediment deposits at their intakes.

Openings in lock gates can distribute the water flow in a less balanced manner than culverts. This
results in higher flow velocities and higher loads on vessels. The construction of the openings in the
gates do not require additional space or excavations. The openings in gates generally have no prob-
lems regarding sediment deposits.

Most gates can also be opened partially to fill or empty the chamber. This operation gives the highest
flow velocities and loads on vessels. The operation can only be done for small water head differences,
with large opening/closing times or when no boats are present in or near the chamber. The partial
opening of a gate is able to flush sediment towards the low water side of the system. The opening can
be preferable when you would want to flush some sediment from the lock chamber into the channel so
that the sediment layer thickness in the chamber is reduced.

The best option regarding a sedimentation based design of a lock also including the other requirements,
is the use of openings in gates. The system will consist of multiple gate openings in the bottom of the
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gates. Energy dissipating bars can be included to further distribute the flow when flowing into our out
of the chamber. The openings often have a rectangular shape. The filling/emptying system of gate
openings can definitely be incorporated in mitre gates as well as in vertical lift gates, but may be more
difficult for radial (or tainter) gates due to their curvature.

10.6. Other features
The previous paragraphs went into adapting the design of the main parts of a navigation lock so they
can manage the sediment concentrations and sedimentation volume in a better way. Next to this, it is
also possible to introduce other (smaller) elements that can improve its ability to deal with sediment
even further. The goal of such an element can be to catch sediment, to flush it away or to increase the
sealing tightness of the system.

In order to catch the sediment, you need to have room to store this and the sediment itself needs to
be appropriate for it. In the Mongla-Ghasiakhali waterway, the sediment is very fine. This can make it
hard to catch the sediment. When the sill depth is increased, more sediment can be trapped in front
of the lock, thereby reducing the inlet. As mentioned earlier, the depth of the lock chamber can also
be increased. This means that the system can allow more sediment to be caught inside the chamber.
This sediment does need to be dredged at some point, when the sediment layer starts to become an
obstacle for the vessels that are passing through.

The principle of incorporating an additional flushing device would be to increase the bottom flow velocity
by releasing water or air from a location near or on the bottom or the lock with a greater speed that the
existing flow velocity. Implementing such a system does mean that the design becomes more complex
and costly. Therefore, it should only be implemented when the maintenance option does not suffice.

A seal is needed to tighten the lock gate connection. By improving the seal in the connection, less
sediment would be able to enter the chamber through leakage, when the gates are supposed to be
closed. It is also good to replace the seal more often when you want to ensure its tightness, as the
connection can be damaged due to its wear and tear.

10.7. Conclusion
The approach structure is meant to guide ships to and from the waiting area and chamber. To pre-
vent sedimentation on the lock sill, holding basins must have a greater depth than the sill depth. The
effect that different approach structures can have on the sediment transport and sedimentation is rec-
ommended to take into account in a later study.

The sediment-based characteristics on which the gate types are tested are the opening/closing time of
the gates, the sediment movements during the opening/closing, and the flushing and sealing ability of
the gates. Using only the sediment considerations, the preferred gate types would be the mitre gate,
vertical lift gate and radial (or tainter) gate. These gates have a rather short opening/closing time and
a good flushing property during the opening/closing. From these options, the mitre gate should be
chosen when the sealing of the gates is very important. After also looking at the other requirements, it
can be concluded that in the Mongla-Ghasiakhali case, the mitre gate is the best overall option.

It can be chosen to widen or deepen the lock chamber in order to account for future sedimentation.
Otherwise, maintenance dredging would have to be undertaken earlier. When the length or width of
the chamber is increased, the sediment layer thickness will generally be decreased due to the fact
that the sediment volume can be distributed over a larger area. When only the depth of the chamber is
increased, the layer thickness will not be immediately increased or decreased, but the system can allow
for a greater layer thickness, as there is more clearance in the height. Next to these direct influences,
the changes in the chamber dimensions can also affect the sediment movements indirectly.

The best option for the filling and emptying system, regarding a sedimentation-based design of a lock
also including the other requirements, is the use of openings in gates. The construction of the openings
in the gates do not require additional space or excavations and the gates generally have no problems
regarding sediment deposits. The filling/emptying system of gate openings can definitely be incorpo-
rated in mitre gates as well as in vertical lift gates, but may be more difficult for radial (or tainter) gates
due to their curvature.
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It is also possible to introduce other (smaller) elements that can improve the locks’ ability to deal with
sediment even further. The goal of such an element can be to catch sediment, to flush it away or to
increase the sealing tightness of the system.



11
Maintenance design

11.1. Functional requirements
The functional requirements for the maintenance design of a lock dealing with high sediment concen-
trations are given in Table 11.1. First of all, the maintenance frequency should be minimised in order to
decrease the lifetime costs of the design. It is also important to minimise the time and space in which
the maintenance would take place. When the maintenance time is long, a possible alternative route
should be provided during maintenance works. At last, the maintenance design should be efficient and
durable.

Table 11.1: Functional requirements for the maintenance design of a lock facing high sediment transportation.

Number Functional requirement

1 Minimising the maintenance frequency
2 Minimising the obstruction time or space during maintenance
3 Provide a possible alternative route during maintenance works
4 Cost efficient and durable design

Maintenance can be required in the chamber as well as in the channel. Maintenance works in the
chamber will probably have to be done more frequently than in the channel as the sediment in the
chamber is distributed over a smaller area.

It is preferred to carry out themaintenance when the chamber and channel are not operational. This can
only be the case when the operational cycle of the lock is less than 24 hrs a day. There is no alternative
route needed when it is possible to carry out the maintenance during the standard non-operational time.

11.2. Frequency
11.2.1. Lock chamber
The sediment layer thickness inside the chamber when it has operated one year with the two way traffic
scheme and a flushing cycle after every operating 12 hrs is about 3.22m. The frequency with which both
the chamber and the channel need to be dredged to maintain navigability is strongly dependent on their
bottom levels. The bottom levels were initially set to a value that provides just enough keel clearance
for a large design vessel. In the case of sedimentation, however, it would be better to excavate more
to start with and lower the bottom level. Lowering the bottom level means that the system can allow
for (more) sedimentation before maintenance is really needed. A first estimate of the required lowering
can be determined based on the sediment layer thickness calculated in the model. In Paragraph 10.4 it
is explained that deepening the lock chamber also has an effect on the sedimentation itself. Therefore,
this would need to be recalculated to determine a better estimate of the required excavation. The first
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estimate would be that, when you would only want to do maintenance works in the chamber once a
year, the lock chamber needs to be excavated with 3.22 m more than is needed for the required keel
clearance. This is possible, but it is quite a large excavation. The corresponding volume that would
need to be dredged in the chamber is then 4.60 ∗ 103 m3. About 1.61 m would need to be excavated
whenmaintenance would be done twice a year and about 1.07mwhen you would domaintenance three
times a year. When the excavation needs to be lower, the frequency of the dredging that is required will
increase. It is assumed that it is not preferable to excavate the chamber more than 3.22 m, resulting in
a minimum maintenance frequency of once per year.

11.2.2. Channel
The estimated sediment layer thickness in the channel after one year with the two way traffic scheme
and a flushing cycle after every operating 12 hrs is about 2.67 ∗ 10−2 m. In comparison with the sedi-
mentation in the lock chamber and the situation in the channel before the lock construction, this is not
a large number. The channel can be excavated with this amount to prepare for the future sedimen-
tation. The maintenance frequency in the channel can be less than once per year, which would be a
certain improvement with respect to the situation in which no locks would have been constructed. The
sediment layer thickness in the channel after one year under the described conditions corresponds to
a sedimentation volume of 5.79 ∗ 104 m3 per year. In the situation before the lock construction, a vol-
ume of 2.2 ∗ 106 m3 needed to be dredged annually. This corresponds to an allowable sediment layer
thickness of about 1.01 m over the channel. When this same amount is allowed now and the sediment
layer thickness progression would follow the same linear course as calculated in Chapter 9, the channel
would only have to be dredged once every 37 yrs. You can also argue the other way around: when
the allowed maintenance frequency is once in 20 yrs, the sediment layer thickness that is allowed is
5.34 ∗ 10−1 m. The low frequency of the dredging options for the channel is a good indication that the
locked system effectively protects the channel from sediment.

It should be noted that both in the lock chamber and in the channel, boat movements will have pushed
settled sediment to the sides of the chamber and channel. The sediment will be brought into two slopes
with the lowest sediment layer thickness in the middle of the chamber and channel. Due to this, the
system can allow for a sediment layer thickness that would slightly exceed the required keel clearance,
because the layer is not distributed equally. Figure 11.1 shows a sketch of the new distribution of
the sediment layer thickness due to boat movements. The sedimentation volume is not changing. The
dotted orange line represents the sediment layer when it would be distributed equally and the full orange
line presents the new slopes.

Figure 11.1: Sketch sediment layer thickness slopes.

When the locks would be constructed and a more accurate estimate of the actual sedimentation can
be made, it is recommended to look into the optimisation of the maintenance dredging. The important
choices that need to be made are then how much the chamber and channel are deepened to allow a
certain amount of sedimentation and what the preferred maintenance frequency is.

Maintenance dredging is not the only part of the system that requires periodic care. The navigation
lock itself, including the lock heads with gates and the operation mechanisms behind them, also need
to be maintained. The frequency of this maintenance is depending on the eventual lock design and
operation scheme. Overall, a lock with higher investment costs in the design phase, will require a
lower maintenance frequency and therefore lower maintenance costs. Next to this, the fully operational
scheme will require a higher maintenance frequency than the two way traffic scheme, because the lock
is used more often and therefore also has a higher probability to endure problems such as wear. It
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can be beneficial to find an optimum between the investment costs of the design and the maintenance
costs. This should be done in a later design phase.

11.3. Duration
The duration of the maintenance dredging is mainly depending on the volume that needs to be dredged
and the equipment that is used. Dredging can be performed using equipment either on land or in the
water (Land and water, n.d.). Overall, the dredgers in the water are larger and therefore often have a
greater capacity than the excavators used for dredging on land. Which type of dredger should be used
is also depending on the location of the sediment disposal site and if this is better reachable via land
or water. The channel between Mongla and Ghasiakhali is large enough to accommodate a dredging
ship and let other vessels still pass by. The channel is 31 km long and the total dredging volume over
this area is quite large when the frequency is minimised. Furthermore, it is assumed that an excavator
on land will not be able to reach the full 70 m width of the channel. For these reasons, it is logical to
let the dredging in the channel be done by a dredging ship. During the dredging of the lock chamber,
no navigation through it will be possible. The lock has 12 non-operating hours when the two way traffic
scheme is implemented. The maintenance dredging should only be done during these 12 hrs in the
night, when it is important not to obstruct the navigation. The dredging can be done by a small or
medium dredging boat or by an excavator on land. The lock is only 110 m long and 13 m wide. When
the infrastructure around the lock is constructed with maintenance dredging in mind, the lock will be
readily accessible to an excavator.

A dredger can be either mechanically or hydraulically driven (Hardya, 2016). A mechanical dredger,
equipped with a bucket, works with digging and/or cutting. A hydraulic dredger operates using water
power. The hydraulic dredger uses a water jet to extract a mixture of water and soil from the dredging
area. Maintenance dredging can be divided into four main phases (Notteboom et al., 2022). The first
phase is the excavation of the sediment. This is done with a bucket or with a sucking force. The second
phase of dredging is the vertical transport of the sediment. The sediment on the bottom of the chamber
or lock needs to be transported to the water or land level of the dredger. In the third phase, the sediment
needs to be transported horizontally towards a specific sediment disposal site. The transportation can
be done via road or river. After this, the dredged material should be placed for disposal somewhere or
placed at a spot where it can be re-used. It is important to analyse the possible re-use of the dredged
sediment in a later stage of the study. This can reduce the environmental impact that the dredging
works may have.

Between the excavators and boat dredgers and the mechanical and hydraulic ones, there are still a lot
of different options with a large capacity range. The capacity of a dredging device is often found in a
range varying from 30 m3/h to 330 m3/h (Hanowsky et al., 2024; Hardya, 2016; Webb et al., 2015).
With this range in capacity, the volume that can be dredged per 12 hrs is 360 m3 to 3, 960 m3. When it
is assumed that an excavator with a capacity of 100 m3/h is used to dredge the chamber, it would take
the excavator about 14.3 hrs to dredge 1.0 m sedimentation in the chamber. The water dredger which
would be used for dredging the channel can, for example, have a capacity of 200 m3/h. It would take
one of these dredgers about 45 full days to dredge 0.1 m sedimentation out of the channel.

As there are still parameters unknown with regards to the sedimentation and dredging process, it is not
useful to go into more depth about the specific optimisation of the dredging works in the chamber and
channel. The first step will be to do more site investigation on the surrounding area and facilities, and
on the specific sediment that is suspended in the water near Mongla and Ghasiakhali. This will need
to be done in a later stage of the maintenance dredging design.

11.4. Alternative route
The waterway between Mongla and Ghasiakhali is wide enough for boats to travel on one side of it,
while another side is being partially dredged. However, when there is only one lock constructed on
both sides of the waterway, it is not possible to let water vessels pass the chamber during maintenance.
This would not be a problem if all the maintenance works can be done in the non-operational hours
of the lock. It would be a problem when the lock is normally in constant operation. A solution to this
problem would be to construct a second lock on both sides of the waterway. In this case, one lock can
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keep operating when the other one is under maintenance. However, the construction of a second lock
on both sides is very costly. This option is preferable only if the annual maintenance costs become so
high that, over the lock’s lifetime, they exceed the construction costs of building a second lock.

Constructing a second lock is not the only option of providing an alternative route when maintenance
needs to be done. It is mentioned in Chapter 3 that in the Mongla-Ghasiakhali case, there is one
alternate waterway route possible. This route takes longer and goes through the Sundarbans. The
Sundarbans is a protected area, so this would definitely not be preferable. It is also possible to provide
a route by constructing more roads. However, companies would then need to invest in vessels for
on the road for only a short period of maintenance time. The traffic can also be inhibited during the
maintenance. No alternative route is then needed, but boat vessels need to wait a period before they
can travel through the channel again. Whether this is acceptable, depends on the time that is needed
for the maintenance. It may be preferred to perform the maintenance in steps in this case, to reduce
the consecutive amount of time the waterway is obstructed.

11.5. Costs and efficiency
Multiple studies have already been conducted to optimise the maintenance dredging schedule (Bai
et al., 2021; Hanowsky et al., 2024; Hardya, 2016; Webb et al., 2015). The costs and efficiency of
the maintenance are very much depending on the chosen dredging schedule, but also on the eventual
design of the lock system.

The sediment in the Mongla-Ghasiakhali waterway is highly silty and solidifies rapidly. Frequent dredg-
ing prevents excessive solidification, making the process more efficient and cost-effective. Delayed
dredging increases sediment hardness, raising the cost per cubic meter of removal. Maintenance
schedule optimisation should account for the trade-off between minimising dredging volume and reduc-
ing overall dredging costs.

The sedimentation analysis concludes that the total dredging volume per year with the two way traffic
operation scheme and a flushing cycle is about 6.25 ∗ 104 m3 for the chamber and channel together.
This is 35 times less than the volume that was required to be dredged before. The locked system
can therefore definitely reduce the costs for the maintenance dredging. The total cost of maintenance
is difficult to estimate, as the lock itself will require maintenance as well. How the specific costs and
efficiency of the maintenance design will look, needs to be determined in a later stage of the study.

11.6. Conclusion
Maintenance works in the chamber will have to be done more frequently than in the channel. The
frequency with which both the chamber and the channel need to be dredged to maintain navigability, is
strongly dependent on the bottom level of them. The volume that needs to be dredged in the chamber
with a two way traffic operating scheme and a flushing cycle is 4.60∗103 m3/y. The minimum frequency
of maintenance dredging in the channel is about once per year. The required dredging volume in the
channel under the same conditions is 5.79 ∗ 104 m3/y. The minimum frequency for this dredging is
about once in 37 yrs. The maintenance dredging in the channel requires a larger dredger on a boat,
while the maintenance dredging in the chamber can be done by an excavator on land. The capacity
of a single dredger is typically in between 30 m3/h and 330 m3/h. It is recommended to look into the
optimisation of the maintenance dredging schedule in a later study.

The waterway between Mongla and Ghasiakhali is wide enough for boats to travel on one side of it,
while another side is being partially dredged. However, when there is only one lock constructed on
both sides of the waterway, it is not possible to let water vessels pass the chamber during maintenance.
This is only a problem when the lock is in constant operation. A solution to this problem is constructing
a second lock. This option is preferable only if the annual maintenance costs become so high that, over
the lock’s lifetime, they exceed the construction costs of building a second lock.

The costs and efficiency of themaintenance are verymuch depending on the chosen dredging schedule,
but also on the eventual design of the lock system. The optimisation of the dredging schedule should
include the choice between minimising the dredging volume or reducing the overall dredging costs.
As the eventual design of the lock system is not completely known yet, the maintenance costs of the
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additional parts remain difficult to determine. It is concluded that the maintenance dredging costs of
the Mongla-Ghasiakhali waterway are reduced by introducing the two navigation locks.



12
Conclusion

Many rivers, including the Mongla-Ghasiakhali waterway in Bangladesh, are dominated by an asym-
metrical tide. When high sediment concentrations are present, this asymmetry, combined with an
increased tidal pumping process, can lead to significant sedimentation rates near the tidal meeting
zone of the system. The proposed solution is to reduce sedimentation by introducing two sluices with
navigation locks on either side of the waterway. This report models the sedimentation within the nav-
igation lock and the channel between the two locks. Based on these results, the optimal adaptations
for the structural and maintenance design of the lock dealing with sedimentation are discussed. The
research questions regarding the sedimentation quantification, design and operation choices, and the
maintenance considerations (established in Chapter 2) will subsequently be answered.

Quantification of sedimentation
The sedimentation in both the lock chamber and the channel behind it is calculated using the schema-
tized box method. The operational cycle of a lock is divided into phases, and for each phase, the
sediment balance has been set up. The phases are organised in two different sequences, referred to
as scenario 1 and scenario 2. It is assumed that, during each phase, a single water exchange process
is active. The considered water exchange processes include the filling and emptying of the lock cham-
ber, the density currents induced by differences in salt content and sediment concentration between
the water bodies, and the movement of boats in and out of the chamber.

The sedimentation is determined by quantifying the deposition and erosion. The model developed to
simulate the sedimentation within the system is initially run for one operational cycle, followed by one
tidal cycle, and eventually for multiple tidal cycles.

In the simulation of the operational cycle under two scenarios, the largest increase in suspended sedi-
ment concentration in the chamber occurs during the filling phase, while in the channel, it occurs during
the chamber’s emptying phase. Scenario 2 produces the largest sediment layer thickness in the cham-
ber, reaching 7.30 ∗ 10−4 m per operational cycle. In this scenario, the concentration in the chamber
attains a higher value earlier on, due to a greater ratio of salt water suspension relative to freshwater.
This is because a boat is already present in the lock chamber during its initial filling phase. Conversely,
scenario 1 produces the largest sediment layer thickness in the channel per operational cycle, with a
value of 3.65 ∗ 10−7 m. This occurs because sediment enters the channel earlier in scenario 1 than in
scenario 2, allowing more time for sediment to settle. There were no significant differences observed
between the simulations conducted with and without erosion. This is explained by the assumption of no
initial sediment layer thickness at the start of the simulation, resulting in no initial sediment bed volume
available for erosion. During the operational cycle, the erodible volume remains relatively small.

The tidal cycle is simulated using a two way traffic scheme with 12 operating hours followed by a resting
period, as well as a fully operational scheme. In scenario 2, the cycle concludes with a flushing opera-
tion, meaning the chamber is last connected to the channel side rather than the sea side. Conversely, in
scenario 1 the chamber is last connected to the sea side. For the two way traffic scheme, scenario 2 is
preferred in terms of sedimentation, because it ensures a lower sediment concentration in the chamber
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at the end of the 12 operating hours. The lower concentration results is a smaller sediment layer thick-
ness in the chamber. However, this advantage may lead to an increase in sediment layer thickness in
the channel. Nonetheless, the impact on the sediment layer thickness in the channel is relatively minor,
as the sediment is distributed over a much larger area. The fully operational scheme leads to higher
sediment layer thicknesses in the channel and lower ones in the chamber, as it continuously transports
sediment from the sea side to the channel side.

The sedimentation after one month is simulated by adding multiple tidal cycles with different scenar-
ios in a specific sequence. Series B, consisting exclusively of tidal cycles from scenario 2, results in
the lowest sediment layer thickness in both the lock chamber and the channel for the two way traffic
scheme. This outcome is attributed to the flushing cycle and the non-operating hours following it. In
the fully operational scheme, differences in sediment layer thicknesses within the chamber between
the series are less pronounced, as there is no significant variation in the build-up of the concentration.
The average sediment layer thickness with series B and the two way traffic scheme after one month
is 2.65 ∗ 10−1 m in the chamber and 2.19 ∗ 10−3 m in the channel. After one year, this results in a
sediment layer thickness of 3.22m in the chamber and 2.67∗10−2 m in the channel. The total sediment
volume after one year is 6.25 ∗ 104 m3. In conclusion, the sedimentation volume is able to significantly
decrease with the introduction of the locked system. However, sedimentation will still take place, in the
lock chambers as well as the channel.

Structural design
The structural design choices aim to mitigate sediment accumulation in the system. One key consid-
eration for the approach structure is that the holding basin should be deeper than the sill, to reduce
sediment build-up in front of the lock. The mitre gate is identified as the most effective gate type for
sediment-rich environments. This gate type has a short opening and closing time, has the ability to
push sediment away during operation, and provides strong sealing capabilities. However, as the gate
is exposed to increased torsion, it may be subject to fatigue. Other gate types suitable for such envi-
ronments include the vertical lift gate and the radial (or tainter) gate. Regarding the filling and emptying
system, openings in gates are preferred in sediment-rich environments, as they do not typically en-
counter issues with sediment deposits.

The lock chamber should be deepened to allow for the accumulation of the first sediment layer. In-
creasing the length and/or width or the lock chamber may reduce the sediment layer thickness, as the
surface area on which the sediment volume is distributed increases. These dimensional changes can
also indirectly influence the sediment inlet and accumulation within the system, as the water volume in
the chamber will also change.

It may be beneficial to install a flushing device at the bottom of the lock chamber, which could flush
sediment back to the sea side when the chamber is connected to it. The flushing velocity should be
set higher than the velocity induced by the water exchange processes to ensure effective sediment
removal.

Maintenance considerations
The maintenance design of the lock and channel is assessed based on its functional requirements, with
a focus on the required maintenance dredging in the system. Based on the sedimentation analysis, the
total volume that would need to be dredged after one year with the lock system installed is 35 times
smaller than in the scenario without the locks. If it is desired to perform maintenance dredging in the
chamber only once a year, the chamber will need to be deepened by approximately 3.22 m. If the
preferred deepening is limited to approximately 1m, maintenance dredging will be required three times
per year. When a sediment layer thickness of 1 m is allowed in the channel, maintenance dredging
is expected to be needed only once every 37 years. The accumulated volume after this period will
be nearly equal to the annual volume that is currently dredged. If it is preferred to lower the level of
deepening or perform smaller, more frequent dredging instead of a single large dredging operation, the
maintenance frequency should be increased.

The duration of the maintenance works depends on the dredging volume but also on the dredging
equipment and its capacity. It is preferable to conduct maintenance dredging in the chamber only
during non-operational hours, provided the operation scheme allows for this. A dredging device with a
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capacity of 100 m3/h needs 14.3 hrs to dredge 1 m of sediment in the chamber. The dredging in the
channel requires a dredging boat to cover the entire distance. A dredging device with a capacity of
200 m3/h needs approximately 45 full days to dredge 0.1 m in the channel.

To optimise the maintenance dredging process, it is essential to evaluate the dredging facilities near
the site and analyse the specific characteristics of the sediment bed. Additionally, a decision must be
made to either minimise the volume of dredging or minimise the associated costs. It can be inferred
that the maintenance dredging costs are reduced by the introduction of the locks.
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Discussion

The model simulations rely on several assumptions and approximations, each of which introduces
uncertainty. A key assumption is that the water in the chamber and the channel is initially free of salt
and sediment. In reality, these water volumes will always contain some level of salt and sediment,
which would reduce the impact of density currents at the start of the simulation.

The suspended sediment concentration of the water on the sea side significantly affects the amount
of sediment present in the chamber and channel during each operational cycle. In the model, this
concentration is assumed to be constant, but in reality, it fluctuates with the tidal cycle.

Modelling uncertainties
The duration of each operational phase is a significant source of uncertainty in the system’s sedimen-
tation rate. These durations are based on the time required for the water exchange processes to fully
occur and on the time periods observed in similar projects. Longer durations lead to more sediment
accumulation, potentially exacerbating the problem.

The uncertainty in the modelling of the filling and emptying of the lock chamber primarily stems from the
head difference between sea side and the channel side. The head difference significantly influences the
volume of water that is exchanged during each phase. In the model, this head difference is assumed to
be constant, but in reality, it fluctuates with the tidal cycle, further contributing to uncertainty. Additionally,
the modelling assumes that density currents during the chamber’s filling and emptying can be neglected
due to the high velocities typically present during these phases. However, as the velocity decreases
towards the end of these phases, sediment-induced currents could potentially form, which the model
does not account for.

The modelling of the boat movements raises several discussion points, primarily due to the uncertainty
regarding vessel sizes. The simulation currently considers only one large design vessel, which occu-
pies more underwater volume than multiple smaller vessels would. The use of multiple smaller vessels
would result in a differing volume ratio during operations, which could lead to a reduction in the sedi-
ment intake during the filling and emptying phases. The velocity of smaller vessels is higher than that
of a large design vessel, but the total required time for small vessels to enter or exit the chamber may
be longer, as some vessels may need to wait for one another. Both the velocity differences and vessel
sizes influence the erosion caused by boat movements. A vessel with a larger draught causes more
erosion than a smaller one, but smaller vessels travelling at higher velocities can also induce significant
erosion due to their speed.

Deposition and erosion considerations
An important but uncertain parameter in the calculation of the deposition is the effective settling velocity
of the sediment. The effective settling velocity is depending on the sediment size and concentration.
Small changes in these properties can significantly affect deposition. The uncertain parameters in
erosion calculations are the critical bed shear stress and the erosion constant, both of which depend
on the characteristics of the sediment bed. A higher erosion constant and a lower critical bed shear
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stress both lead to increased erosion. In addition to these uncertainties, it is important to note that
erosion caused by gate movements is not included in the model. As a result, actual erosion may
exceed the model predictions, potentially leading to a reduction in the sediment layer thickness in the
chamber and an increase in the sediment layer thickness in the channel.

There is no visible difference in the development of the sediment layer thickness in the chamber for
erosion constants of 0.0003 and 0.003. However, if the erosion constant is increased further, a notice-
able difference becomes apparent. It remains debatable whether this difference should have been
observable with the first increase in the erosion constant.

Two-dimensional approach
The model is a simplified two-dimensional approach used to simulate sedimentation. One of the simpli-
fications involves that settled sediment is distributed evenly. In reality, an uneven sediment distribution
can sometimes result in a greater sediment layer thickness. Additionally, extending the simulation to
a three-dimensional model could alter the settling dynamics. For instance, the settling velocity might
increase in certain conditions. The current model does not account for variations in the settling velocity
over the height of the water column, a factor that can significantly influence sedimentation rates. This
is particularly relevant during the non-operational part of the tidal cycle when the water movement is
minimal. During this period, suspended sediment concentrations in both the chamber and the chan-
nel would likely decrease to near-zero levels when the three-dimensional settling velocity is taken into
account.

The structural and maintenance design choices for the lock system are based on waterways with
high sediment transport and sedimentation, and the specific case of the Mongla-Ghasiakhali water-
way. Other waterway case studies may require different design considerations to address their unique
sediment transport and deposition characteristics.
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Recommendations

The scope of this project was to investigate sedimentation within the lock chamber and the channel
between the locks when installed on both sides of the waterway. Past human interventions, whose
consequences were not fully researched, have contributed to the exacerbation of the sedimentation
problem in the waterway of the study. Therefore, it is essential to also assess the potential effects the
lock constructions can have on the interconnected waterway system. The construction of the locks is
expected to increase sedimentation in the waterways upstream of the locks. Although this effect has
not yet been fully analysed, it should be addressed in subsequent research.

Model improvements
The Python model used for the simulations can be further improved in successive analyses. One key
improvement would be to account for erosion resulting from gate movements. While this could initially
be implemented solely for the mitre gate, a more robust approach would include options for different
gate types. This would require either making general assumptions or modelling distinct erosion areas
and velocities for each gate type. Additionally, it is recommended to introduce an optional flushing
device within themodel. This device would generate a flow velocity near the bottom of the lock chamber,
aiding in the removal of sediment from the system. It is also important to investigate the sediment
distribution in the channel itself, as sediment is expected to accumulate more densely near the locks
compared to other parts of the channel.

Further improvements to the model could be identified through a more extensive sensitivity analysis.
The first aspect to explore is the model’s sensitivity to changes in the erosion constant and its impact on
sedimentation. Analysing the model’s response to slight variations in lock chamber dimensions would
also provide valuable insights. These changes could stem from futuremodifications, such as deepening
the lock chamber to accommodate sediment layer accumulation or adjusting lock dimensions based on
new vessel specifications. Understanding how sedimentation behaves in response to these changes
would provide valuable insights for future model enhancements.

Field data
The simulation cannot only be improved by adding more processes, but also by incorporating more field
data. In the case study, the water head and suspended sediment concentration of the water on the
sea side of the system are currently treated as constants, but in reality, they vary with the tidal cycle.
Including these variations could enhance the accuracy of the sediment predictions. While the water
head and suspended sediment concentration can be estimated, field measurements are necessary to
further improve the accuracy of the results. Another area with a lack of field data is the fleet in the
region. Obtaining more information about the actual fleet could influence the required lock chamber
dimensions and reveal specific operational opportunities.

After implementing the initial improvements and more accurately predicting sedimentation, the main-
tenance dredging schedule should be optimised. The model indicates that maintenance dredging will
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remain necessary throughout the lifetime of the navigation locks. However, the costs associated with
maintenance dredging can be minimised by strategically optimizing its schedule.
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Table A.1: Set of equations for the phases of operational scenario 1, in the order in which they should be used.

Phase Period of time [min] Set of equations

1 14 8.1 - 8.19

2 4 8.8
8.20 - 8.23
8.9 - 8.12
8.24
8.14 - 8.19

3 6 8.25 - 8.27
8.9 - 8.12
8.28
8.14 - 8.19

4 14 8.1 - 8.4
8.29
8.6 - 8.13

5 4 8.8
8.20 - 8.22
8.30
8.9 - 8.12
8.24
8.14 - 8.19

6 6 8.31
8.26
8.32
8.9 - 8.12
8.28
8.14 - 8.19

7 6 8.25 - 8.27
8.9 - 8.12
8.28
8.14 - 8.19

8 14 8.1 - 8.19

9 4 8.8
8.20 - 8.23
8.9 - 8.12
8.24
8.14 - 8.19

10 6 8.31
8.26
8.32
8.9 - 8.12
8.28
8.14 - 8.19



B
Source code operational cycle

scenario 1

1 import numpy as np
2 import matplotlib.pyplot as plt
3 import matplotlib.ticker as ticker
4

5 # Sediment balance scenario 1
6 # One tidal cycle (phase 1-10)
7

8

9 # Simulation parameters
10 timestep = 10 # Time step 10 s
11 time_steps = np.arange(0, 4681, timestep) # 78 minutes
12

13 # 06:00
14

15 # Parameters
16 c_o_0 = 3 # Concentration at some time, place, and averaged depth (kg/m^3)
17 c_i_0 = 0 # Initial inside concentration (kg/m^3)
18 c_c_0 = 0 # Initial channel concentration (kg/m^3)
19

20 rho_d = 1600 # Density sediment (kg/m^3)
21 rho_o = 1025 # Mean fluid density outside basin (kg/m^3)
22 rho_i_0 = 1000 # Initial inside density (kg/m^3)
23 rho_c_0 = 1000 # Initial channel density (kg/m^3)
24

25 rho_o_s = rho_o * (1 - c_o_0 / rho_d) + c_o_0 # Inital density of the water outside including
suspended sediment contribution (kg/m^3)

26 rho_i_s_0 = rho_i_0 # Initial density of the water inside including suspended sediment
contribution (kg/m^3)

27 rho_c_s_0 = rho_c_0 # Initial density of the water channel including suspended sediment
contribution (kg/m^3)

28

29 D_rho_o_s_0 = rho_o_s - rho_i_s_0 # Initial density difference between outside & inside (kg/m
^3)

30 D_rho_oc_s_0 = rho_i_s_0 - rho_c_s_0 # Initial density difference between outside & inside (
kg/m^3)

31

32 W = 13 # Width channel (m)
33 L = 110 # Length channel (m)
34 A = W * L # Area channel (m^2)
35 a = 2.0 # Area openings F/E (m^2)
36 Wc = 70 # Width MG-canal (m)
37 Lc = 31000 # Length MG-canal (m)
38 Ac = Wc * Lc # Area canal (m^2)
39

40 b_d = 12 # Width of design vessel (m)
41 d = 4.2 # Draught of design vessel (m)
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42 L_d = 75 # Length of design vessel (m)
43 v_boat = 3 / 3.6 # Velocity of design vessel (m/s)
44

45 g = 9.81 # Gravitational constant (m/s^2)
46 C = 0.6 # Discharge coefficient (to be checked)
47 f3 = 0.3 # Vertical exchange coefficient
48

49 h_i_0 = 4.90 # Initial water level inside (7.90 + 2) - 5 (m)
50 h_o_0 = 9.90 # Water level outside(m)
51 h_c_0 = 4.90 # Initial water level channel (m)
52 V_i_0 = h_i_0 * A # Initial volume inside basin (m^3)
53 V_c_0 = h_c_0 * Ac # Initial water volume inside channel (m^3)
54 D_ho_0 = h_o_0 - h_i_0 # Initial max head difference F/E (m)
55 D_hc_0 = h_i_0 - h_c_0 # Initial max head difference channel (m)
56

57 Vboats = v_boat * b_d * d * timestep # Exchange volume per 10 seconds (m^3)
58 V_boat_max = L_d * b_d * d # Maximum exchange volume due to design vessel (m^3)
59

60 ws_eff_i = 0.00017 # Effective settling velocity (m/s), placeholder value
61 ws_eff_c = 0.00017 # c_c
62

63 V_s_0 = A * (ws_eff_i / rho_d) * c_i_0 * timestep # Initial sediment volume inside basin (m
^3)

64 G_s_0 = V_s_0 / A # Initial sediment layer thickness inside basin (m)
65 V_s_c_0 = Ac * (ws_eff_c / rho_d) * c_c_0 * timestep # Initial sediment volume inside channel

(m^3)
66 G_s_c_0 = V_s_c_0 / Ac # Initial sediment layer thickness inside channel (m)
67

68 tau_ce = 1.5 # Critical bed-shear stress (N/m^2)
69 m_e = 0.0003 # Erosion constant (kg/N/s)
70 n = 0.01 # Manning coefficient (m^1/3 / s)
71 u_0 = 0 # Depth-averaged flow velocity at t=0 (m/s)
72 Ch_0 = (1 / n) * (h_i_0) ** (1/6) # Chezy coefficient (m^1/2 / s)
73 tau_b_0 = rho_i_s_0 * g * ((u_0 ** 2) / (Ch_0 ** 2)) # Applied bed-shear stress (N/m^2)
74 A_e_fe = 30 * W # length, area of velocity filling/emptying (m^2)
75 A_e_dens = 110 * W # length, area of velocity density currents (m^2)
76 A_e_boat = 50 * W # length, area of velocity boats (m^2)
77

78 # Arrays to store results
79 h_i = np.zeros_like(time_steps, dtype=float) # Water level inside basin (m)
80 h_o = np.zeros_like(time_steps, dtype=float) # Water level outside (m)
81 h_c = np.zeros_like(time_steps, dtype=float) # Water level inside channel (m)
82 D_ho = np.zeros_like(time_steps, dtype=float) # Water level difference outside and inside

basin (m)
83 D_hc = np.zeros_like(time_steps, dtype=float) # Water level difference inside basin and

inside channel (m)
84 V_i = np.zeros_like(time_steps, dtype=float) # Water volume inside basin (m^3)
85 V_c = np.zeros_like(time_steps, dtype=float) # Water volume inside channel (m^3)
86 v_FE = np.zeros_like(time_steps, dtype=float)
87 Q_FE = np.zeros_like(time_steps, dtype=float)
88 D_V = np.zeros_like(time_steps, dtype=float)
89 Vvert = np.zeros_like(time_steps, dtype=float)
90 Vboat = np.zeros_like(time_steps, dtype=float)
91 rho_i = np.zeros_like(time_steps, dtype=float)
92 rho_c = np.zeros_like(time_steps, dtype=float)
93 rho_i_s = np.zeros_like(time_steps, dtype=float)
94 rho_c_s = np.zeros_like(time_steps, dtype=float)
95 D_rho_o_s = np.zeros_like(time_steps, dtype=float)
96 D_rho_oc_s = np.zeros_like(time_steps, dtype=float)
97

98 c_i = np.zeros_like(time_steps, dtype=float) # Suspended sediment concentration inside basin
(kg/m^3)

99 c_c = np.zeros_like(time_steps, dtype=float) # Suspended sediment concentration inside
channel (kg/m^3)

100 V_s = np.zeros_like(time_steps, dtype=float) # Sediment volume inside basin for each time
step (m^3)

101 V_s_sum = np.zeros_like(time_steps, dtype=float) # Accumulated sediment volume inside basin (
m^3)

102 G_s = np.zeros_like(time_steps, dtype=float) # Sediment layer thickness inside basin for each
time step (m)

103 G_s_sum = np.zeros_like(time_steps, dtype=float) # Accumulated sediment layer thickness
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inside basin (m)
104 V_s_c = np.zeros_like(time_steps, dtype=float) # Sediment volume inside channel for each time

step (m^3)
105 V_s_c_sum = np.zeros_like(time_steps, dtype=float) # Accumulated sediment volume inside

channel (m^3)
106 G_s_c = np.zeros_like(time_steps, dtype=float) # Sediment layer thickness inside channel for

each time step (m)
107 G_s_c_sum = np.zeros_like(time_steps, dtype=float) # Accumulated sediment layer thickness

inside channel (m)
108

109 u = np.zeros_like(time_steps, dtype=float) # Depth-averaged flow velocity near lock heads
110 Ch = np.zeros_like(time_steps, dtype=float) # Chézy coefficient
111 tau_b = np.zeros_like(time_steps, dtype=float) # Applied bottom shear-stress
112 E = np.zeros_like(time_steps, dtype=float) # Erosion rate
113 A_e = np.zeros_like(time_steps, dtype=float) # Area of erosion (m^2)
114 V_e = np.zeros_like(time_steps, dtype=float) # Erosion volume (m^3)
115 V_e_s = np.zeros_like(time_steps, dtype=float)
116

117 V_chamb_susp = np.zeros_like(time_steps, dtype=float)
118 V_chann_susp = np.zeros_like(time_steps, dtype=float)
119

120 V_s_sum_s = np.zeros_like(time_steps, dtype=float)
121 V_s_sum_e = np.zeros_like(time_steps, dtype=float)
122 V_e_s_tot = np.zeros_like(time_steps, dtype=float)
123 G_e_s_tot = np.zeros_like(time_steps, dtype=float)
124

125 # Initial conditions
126 D_ho[0] = D_ho_0
127 D_hc[0] = D_hc_0
128 v_FE[0] = np.sqrt(2 * g * D_ho[0]) # Max F/E velocity at t0
129 Q_FE[0] = a * C * v_FE[0] # Max F/E discharge through openings at t0
130 D_V[0] = 0 # Total volume exchanged (m^3) (max would be: L * W * D_h_0)
131 rho_i[0] = rho_i_0
132 rho_c[0] = rho_c_0
133 rho_i_s[0] = rho_i_s_0
134 rho_c_s[0] = rho_c_s_0
135 D_rho_o_s[0] = D_rho_o_s_0
136 D_rho_oc_s[0] = D_rho_oc_s_0
137 h_i[0] = h_i_0
138 h_o[0] = h_o_0
139 h_c[0] = h_c_0
140

141 c_i[0] = c_i_0
142 c_c[0] = c_c_0
143 V_s_sum[0] = V_s_0
144 G_s_sum[0] = G_s_0
145 V_i[0] = V_i_0
146 V_c[0] = V_c_0
147 V_s_c[0] = V_s_c_0
148 V_s_c_sum[0] = V_s_c_0
149 G_s_c[0] = G_s_c_0
150 G_s_c_sum[0] = G_s_c_0
151

152 u[0] = u_0
153 Ch[0] = Ch_0
154 tau_b[0] = tau_b_0
155 V_e[0] = 0
156

157 # Loop over time steps
158 # Phase 1 loop (t = 0 to 840 s) # 14 minutes
159 # Filling from left to right
160 for i in range(1, 85): # 840 seconds, timestep = 10s, so 84 steps
161 h_o[i] = h_o[i - 1]
162 h_c[i] = h_c[i - 1]
163 V_c[i] = V_c[i - 1]
164 rho_c[i] = rho_c[i - 1]
165

166 D_V[i] = Q_FE[i - 1] * timestep
167 D_ho[i] = max((D_ho[i - 1] - D_V[i] / A), 0)
168 h_i[i] = h_i[i - 1] + (D_V[i] / A)
169 D_hc[i] = h_i[i] - h_c[i]
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170 v_FE[i] = np.sqrt(2 * g * np.abs(D_ho[i]))
171 Q_FE[i] = a * C * v_FE[i]
172

173 if D_ho[i] > 0:
174 V_i[i] = V_i[i - 1] + D_V[i]
175 else:
176 V_i[i] = V_i[i - 1]
177

178 rho_i[i] = (D_V[i] / V_i[i]) * rho_o + ((V_i[i] - D_V[i]) / V_i[i]) * rho_i[i - 1]
179 c_i[i] = (((D_V[i] / V_i[i]) * c_o_0 + ((V_i[i] - D_V[i]) / V_i[i]) * c_i[i - 1]) * V_i[i

] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
180 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
181

182 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
183 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
184 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
185 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
186

187 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
188 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
189 G_s_c[i] = V_s_c[i] / Ac
190 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
191

192 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
193 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
194 G_s[i] = V_s[i] / A
195 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
196

197 # Erosion
198 u[i] = Q_FE[i] / (W * h_i[i])
199 Ch[i] = (1 / n) * h_i[i] ** (1/6)
200 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
201

202 if tau_b[i] > tau_ce:
203 E[i] = m_e * (tau_b[i] - tau_ce)
204 V_e[i] = A_e_fe * (E[i] / rho_d) * timestep
205 else:
206 E[i] = 0
207 V_e[i] = 0
208

209 V_s_sum_s[i] = ((A - A_e_fe) / A) * V_s_sum[i]
210 V_s_sum_e[i] = (A_e_fe / A) * V_s_sum[i]
211

212 if V_e[i] < V_s_sum_e[i]:
213 V_e_s[i] = V_s_sum_e[i] - V_e[i]
214 else:
215 V_e_s[i] = 0
216

217 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
218 G_e_s_tot[i] = V_e_s_tot[i] / A
219

220 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
221 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
222

223 # Phase 2 loop (t = 840 to 1080 s) # 4 minutes
224 # Density currents left
225 for i in range(85, 109):
226 h_i[i] = h_i[i - 1]
227 h_o[i] = h_o[i - 1]
228 h_c[i] = h_c[i - 1]
229 D_ho[i] = D_ho[i - 1]
230 D_hc[i] = D_hc[i - 1]
231 V_i[i] = V_i[i - 1]
232 V_c[i] = V_c[i - 1]
233 rho_c[i] = rho_c[i - 1]
234

235 Vvert[i] = 0.5 * f3 * W * h_o_0 * ((D_rho_o_s[i - 1] / rho_o_s) * g * h_o_0) ** 0.5 *
timestep

236

237 if rho_o_s > rho_i_s[i - 1]:
238 rho_i[i] = (Vvert[i] / V_i[i]) * rho_o + ((V_i[i] - Vvert[i]) / V_i[i]) * rho_i[i -
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1]
239 c_i[i] = (((Vvert[i] / V_i[i]) * c_o_0 + ((V_i[i] - Vvert[i]) / V_i[i]) * c_i[i - 1])

* V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
240 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
241 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
242 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
243

244 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
245 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
246 else:
247 rho_i[i] = rho_i[i - 1]
248 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[

i]
249 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
250 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
251 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
252

253 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
254 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
255

256 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
257 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
258 G_s_c[i] = V_s_c[i] / Ac
259 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
260 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
261 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
262 G_s[i] = V_s[i] / A
263 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
264

265 # Erosion
266 u[i] = (Vvert[i] / timestep) / (W * 0.5 * h_i[i])
267 Ch[i] = (1 / n) * h_i[i] ** (1/6)
268 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
269

270 if tau_b[i] > tau_ce:
271 E[i] = m_e * (tau_b[i] - tau_ce)
272 V_e[i] = A_e_dens * (E[i] / rho_d) * timestep
273 else:
274 E[i] = 0
275 V_e[i] = 0
276

277 V_s_sum_s[i] = ((A - A_e_dens) / A) * V_s_sum[i]
278 V_s_sum_e[i] = (A_e_dens / A) * V_s_sum[i]
279

280 if V_e[i] < V_s_sum_e[i]:
281 V_e_s[i] = V_s_sum_e[i] - V_e[i]
282 else:
283 V_e_s[i] = 0
284

285 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
286 G_e_s_tot[i] = V_e_s_tot[i] / A
287

288 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
289 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
290

291 # Phase 3 loop (t = 1080 to 1440 s) # 6 minutes
292 # Boat into chamber from left
293 for i in range(109, 145):
294 h_i[i] = h_i[i - 1]
295 h_o[i] = h_o[i - 1]
296 h_c[i] = h_c[i - 1]
297 D_ho[i] = D_ho[i - 1]
298 D_hc[i] = D_hc[i - 1]
299 V_c[i] = V_c[i - 1]
300 rho_c[i] = rho_c[i - 1]
301 rho_i[i] = rho_i[i - 1]
302

303 if Vboats * (i - 109) < V_boat_max:
304 V_i[i] = V_i[i - 1] - Vboats
305 Vboat[i] = Vboats * (i - 109)
306 else:
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307 V_i[i] = V_i[i - 1]
308 Vboat[i] = V_boat_max
309

310 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
311 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
312

313 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
314 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
315 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
316 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
317

318 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
319 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
320 G_s_c[i] = V_s_c[i] / Ac
321 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
322 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
323 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
324 G_s[i] = V_s[i] / A
325 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
326

327 # Erosion
328 u[i] = (Vboats / timestep) / (W * h_i[i] - b_d * d)
329 Ch[i] = (1 / n) * h_i[i] ** (1/6)
330 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
331

332 if tau_b[i] > tau_ce:
333 E[i] = m_e * (tau_b[i] - tau_ce)
334 V_e[i] = A_e_boat * (E[i] / rho_d) * timestep
335 else:
336 E[i] = 0
337 V_e[i] = 0
338

339 V_s_sum_s[i] = ((A - A_e_boat) / A) * V_s_sum[i]
340 V_s_sum_e[i] = (A_e_boat / A) * V_s_sum[i]
341

342 if V_e[i] < V_s_sum_e[i]:
343 V_e_s[i] = V_s_sum_e[i] - V_e[i]
344 else:
345 V_e_s[i] = 0
346

347 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
348 G_e_s_tot[i] = V_e_s_tot[i] / A
349

350 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
351 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
352

353 # Phase 4 loop (t = 1440 to 2280 s) # 14 minutes
354 # Emptying to the right
355 for i in range(145, 229):
356 h_o[i] = h_o[i - 1]
357 rho_i[i] = rho_i[i - 1]
358

359 D_V[i] = Q_FE[i - 1] * timestep
360 D_hc[i] = max((D_hc[i - 1] - (D_V[i] / A)), 0)
361 h_i[i] = h_i[i - 1] - (D_V[i] / A)
362 D_ho[i] = h_o[i] - h_i[i]
363 h_c[i] = h_c[i - 1] + (D_V[i] / Ac)
364 v_FE[i] = np.sqrt(2 * g * np.abs(D_hc[i]))
365 Q_FE[i] = a * C * v_FE[i]
366

367 if D_hc[i] > 0:
368 V_i[i] = V_i[i - 1] - D_V[i]
369 V_c[i] = V_c[i - 1] + D_V[i]
370 else:
371 V_i[i] = V_i[i - 1]
372 V_c[i] = V_c[i - 1]
373

374 rho_c[i] = (D_V[i] / V_c[i]) * rho_i[i] + ((V_c[i] - D_V[i]) / V_c[i]) * rho_c[i - 1]
375 c_c[i] = (((D_V[i] / V_c[i]) * c_i[i - 1] + ((V_c[i] - D_V[i]) / V_c[i]) * c_c[i - 1]) *

V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
376 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
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377 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
378 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
379 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
380 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
381

382 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
383 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
384 G_s_c[i] = V_s_c[i] / Ac
385 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
386 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
387 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
388 G_s[i] = V_s[i] / A
389 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
390

391 # Erosion
392 E[i] = 0
393 V_e[i] = 0
394 V_e_s[i] = V_s[i]
395

396 V_e_s_tot[i] = V_s_sum[i]
397 G_e_s_tot[i] = G_s_sum[i]
398

399 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
400 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
401

402 # Phase 5 loop (t = 2280 to 2520 s) # 4 minutes
403 # Density currents right
404 for i in range(229, 253):
405 h_i[i] = h_i[i - 1]
406 h_o[i] = h_o[i - 1]
407 h_c[i] = h_c[i - 1]
408 D_ho[i] = h_o[i] - h_i[i]
409 D_hc[i] = h_i[i] - h_c[i]
410 V_i[i] = V_i[i - 1]
411 V_c[i] = V_c[i - 1]
412

413 Vvert[i] = 0.5 * f3 * W * h_i_0 * ((D_rho_oc_s[i - 1] / rho_c_0) * g * h_i_0) ** 0.5 *
timestep

414

415 if rho_i_s[i - 1] > rho_c_s[i - 1]:
416 rho_i[i] = (Vvert[i] / V_i[i]) * rho_c[i - 1] + ((V_i[i] - Vvert[i]) / V_i[i]) *

rho_i[i - 1]
417 c_i[i] = (((Vvert[i] / V_i[i]) * c_c[i - 1] + ((V_i[i] - Vvert[i]) / V_i[i]) * c_i[i

- 1]) * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
418 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
419

420 rho_c[i] = (Vvert[i] / V_c[i]) * rho_i[i - 1] + ((V_c[i] - Vvert[i]) / V_c[i]) *
rho_c[i - 1]

421 c_c[i] = (((Vvert[i] / V_c[i]) * c_i[i - 1] + ((V_c[i] - Vvert[i]) / V_c[i]) * c_c[i
- 1]) * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]

422 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
423

424 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
425 D_rho_oc_s[i] = rho_i_s[i - 1] - rho_c_s[i]
426

427 else:
428 rho_i[i] = rho_i[i - 1]
429 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[

i]
430 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
431

432 rho_c[i] = rho_c[i - 1]
433 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
434 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
435

436 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
437 D_rho_oc_s[i] = rho_i_s[i - 1] - rho_c_s[i]
438

439 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
440 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
441 G_s_c[i] = V_s_c[i] / Ac
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442 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
443 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
444 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
445 G_s[i] = V_s[i] / A
446 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
447

448 # Erosion
449 u[i] = (Vvert[i] / timestep) / (W * 0.5 * h_i[i])
450 Ch[i] = (1 / n) * h_i[i] ** (1/6)
451 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
452

453 if tau_b[i] > tau_ce:
454 E[i] = m_e * (tau_b[i] - tau_ce)
455 V_e[i] = A_e_dens * (E[i] / rho_d) * timestep
456 else:
457 E[i] = 0
458 V_e[i] = 0
459

460 V_s_sum_s[i] = ((A - A_e_dens) / A) * V_s_sum[i]
461 V_s_sum_e[i] = (A_e_dens / A) * V_s_sum[i]
462

463 if V_e[i] < V_s_sum_e[i]:
464 V_e_s[i] = V_s_sum_e[i] - V_e[i]
465 else:
466 V_e_s[i] = 0
467

468 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
469 G_e_s_tot[i] = V_e_s_tot[i] / A
470

471 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
472 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
473

474 # Phase 6 loop (t = 2520 to 2880 s) # 6 minutes
475 # Boat outside chamber to right
476 for i in range(253, 289):
477 h_i[i] = h_i[i - 1]
478 h_o[i] = h_o[i - 1]
479 h_c[i] = h_c[i - 1]
480 D_ho[i] = h_o[i] - h_i[i]
481 D_hc[i] = h_i[i] - h_c[i]
482 rho_c[i] = rho_c[i - 1]
483

484 if Vboats * (i - 253) < V_boat_max:
485 V_i[i] = V_i[i - 1] + Vboats
486 V_c[i] = V_c[i - 1] - Vboats
487 Vboat[i] = Vboats * (i - 253)
488 else:
489 V_i[i] = V_i[i - 1]
490 V_c[i] = V_c[i - 1]
491 Vboat[i] = V_boat_max
492

493 rho_i[i] = (Vboat[i] / V_i[i]) * rho_c[i - 1] + ((V_i[i] - Vboat[i]) / V_i[i]) * rho_i[i
- 1]

494 c_i[i] = (((Vboat[i] / V_i[i]) * c_c[i - 1] + ((V_i[i] - Vboat[i]) / V_i[i]) * c_i[i -
1]) * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]

495 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
496 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
497 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
498 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
499 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
500

501 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
502 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
503 G_s_c[i] = V_s_c[i] / Ac
504 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
505 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
506 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
507 G_s[i] = V_s[i] / A
508 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
509

510 # Erosion
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511 u[i] = (Vboats / timestep) / (W * h_i[i] - b_d * d)
512 Ch[i] = (1 / n) * h_i[i] ** (1/6)
513 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
514

515 if tau_b[i] > tau_ce:
516 E[i] = m_e * (tau_b[i] - tau_ce)
517 V_e[i] = A_e_boat * (E[i] / rho_d) * timestep
518 else:
519 E[i] = 0
520 V_e[i] = 0
521

522 V_s_sum_s[i] = ((A - A_e_boat) / A) * V_s_sum[i]
523 V_s_sum_e[i] = (A_e_boat / A) * V_s_sum[i]
524

525 if V_e[i] < V_s_sum_e[i]:
526 V_e_s[i] = V_s_sum_e[i] - V_e[i]
527 else:
528 V_e_s[i] = 0
529

530 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
531 G_e_s_tot[i] = V_e_s_tot[i] / A
532

533 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
534 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
535

536 # Phase 7 loop (t = 2880 to 3240 s) # 6 minutes
537 # Boat into chamber from right
538 for i in range(289, 325):
539 h_i[i] = h_i[i - 1]
540 h_o[i] = h_o[i - 1]
541 h_c[i] = h_c[i - 1]
542 D_ho[i] = h_o[i] - h_i[i]
543 D_hc[i] = h_i[i] - h_c[i]
544 rho_i[i] = rho_i[i - 1]
545

546 if Vboats * (i - 289) < V_boat_max:
547 V_i[i] = V_i[i - 1] - Vboats
548 V_c[i] = V_c[i - 1] + Vboats
549 Vboat[i] = Vboats * (i - 289)
550 else:
551 V_i[i] = V_i[i - 1]
552 V_c[i] = V_c[i - 1]
553 Vboat[i] = V_boat_max
554

555 rho_c[i] = (Vboat[i] / V_c[i]) * rho_i[i - 1] + ((V_c[i] - Vboat[i]) / V_c[i]) * rho_c[i
- 1]

556 c_c[i] = (((Vboat[i] / V_c[i]) * c_i[i] + ((V_c[i] - Vboat[i]) / V_c[i]) * c_c[i - 1]) *
V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]

557 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
558

559 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
560 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
561 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
562 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
563

564 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
565 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
566 G_s_c[i] = V_s_c[i] / Ac
567 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
568 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
569 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
570 G_s[i] = V_s[i] / A
571 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
572

573 # Erosion
574 u[i] = (Vboats / timestep) / (W * h_i[i] - b_d * d)
575 Ch[i] = (1 / n) * h_i[i] ** (1/6)
576 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
577

578 if tau_b[i] > tau_ce:
579 E[i] = m_e * (tau_b[i] - tau_ce)
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580 V_e[i] = A_e_boat * (E[i] / rho_d) * timestep
581 else:
582 E[i] = 0
583 V_e[i] = 0
584

585 V_s_sum_s[i] = ((A - A_e_boat) / A) * V_s_sum[i]
586 V_s_sum_e[i] = (A_e_boat / A) * V_s_sum[i]
587

588 if V_e[i] < V_s_sum_e[i]:
589 V_e_s[i] = V_s_sum_e[i] - V_e[i]
590 else:
591 V_e_s[i] = 0
592

593 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
594 G_e_s_tot[i] = V_e_s_tot[i] / A
595

596 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
597 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
598

599 # Phase 8 loop (t = 3240 to 4080 s) # 14 minutes
600 # Filling from left to right
601 for i in range(325, 409):
602 h_o[i] = h_o[i - 1]
603 h_c[i] = h_c[i - 1]
604 V_c[i] = V_c[i - 1]
605 rho_c[i] = rho_c[i - 1]
606

607 D_V[i] = Q_FE[i - 1] * timestep
608 D_ho[i] = max((D_ho[i - 1] - D_V[i] / A), 0)
609 h_i[i] = h_i[i - 1] + (D_V[i] / A)
610 D_hc[i] = h_i[i] - h_c[i]
611 v_FE[i] = np.sqrt(2 * g * np.abs(D_ho[i]))
612 Q_FE[i] = a * C * v_FE[i]
613

614 if D_ho[i] > 0:
615 V_i[i] = V_i[i - 1] + D_V[i]
616 else:
617 V_i[i] = V_i[i - 1]
618

619 rho_i[i] = (D_V[i] / V_i[i]) * rho_o + ((V_i[i] - D_V[i]) / V_i[i]) * rho_i[i - 1]
620 c_i[i] = (((D_V[i] / V_i[i]) * c_o_0 + ((V_i[i] - D_V[i]) / V_i[i]) * c_i[i - 1]) * V_i[i

] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
621 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
622 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
623 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
624 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
625 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
626

627 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
628 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
629 G_s_c[i] = V_s_c[i] / Ac
630 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
631 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
632 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
633 G_s[i] = V_s[i] / A
634 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
635

636 # Erosion
637 u[i] = Q_FE[i] / (W * h_i[i])
638 Ch[i] = (1 / n) * h_i[i] ** (1/6)
639 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
640

641 if tau_b[i] > tau_ce:
642 E[i] = m_e * (tau_b[i] - tau_ce)
643 V_e[i] = A_e_fe * (E[i] / rho_d) * timestep
644 else:
645 E[i] = 0
646 V_e[i] = 0
647

648 V_s_sum_s[i] = ((A - A_e_fe) / A) * V_s_sum[i]
649 V_s_sum_e[i] = (A_e_fe / A) * V_s_sum[i]
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650

651 if V_e[i] < V_s_sum_e[i]:
652 V_e_s[i] = V_s_sum_e[i] - V_e[i]
653 else:
654 V_e_s[i] = 0
655

656 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
657 G_e_s_tot[i] = V_e_s_tot[i] / A
658

659 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
660 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
661

662 # Phase 9 loop (t = 4080 to 4320 s) # 4 minutes
663 # Density currents left
664 for i in range(409, 433):
665 h_i[i] = h_i[i - 1]
666 h_o[i] = h_o[i - 1]
667 h_c[i] = h_c[i - 1]
668 D_ho[i] = D_ho[i - 1]
669 D_hc[i] = D_hc[i - 1]
670 V_i[i] = V_i[i - 1]
671 V_c[i] = V_c[i - 1]
672 rho_c[i] = rho_c[i - 1]
673

674 Vvert[i] = 0.5 * f3 * W * h_o_0 * ((D_rho_o_s[i - 1] / rho_o_s) * g * h_o_0) ** 0.5 *
timestep

675

676 if rho_o_s > rho_i_s[i - 1]:
677 rho_i[i] = (Vvert[i] / V_i[i]) * rho_o + ((V_i[i] - Vvert[i]) / V_i[i]) * rho_i[i -

1]
678 c_i[i] = (((Vvert[i] / V_i[i]) * c_o_0 + ((V_i[i] - Vvert[i]) / V_i[i]) * c_i[i - 1])

* V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
679 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
680 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
681 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
682

683 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
684 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
685 else:
686 rho_i[i] = rho_i[i - 1]
687 c_i[i] = (c_i[i - 1] * V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[

i]
688 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
689 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
690 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
691

692 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
693 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
694

695 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
696 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
697 G_s_c[i] = V_s_c[i] / Ac
698 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
699 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
700 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
701 G_s[i] = V_s[i] / A
702 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
703

704 # Erosion
705 u[i] = (Vvert[i] / timestep) / (W * 0.5 * h_i[i])
706 Ch[i] = (1 / n) * h_i[i] ** (1/6)
707 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
708

709 if tau_b[i] > tau_ce:
710 E[i] = m_e * (tau_b[i] - tau_ce)
711 V_e[i] = A_e_dens * (E[i] / rho_d) * timestep
712 else:
713 E[i] = 0
714 V_e[i] = 0
715

716 V_s_sum_s[i] = ((A - A_e_dens) / A) * V_s_sum[i]
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717 V_s_sum_e[i] = (A_e_dens / A) * V_s_sum[i]
718

719 if V_e[i] < V_s_sum_e[i]:
720 V_e_s[i] = V_s_sum_e[i] - V_e[i]
721 else:
722 V_e_s[i] = 0
723

724 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
725 G_e_s_tot[i] = V_e_s_tot[i] / A
726

727 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
728 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
729

730 # Phase 10 loop (t = 4320 to 4680 s) # 6 minutes
731 # Boat outside chamber to left
732 for i in range(433, 469):
733 h_i[i] = h_i[i - 1]
734 h_o[i] = h_o[i - 1]
735 h_c[i] = h_c[i - 1]
736 D_ho[i] = D_ho[i - 1]
737 D_hc[i] = D_hc[i - 1]
738 V_c[i] = V_c[i - 1]
739 rho_c[i] = rho_c[i - 1]
740

741 if Vboats * (i - 433) < V_boat_max:
742 V_i[i] = V_i[i - 1] + Vboats
743 Vboat[i] = Vboats * (i - 433)
744 else:
745 V_i[i] = V_i[i - 1]
746 Vboat[i] = V_boat_max
747

748 rho_i[i] = (Vboat[i] / V_i[i]) * rho_o + ((V_i[i] - Vboat[i]) / V_i[i]) * rho_i[i - 1]
749 c_i[i] = (((Vboat[i] / V_i[i]) * c_o_0 + ((V_i[i] - Vboat[i]) / V_i[i]) * c_i[i - 1]) *

V_i[i] - (V_e_s_tot[i - 1] - V_e_s_tot[i - 2]) * rho_d) / V_i[i]
750 c_c[i] = (c_c[i - 1] * V_c[i] - V_s_c[i - 1] * rho_d) / V_c[i]
751 rho_i_s[i] = rho_i[i] * (1 - c_i[i] / rho_d) + c_i[i]
752 rho_c_s[i] = rho_c[i] * (1 - c_c[i] / rho_d) + c_c[i]
753 D_rho_o_s[i] = rho_o_s - rho_i_s[i]
754 D_rho_oc_s[i] = rho_i_s[i] - rho_c_s[i]
755

756 V_s_c[i] = Ac * (ws_eff_c / rho_d) * c_c[i] * timestep
757 V_s_c_sum[i] = V_s_c_sum[i - 1] + V_s_c[i]
758 G_s_c[i] = V_s_c[i] / Ac
759 G_s_c_sum[i] = G_s_c_sum[i - 1] + G_s_c[i]
760 V_s[i] = A * (ws_eff_i / rho_d) * c_i[i] * timestep
761 V_s_sum[i] = V_s_sum[i - 1] + V_s[i]
762 G_s[i] = V_s[i] / A
763 G_s_sum[i] = G_s_sum[i - 1] + G_s[i]
764

765 # Erosion
766 u[i] = (Vboats / timestep) / (W * h_i[i] - b_d * d)
767 Ch[i] = (1 / n) * h_i[i] ** (1/6)
768 tau_b[i] = rho_i_s[i] * g * u[i]**2 / Ch[i]**2
769

770 if tau_b[i] > tau_ce:
771 E[i] = m_e * (tau_b[i] - tau_ce)
772 V_e[i] = A_e_boat * (E[i] / rho_d) * timestep
773 else:
774 E[i] = 0
775 V_e[i] = 0
776

777 V_s_sum_s[i] = ((A - A_e_boat) / A) * V_s_sum[i]
778 V_s_sum_e[i] = (A_e_boat / A) * V_s_sum[i]
779

780 if V_e[i] < V_s_sum_e[i]:
781 V_e_s[i] = V_s_sum_e[i] - V_e[i]
782 else:
783 V_e_s[i] = 0
784

785 V_e_s_tot[i] = V_e_s[i] + V_s_sum_s[i]
786 G_e_s_tot[i] = V_e_s_tot[i] / A
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787

788 V_chamb_susp[i] = (c_i[i] * V_i[i]) / rho_d
789 V_chann_susp[i] = (c_c[i] * V_c[i]) / rho_d
790

791

792 print(f'After␣one␣operating␣cycle␣with␣an␣outside␣suspended␣sediment␣concentration␣of␣{c_o_0}
␣kg/m^3,␣outside␣WL␣{h_o_0}␣m␣and␣inside␣WL␣{h_i_0}␣m,␣the␣following␣is␣true:')

793 print(f'The␣suspended␣sediment␣concentration␣inside␣the␣chamber␣is␣{c_i[-1]}␣kg/m^3␣and␣the␣
layer␣thickness␣{G_s_sum[-1]}␣m.')

794 print(f'The␣suspended␣sediment␣concentration␣inside␣the␣channel␣is␣{c_c[-1]}␣kg/m^3␣and␣the␣
layer␣thickness␣{G_s_c_sum[-1]}␣m.')

795

796

797 plt.plot(time_steps, c_i)
798 plt.text(50, 3.1, 1)
799 plt.axvline(x=840, color='gray', linestyle='dashed')
800 plt.text(890, 3.1, 2)
801 plt.axvline(x=1080, color='gray', linestyle='dashed')
802 plt.text(1130, 3.1, 3)
803 plt.axvline(x=1440, color='gray', linestyle='dashed')
804 plt.text(1490, 3.1, 4)
805 plt.axvline(x=2280, color='gray', linestyle='dashed')
806 plt.text(2330, 3.1, 5)
807 plt.axvline(x=2520, color='gray', linestyle='dashed')
808 plt.text(2570, 3.1, 6)
809 plt.axvline(x=2880, color='gray', linestyle='dashed')
810 plt.text(2930, 3.1, 7)
811 plt.axvline(x=3240, color='gray', linestyle='dashed')
812 plt.text(3290, 3.1, 8)
813 plt.axvline(x=4080, color='gray', linestyle='dashed')
814 plt.text(4130, 3.1, 9)
815 plt.axvline(x=4320, color='gray', linestyle='dashed')
816 plt.text(4370, 3.1, 10)
817 plt.axvline(x=4680, color='gray', linestyle='dashed')
818 plt.xlim(0, 4680)
819 plt.ylim(0, 3.3)
820 #plt.title('SSC inside lock chamber')
821 plt.xlabel('Time␣[s]')
822 plt.ylabel('SSC␣[kg/m^3]');
823

824

825 plt.plot(time_steps, c_c)
826 plt.text(50, 0.00145, 1)
827 plt.axvline(x=840, color='gray', linestyle='dashed')
828 plt.text(890, 0.00145, 2)
829 plt.axvline(x=1080, color='gray', linestyle='dashed')
830 plt.text(1130, 0.00145, 3)
831 plt.axvline(x=1440, color='gray', linestyle='dashed')
832 plt.text(1490, 0.00145, 4)
833 plt.axvline(x=2280, color='gray', linestyle='dashed')
834 plt.text(2330, 0.00145, 5)
835 plt.axvline(x=2520, color='gray', linestyle='dashed')
836 plt.text(2570, 0.00145, 6)
837 plt.axvline(x=2880, color='gray', linestyle='dashed')
838 plt.text(2930, 0.00145, 7)
839 plt.axvline(x=3240, color='gray', linestyle='dashed')
840 plt.text(3290, 0.00145, 8)
841 plt.axvline(x=4080, color='gray', linestyle='dashed')
842 plt.text(4130, 0.00145, 9)
843 plt.axvline(x=4320, color='gray', linestyle='dashed')
844 plt.text(4370, 0.00145, 10)
845 plt.axvline(x=4680, color='gray', linestyle='dashed')
846 plt.xlim(0, 4680)
847 plt.ylim(0, 0.00155)
848 #plt.title('SSC inside channel')
849 plt.xlabel('Time␣[s]')
850 plt.ylabel('SSC␣[kg/m^3]');
851

852

853 plt.plot(time_steps, G_s_sum)
854 plt.axvline(x=2520, color='gray', linestyle='dashed')
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855 plt.text(2570, 0.00068, 6)
856 plt.axvline(x=2880, color='gray', linestyle='dashed')
857 plt.text(2930, 0.00068, 7)
858 plt.axvline(x=3240, color='gray', linestyle='dashed')
859 #plt.plot(time_steps, G_e_s_tot, label='Sedimentation')
860 #plt.title('Sediment layer thickness inside lock chamber\n')
861 plt.xlabel('Time␣[s]')
862 plt.ylabel('Layer␣thickness␣[m]');
863 print(G_s_sum[-1])
864

865

866 plt.plot(time_steps, G_s_c_sum)
867 #plt.title('Sediment layer thickness inside channel\n')
868 plt.axvline(x=1440, color='gray', linestyle='dashed')
869 plt.text(1490, 0.00000036, 4)
870 plt.xlabel('Time␣[s]')
871 plt.ylabel('Layer␣thickness␣[m]');
872 print(G_s_c_sum[-1])
873

874

875 plt.plot(time_steps, tau_b)
876 #plt.title('Applied bottom shear stress\n')
877 plt.xlabel('Time␣[s]')
878 plt.ylabel('Tau_b␣[N/m^2]');



C
Model checks cyclic sedimentation

Tables C.1 - C.4 give the values of the model checks for the cyclic sedimentation simulation in Chapter
9. The checks are done for one operational cycle, one tidal cycle, one month and one year. In every
table, the value from the model is shown on the left and the maximum determined value is shown on
the right. When the model value stays under the maximum value, it suffices the check and a letter ’Y’
is shown in the last column of the table. When the check is not sufficed, the letter ’N’ will be shown.

Table C.1: Model checks sediment layer thicknesses, operational cycle.

Case Model value [m] Maximum value
[m]

Check

Scenario 1

Chamber 6.93 ∗ 10−4 1.49 ∗ 10−3 Y

Channel 3.65 ∗ 10−7 1.44 ∗ 10−6 Y

Scenario 2

Chamber 7.30 ∗ 10−4 1.15 ∗ 10−3 Y

Channel 2.14 ∗ 10−7 1.11 ∗ 10−6 Y

97
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Table C.2: Model checks sediment layer thicknesses, one tidal cycle.

Case Model value [m] Maximum value
[m]

Check

Two way traffic

Scenario 1

Chamber 1.78 ∗ 10−2 2.75 ∗ 10−2 Y

Channel 7.65 ∗ 10−5 3.19 ∗ 10−4 Y

Scenario 2

Chamber 8.81 ∗ 10−3 2.75 ∗ 10−2 Y

Channel 6.56 ∗ 10−5 3.19 ∗ 10−4 Y

Fully operat.

Scenario 1

Chamber 1.66 ∗ 10−2 2.75 ∗ 10−2 Y

Channel 1.21 ∗ 10−4 6.40 ∗ 10−4 Y

Scenario 2

Chamber 1.76 ∗ 10−2 2.75 ∗ 10−2 Y

Channel 9.88 ∗ 10−5 6.40 ∗ 10−4 Y

Table C.3: Model checks sediment layer thicknesses, one month.

Case Model value [m] Maximum value
[m]

Check

Two way traffic

Chamber 5.32 ∗ 10−1 8.26 ∗ 10−1 Y

Channel 2.54 ∗ 10−3 2.89 ∗ 10−1 Y

Fully operat.

Chamber 5.28 ∗ 10−1 8.26 ∗ 10−1 Y

Channel 5.05 ∗ 10−3 5.76 ∗ 10−1 Y
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Table C.4: Model checks sediment layer thicknesses, one year.

Case Model value [m] Maximum value
[m]

Check

Two way traffic

Chamber 6.50 10.1 Y

Channel 3.11 ∗ 10−2 1.01 Y

Fully operat.

Chamber 6.45 10.1 Y

Channel 6.22 ∗ 10−2 1.01 Y



D
Gate type figures
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(a) Single-leaf gate (b) Mitre gate

(c) Hinged crest/flap gate (d) Vertical lift gate

(e) Radial/tainter gate (f) Rotary segment gate

(g) Visor gate (h) Vertically hinged sector gate

(i) Vane gate (j) Rolling/sliding gate

Figure D.1: Gate type lay-out overview (Daniel & Paulus, 2019).
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