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Abstract
In this study, the role of the Albert Canal during the July 2021 flood was investigated. The Meuse River
catchment was affected by a severe flood, with a highest ever measured discharge of 3310 m3 s−1 at Eijsden.
During the flood, the Monsin weirs near Liège were partly closed as they were under maintenance. This lead
to an extraordinary situation on the Albert Canal, where water levels rose with over 1 m and discharge values
of 250 m3 s−1 were measured. The Canal Ternaaien played an important role in the event, as this canal was
opened to discharge water from the Albert Canal back to the Meuse River. The maximum discharge through
this canal was estimated, by comparing discharges on the Albert Canal, to be approximately 220 m3 s−1 .
To analyze the flood event, the Albert Canal system was added to an existing 1D SOBEK3-model. The
division of water between the Albert Canal and the Meuse River was accurately simulated. The discharge wave
at Haccourt on the Albert Canal was also simulated accurately. Model results for the discharge wave at Kanne
on the Albert Canal were less accurate.
With the extended SOBEK3-model, a scenario analysis was performed to investigate how the situation could
have been different if the Monsin weirs had not been under maintenance. This analysis showed that problems
on the Albert Canal could have been prevented if the Monsin weirs was functioning normally, provided that
the Monsin Canal was opened. If the Monsin Canal and Canal Ternaaien were not opened during the event,
flooding of the Albert Canal would have been a likely scenario.
Finally, the storage potential of the Albert Canal to lower flood risks in the Dutch Meuse River was
examined. It was found that by using this measure, peak water levels in the Meuse River at Eijsden could be
lowered by values in the range of 1-6 cm.
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1

1 — Introduction
1.1

Problem Description

Floods in the Meuse River basin are not rare; in recent times the river has flooded on several occasions. The
1993 and 1995 floods are the most infamous examples. A main characteristic of these floods in the Meuse
River is that they usually occur during winter periods (Tu et al., 2005). However, in July 2021 an extreme
precipitation event occurred in Belgian and Dutch parts of the Meuse River basin, which led to severe floods in
this area. Tributaries of the Meuse River and the Meuse River itself had extremely high peak discharges. As
a result of climate change, it is expected that floods could become more frequent. Therefore, it is important
to gain a better understanding of these events, in order to cope with these floods and their consequences in a
better way.

Figure 1.1: Hydraulic situation between Liège and Maastricht. This figure shows the location of the weir at
Monsin and the sluice near Ternaaien. The locations of the Monsin Canal and Canal Ternaaien are also indicated.
Furthermore, the measurement locations at Eijsden and Sint Pieter are shown (adapted from Matondo and
Ovidio, 2018)

Several dams and weirs are located in the catchment area of the Meuse River. One of these could not
be utilised completely during this flood, as it was under maintenance. This is the Monsin weirs system near
the city of Liège, indicated in figure 1.1. Because this dam was under maintenance at the time, only 2 of the
6 openings of the dam were fully available. As a result, water started to pile up behind the dam, eventually
flowing into the streets of Liège (RTBF, 2021). Another important consequence of the partly closed Monsin
weirs was the situation in the Albert Canal. Due to the partly closure of the weirs, the water levels in the
Albert Canal rose significantly. This happened because not all the water coming from the Meuse River could be
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conveyed through the Monsin weirs. Therefore, water levels upstream of the weir rose and part of the discharge
of the Meuse River was diverted into the Albert Canal.
As a result of the partly closure of the Monsin weirs, the Albert Canal functioned as a side-channel of the
Meuse River. This was an unprecedented situation. However, canals are sometimes used to lower flood risks
on a river by using the canal as a flood mitigation measure. An example of such a system was investigated by
Mel et al. (2020). In this study, the effect of a diversion canal for the Brenta river in north-eastern Italy was
examined. It showed that the canal could divert a significant part of the Brenta river, reducing flood hazard in
the downstream part of the Brenta river.
One of the emergency measures taken on the Albert Canal during the event, was the opening of the Monsin
Canal. By opening this canal, approximately 470 m3 s−1 was led back to the Meuse River from the Albert Canal
just downstream of the Monsin weirs (de Lobel, 2021). Another measure that was taken during the event was
the opening of Canal Ternaaien, which is located just south of Maastricht (figure 1.1). During the flood, water
flowed from the Albert Canal back into the Meuse River here (Expertise Netwerk Waterveiligheid, 2021). The
canal enters the Meuse River between Eijsden and Sint Pieter. Consequently, the measured discharge differed
considerably between the two locations.
The discharge at Eijsden is determined via a stage-discharge relationship. Because of the inflow of water
into the Meuse River at Ternaaien, water levels at Eijsden rose due to the so-called backwater effect. The
backwater effect results in the piling up of water as a result of an obstacle in the stream, in this case the
flow from Ternaaien. The increased water levels at Eijsden led to an overestimation of the discharge, as the
discharge is determined by the water level. Geertsema et al. (2018) already mentioned that especially during
high discharge waves in the Meuse River, the backwater effect causes hysteresis in the rating curve leading to
overestimated discharge values. Coxon et al. (2015) also indicated that backwater effect causes uncertainty in
discharge measurements.
Currently, Rijkswaterstaat uses a SOBEK3 1D hydraulic model to predict discharge values on the Meuse
River. This model was developed by Deltares, and the Dutch part of the model is updated on a yearly basis.
In the days before the flood, it took some time before this hydraulic model indicated that an extremely high
peak discharge would occur. The operational forecasting system first started to show a high peak discharge
on July 14 in the morning at Sint Pieter. The height of the peak at Sint Pieter was even systematically
underestimated until a few hours before it actually passed in the early evening of the 15th of July (Expertise
Netwerk Waterveiligheid, 2021). During the event, the tributaries of the Meuse River had a large impact on the
situation in the Meuse River. As of yet, these tributaries and side-channels are not implemented in a detailed
way in the SOBEK3-model, they are only schematized as lateral sources and sinks.
The remarkable situation on the Albert Canal thus occurred because the Monsin weirs were in maintenance.
It is possible that the situation would have been different if the Monsin weirs had functioned normally. The
main question is whether the Monsin weirs would have been able to discharge all the water coming from the
Meuse River, and thereby preventing problems on the Albert Canal. This is highly uncertain as such a high
peak discharge was never measured here before.
Another result of this situation on the Albert Canal was the fact that the canal acted as a side-channel
of the Meuse River. This caused lower water levels and discharges on the Meuse River between Liège and
Maastricht. It leads to the question whether the Albert Canal is suited to be used as a mitigation measure for
flood risks in the Meuse River. Some research has been done on this before, but much is still unknown about
the potential of using the Albert Canal to lower Meuse River flood risks.

1.2

Objectives

The main objective of this study is to learn from the situation at the Albert Canal during the July 2021 event.
One of the objectives is to gain a better understanding of what happened during the July 2021 event at the
system of the Albert Canal and the Meuse River. Another objective is to succesfully implement the Albert
Canal in the SOBEK3-model. Furthermore, examining how the situation on the Albert Canal and the Meuse

1.3. RESEARCH QUESTIONS
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River could have been different if the Monsin weirs were fully operating is also an aim of this study. The last
goal is to investigate how water levels in the Dutch Meuse River could be lowered by using the Albert Canal as
a storage area.

1.3

Research Questions

In order to achieve the above-mentioned objective, I developed the following main research question:
What are the main lessons that can be learned from the situation at the Albert Canal during
the July 2021 flood?
This is subdivided into the following sub-research questions:
• What was the hydraulic situation in the Albert Canal and the Meuse River during the July 2021 event
due to partly closure of the Monsin weirs?
• How can the connection between the Albert Canal and the Meuse River be implemented in the SOBEK3model in a more accurate way, and what are important hydraulic processes to consider for this?
• What would have been the hydraulic situation on the Albert Canal, if the Monsin weirs had functioned
normally?
• What are the possible effects on water levels in the Dutch Meuse River when the Albert Canal is being
used as a potential flood mitigation measure considering different flood waves?

1.4

Thesis Contents

In the next chapter a description of the study area will be given. Hereafter, a short description of the July 2021
flooding event will be given. In the chapter 4, the data that were used are described. In chapter 5 the methods
that were used in this study are explained. Chapter 6 contains the results, and in chapter 7 these results will
be discussed. The final chapter gives the conclusions and recommendations of this study.

|

5

2 — Study Area
2.1

Meuse River Basin

The study area is part of the Meuse River catchment. The Meuse River basin has a total area of approximately 33,000 km2 , covering parts of France,
Luxembourg, Belgium, Germany and the Netherlands. The river itself originates in France, flowing
into Belgium and the Netherlands, and eventually
ending up in the North Sea, illustrated in figure 2.1
. The total length of the river is around 900 km.
Looking at hydrological properties, the Meuse
River can be split up in roughly three parts. The
upper part, the Meuse River Lorraine, has a relatively small gradient resulting in a comparatively
steady discharge. The central part of the Meuse
River, Meuse River Ardennes, is characterized by a
narrow river bed and a large gradient. Here, several tributaries enter the river, such as the Ourthe
and the Sambre. The steep slopes and poor permeability in this area contribute to fast discharge of
precipitation. The lower reach of the Meuse River
corresponds to the Dutch part of the river. The first
part of this lower reach (Common Meuse River) still
has relatively high slopes. In the second part of the
lower reach (Sand Meuse River), the slope is mild
and the river is meandering with a wide river bed
and floodplains (Corzo et al., 2009).
The river is mainly a rain-fed river, where
snowmelt is no major factor in the discharge regime.
Precipitation in the catchment ranges from 700-800
mm annually in the lowlands, to 1000-1200 mm annually in the Ardennes. Precipitation has only little
seasonal variation, and therefore the seasonal disFigure 2.1: Overview of the Meuse River basin (Geilen
charge variation is coupled to variation in evapoet al., 2004)
transpiration. This means that high flows usually
occur in winter period, and low flows in summer.
The Meuse River river is a highly regulated river. Parts of the river are canalized, and several weirs and ship
locks are present to improve navigation (Duró et al., 2019).

6
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Hydraulic situation Albert Canal

The main focus area of this study is the area around the Albert Canal and the Meuse River. In this study, only
the part of the Meuse River from Liège up to around 5 km north of Maastricht is considered. The study area
covers a part of the Belgian Meuse River basin, and a part of the Dutch Meuse River basin.
The Albert Canal originates from the Meuse River near Liège. From here on, it flows along the Meuse River
until south of Maastricht. Then, the canal turns westwards, eventually ending up at the harbour of Antwerp.
This part of the canal will not be considered in this research in detail, as it did not play an important role
during the event. The Albert Canal will be modelled from its origin up to Genk (end of the canal in figure
2.2), which is the first reach of the canal. The first canal that is a connection between the Albert Canal and
the Meuse River is Canal Monsin. This canal is located at the beginning of the Albert Canal, just north of the
Monsin weirs.
The Canal Ternaaien is also a connection between the Albert Canal and the Meuse River. At Ternaaien,
four sluices are located where water water was led from the Albert Canal to Canal Ternaaien during the event,
which is usually not the case. Up north, there is another branch of the Albert Canal, which is Canal BriegdenNeerharen. This canal ends up in the Zuid-Willemsvaart, which flows further into the Netherlands. Figure 2.2
gives an overview of the described hydraulic situation of the study area.

Figure 2.2: Hydraulic situation of the study area; Canal Briegden-Neerharen is implemented as lateral sink in
model, Zuid-Willemsvaart is not included
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3 — Event Description
The July 2021 flooding in the Meuse River basin is the motivation for this study. This flooding was caused by
an extreme precipitation event, during which a significant amount of rain fell over multiple days. Accumulated
rainfall amounts of over 160 mm were measured over parts of the impacted area. The Dutch and Belgian
meteorological institutes (KNMI and KMI respectively) issued several warnings for heavy rainfall on July 13-14
(Expertise Netwerk Waterveiligheid, 2021).
The meteorological conditions that caused this event were as follows: a low pressure area with cold air
was present in the upper air near the area. This brought a lot of moist air towards the low pressure system,
which was coming from the Mediterranean and eastern Europe. Closer to the surface, air was coming from the
Baltic area. This air was very moist as well, as a result of high seawater temperatures and a preceding heatwave
in that region. Because this system stagnated over the southern part of Limburg and the Ardennes, these
extremely high precipitation amounts occurred. The resulting precipitation amounts were very unusual in this
region, especially during summer (EUMETSAT, 2021). Figure 3.1 shows the distribution of precipitation sums
over this region on July 13 and 14. The figure indicates that the Ardennes region in Belgium suffered from the
highest precipitation amounts. The exceedance probability of these rainfall amounts, in summer, for the Meuse
River catchment is smaller than 1:10000, indicating the rarity of this event (Expertise Netwerk Waterveiligheid,
2021).

Figure 3.1: Distribution precipitation amounts during 13 and 14 July (Expertise Netwerk Waterveiligheid, 2021)

Prior to this event, soils in the area were already relatively wet due to preceding rainfall in early July. Because
of this, the rainfall on 13-14 July could not infiltrate the soil but led to direct runoff instead. This runoff
was strengthened by the fact that there are very steep slopes in the Ardennes (Belgian part of Meuse River

8
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basin), and also relatively steep slopes in South-Limburg (Dutch part of Meuse River basin) (Expertise Netwerk
Waterveiligheid, 2021). This large amount of runoff contributed to the very high peak discharges.
The extreme precipitation event caused severe floods in the Meuse River and its tributaries. The discharge
of the Meuse River in this region had normal summer values of <300 m3 s−1 only two days preceding the event.
The peak discharge at Sint Pieter occurred in the evening of 15 July, and with a discharge of approximately
3310 m3 s−1 it was the highest discharge ever measured here (Expertise Netwerk Waterveiligheid, 2021). The
short time period indicates how sharp and fast the peak of the discharge was. Figure 3.2 shows the measured
discharge over time for Eijsden and Sint Pieter in the period around the flooding event.

Figure 3.2: Discharge at Eijsden and Sint Pieter during 11 July- 23 July

Because of the flood, thousands of people were evacuated, both in Belgium and the Netherlands. The
damage caused by the flood was huge, especially in the tributaries. Many buildings and infrastructure were
damaged or even destroyed, public transportation in some areas was shut down and in Belgium at least 42
people lost their lives (Expertise Netwerk Waterveiligheid, 2021).
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4 — Data
4.1

Data Meuse River

Discharge data from the Dutch part of the Meuse River were provided by Rijkswaterstaat (in table 4.1 the
datasets are summarized), these data had a time resolution of 10 minutes. Data from the following measurement
stations were used: Eijsden, Sint Pieter and Borgharen (see figure 4.1 for an overview of all measurement
locations). For the Belgian part of the Meuse River, data at Visé were used as this is the only measuring station
on the river trajectory between Liège and Maastricht. A discharge dataset of hourly measurements at Visé was
obtained from Voies-Hydrauliques, the Walloon water authority.
Furthermore, hourly discharge data at Amay from this event were used as input data for the SOBEK3model. Input data from two tributaries were used in the modelling of the event. For the Ourthe, hourly discharge
measurements at Angleur were obtained. Data from the Berwinne were also included as input data. Here, 15minute discharge measurements at the measurement location Moelingen were used. Both these datasets were
provided by Rijkswaterstaat. All data with a time resolution different than hourly, were aggregated to hourly
data in order to match with data from the Albert Canal.

4.2

Data Albert Canal System

Along the Albert Canal there are several discharge and water level measuring stations. Because the trajectory
Liège-Genk was considered in this study, discharge and water level measurements on this section were used.
This part of the canal is flowing through both Wallonia and Flanders, therefore data from Voies-Hydrauliques
(Wallonia) and Waterinfo (Flanders) were used. Hourly water level data of the Albert Canal at Marexhe,
Kanne, Gellik and Genk were used in this study. As the Albert Canal is in connection with the canal BriegdenNeerharen, data for this canal were used as well. Water levels here are measured at Lanaken and Neerharen.
For the discharge, datasets of hourly averaged measurements from Haccourt, Kanne and Gellik were obtained.
At the canal Briegden-Neerharen, there is one discharge measurement station in the study area. Therefore,
hourly discharge measurements from this station, which is Neerharen, were also used.

4.3

Data weirs and sluices

Detailed information about the operation and dimensions of all structures included in the study area was not
available. However, for some of the structures information was (partly) available. Information of the dimensions
and the water level on which the Monsin weirs operates was found in a report by Service Public de Wallonie
(2008). The other weirs and sluices on the Meuse River were used in the same way as was already implemented
in the SOBEK3-model and thus no information on these structures was needed. Information on the weirs at
Genk and the sluices at Ternaaien were provided by Niels van Steenbergen of Vlaamse Waterwegen. Information about the operation of the sluices at Ternaaien was found in Expertise Netwerk Waterveiligheid (2021).
The information of the weir present at Monsin Canal was found in data previously used by Nossent et al. (2016).

4.4

GRADE Data

The input data for the fourth research question were discharge data simulated by the Generator of Rainfall And
Discharge Extremes (GRADE) tool, developed by Rijkswaterstaat, Deltares and KNMI. The GRADE system
consists of three components: a stochastic weather generator, a rainfall-runoff model and a hydraulic model.

10
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The tool is developed to simulate discharge extremes for the Meuse River and Rhine under current and future
climate conditions (KNMI, 2016). A GRADE dataset with discharge values for the Meuse River was delivered
by Deltares. This dataset containes daily discharge estimates for 50,000 years under the current climate. Three
discharge waves from GRADE were selected and used as model input.

Figure 4.1: Measurement locations of the used data; circles indicate locations on the Meuse River and tributaries
(Berwinne and Ourthe), triangles indicate locations on Albert Canal and Canal Briegden-Neerharen

4.4. GRADE DATA
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Table 4.1: Overview of the datasets from different measurement locations
Measurement location

River

Variable

Data source

Timestep

Amay

Meuse River

Q

Rijkswaterstaat

5-minute

Visé

Meuse River

Q

Voies-hydrauliques

Hourly

Eijsden

Meuse River

Q

Rijkswaterstaat

10-minute

Sint Pieter

Meuse River

Q

Rijkswaterstaat

10-minute

Borgharen

Meuse River

Q

Rijkswaterstaat

10-minute

Moelingen

Berwinne

Q

Rijkswaterstaat

15-minute

Angleur

Ourthe

Q

Rijkswaterstaat

Hourly

Kanne

Albert Canal

Q,WL

Waterinfo

Hourly

Gellik

Albert Canal

Q,WL

Waterinfo

Hourly

Haccourt

Albert Canal

Q

Voies-hydrauliques

Hourly

Genk

Albert Canal

WL

Waterinfo

Hourly

Neerharen

Canal BriegdenNeerharen

Q,WL

Waterinfo

Hourly

Marexhe

Albert Canal

WL

Voies-hydrauliques

Hourly

Lanaken

Canal BriegdenNeerharen

WL

Waterinfo

Hourly

Time period
01 July/202101/08/2021
06 July/202104/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
06 July/202104/08/2021
01 July/202101/08/2021
01 July/202101/08/2021
06 July/202104/08/2021
01 July/202101/08/2021
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5 — Methods
5.1

Correction discharge Eijsden

As mentioned in the introduction, the discharge at Eijsden had to be corrected for the backwater effect. This
means that water levels were adjusted in order to account for this effect. The correction was only performed
at the time the backwater effect was present, namely the period during which a significant amount of water
entered the Meuse River at Ternaaien. This was from 14 July at 15:00 until 17 July at 10:00 local time (van der
Veen and Agtersloot, 2021). Water levels were corrected by using the method previously used by Nortier and
De Koning (1980). The method is illustrated in figure 5.1.

Figure 5.1: Illustration of method calculating backwater effect (adapted from Nortier and De Koning, 1980)

The backwater effect can be calculated with:
zl = z0 e(−3∗I∗L)/he

(5.1)

Here, zl is the backwater effect at Eijsden (m), z0 is the rise of the water level at Ternaaien (m). I is the
bottom slope of the river (-). L is the distance between Eijsden and Ternaaien (m), and he is the equilibrium
water level at Eijsden (m). The calculation of the water level rise at Eijsden is elaborated in Appendix A. The
method was also applied with different estimates for the discharge of canal Ternaaien, as the exact discharge
here was unknown. Results of this are shown in Appendix B.
After correcting the water levels, the Qf-relation of Eijsden was used to determine the backwater corrected
discharge. This relation uses the water level at Eijsden and at Borgharen to determine the discharge. This Qfrelation was constructed by Rijkswaterstaat, and includes effects of the weir at Borgharen, which influences water
levels at Eijsden. The Qf-relation also includes the Jones-correction, which is a correction for non-stationary flow
(hysteresis effect). An excel file was provided by Rijkswaterstaat, which could be used to calculate a discharge
timeseries at Eijsden. The input variables of this Excel file were the corrected water levels at Eijsden and the
water levels near the weir at Borgharen. In the file an equation was implemented which converted these input
variables to the discharge values at Eijsden. This method was a different method compared with the method
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used by van der Veen and Agtersloot (2021). Here, the Qf-relation was corrected as it was assumed that the
hysteresis effect was underestimated. No correction was made here for the backwater effect.

5.2

Determining discharge through Canal Ternaaien

To estimate how much water flowed through the Canal Ternaaien back into the Meuse River, two possible
methods were used. The first method was by comparing the discharges at Sint Pieter and Eijsden, because
only the Canal Ternaaien and the Voer are entering the Meuse River between these two locations. As the Voer
only had a small peak discharge of 1-5 m3 s−1 during the flood, the influence of this river was neglected. By
subtracting the discharge of Sint Pieter with the (in this study) corrected discharge at Eijsden, the discharge
through the Canal Ternaaien was estimated.
The second method was to use measured discharges at the Albert Canal. Discharge on the Albert Canal is
measured at Haccourt and Kanne. At the section of the Albert Canal between Haccourt and Kanne there are
no branches, except for the canal of Ternaaien. Therefore, subtracting the discharge at Kanne from Haccourt
also gives an indication of the discharge at Canal Ternaaien. Results of the two methods were compared.

5.3

SOBEK3-Model

SOBEK is a modelling suite which can be used for a variety of applications. Examples of these appliciations
are making flood predictions, optimizing drainage patterns, modelling salt intrusion and simulating quality of
the surface water. In the SOBEK tool, 1D and 2D models are available.
The SOBEK3-model was used in this study, which can be used in RWsOS to forecast discharge and water
levels for the Meuse River (Deltares, 2022). This RWsOS system is the operational system of Rijkswaterstaat,
which uses input data, such as meteorological data from KNMI, to run their models (Rijkswaterstaat, 2021).
In the RWsOS-Rivers module, the coupled SOBEK3-model is used for the Meuse River. The SOBEK3-model
couples the Belgian part of the Meuse River with the Dutch part. The model schematization is based on 2
parts. The first part is the Belgian part which covers the river basin from Chooz (near the border of France and
Belgium) to Eijsden. The Dutch part is from Eijsden to Keizersveer and covers the lower reach of the Meuse
River. The inflows of the tributaries and outflows in this model are schematized as lateral discharges. In the
Belgian part of the model constant Chezy-values are used; in the Dutch part they depend on discharges and
length of main branches (Gao, 2020).
The SOBEK3-model used in this study is a combination of the D-Flow 1D model and the D-RTC (Real
Time Control) model. The D-Flow 1D model simulates water flow in open channels, solving the Saint-Venant
equation. This model is particularly suited for modelling river systems, such as the Meuse River river system
(Deltares, 2019). For the modelling of the hydraulic structures, the D-RTC tool was used. This tool can be
used to simulate feedback control of hydraulic structures, such as weirs. This tool always has to be combined
with a hydrodynamic model, in this case the D-Flow 1D model (Deltares, 2019).

5.4

Implementing Albert Canal system based on July 2021 event

The Albert Canal was modelled from its origin near Liège up to Genk. The downstream boundary of the
canal here was just after the sluices that are present at Genk, as it is more practical to impose boundary
conditions after the weirs. At this endpoint water level measurements were present during the event, which
were then imposed as boundary condition of the model. The cross-sections used in this study for the canal
were previously used in the study by Nossent et al. (2016). As the width of the canal varies, cross-sections were
implemented at several locations along the canal, in order to mimic the real-life situation as much as possible.
The input data of the model were the discharge data from the Meuse River at the nearest upstream
measuring location from Liège. This location was at Amay, which is around 25 km upstream from Liège.
Between Amay and Liège, only the Ourthe enters the Meuse River. The Ourthe had a peak discharge of around
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1600 m3 s−1 during the event, and thus formed an important component of the Meuse River discharge at Liège.
The discharge data of the Ourthe were implemented as lateral input data. The canal Briegden-Neerharen was
also implemented as lateral source, where discharge data from this canal were used as lateral output. The
Berwinne, a small tributary which enters the Meuse River near Eijsden, was set as input lateral data. With a
peak discharge of almost 100 m3 s−1 during the event, the tributary was relevant to include in the model.
The Monsin weirs were modelled as six 27-m wide weirs next to each other. This made it possible to mimic
the situation of the event, where only 2 out of 6 openings could be fully utilized. The 6 weirs were set to operate
as such that they maintain a reference water level of 57.67 m+NAP at the entrance of the Albert Canal. This
was done by implementing a so-called PID-rule to the 6 weirs at Monsin. A PID-rule is a control feedback
mechanism, which is used to operate the weir in such a way that this reference water level was maintained. The
PID-rule was calibrated based on certain gain factors, in order to optimize the performance of the PID-rule
(Deltares, 2019). When simulating the event, 4 of the 6 weirs at Monsin were set to only have limited flow over
these weirs as they could not be fully opened. The other 2 weirs were implemented in such a way that they
could fully open. Figure 5.2 gives an illustration of the way the system of the Monsin weirs is implemented in
the model.

Figure 5.2: Schematization Monsin weirs in SOBEK. The left upper panel shows the 6 gates next to each other
in the river bed, the upper right panel indicates the position of the weirs along a part of the river axis. In the
panel below, measurements and settings of the weirs are set.

During the event the Monsin Canal played an important role, as a significant amount of water flowed
through the canal back to the Meuse River near the Monsin weirs. Therefore, the canal with its sluice was also
modelled. Cross-sections of the canal were obtained from the study of Nossent et al. (2016), and the sluice was
modelled as a weir. Only during a certain period around the peak, which was chosen as the same period as
considered in section 5.1, flow occurred through this canal. Before and after this period, the crest level of the
weir was too high to allow flow over this weir and through the canal.
Furthermore, the Canal Ternaaien was important to model the situation during this event. Cross-sections
previously used by Nossent et al. (2016) were used for the bathymetry of the canal. The sluices at Ternaaien
were modelled as 4 separate weirs next to each other, with varying widths, which mimics the real situation here.
Flow through this canal was limited to the period indicated in section 5.1. This flow occurred over only 2 of the
4 weirs present here, which was the case during the event (Expertise Netwerk Waterveiligheid, 2021). Outside
this period, the crest levels of the weirs were again set so that no flow occurred here.
The simulation period was taken from July 6-21. This period contains a warm-up period of a few days
and the period of interest, which is from July 13-20. The timestep at which the model ran was set to 1 hour;
the reasons for this were twofold. First of all, most of the data with observed measurements also had hourly
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timesteps, making it easier to compare. Furthermore, a smaller timestep would increase the simulation time
substantially.
The extended SOBEK3-model was calibrated and validated based on the July 2021 event. This was done
because the canal and the structures in the canal acted different from the normal situation during the event.
Therefore, calibrating on the normal situation was not useful. The first step was to calibrate the weir at Lixhe
based on the measured water levels here during the event. This was done in order to correctly simulate the water
level downstream of the Monsin weirs. The water levels downstream of the Monsin weirs needed to be accurate,
as this influences the amount of water that can flow over the Monsin weirs. Hereafter, the Monsin weirs were
calibrated based on the measured water levels at the entrance of the Albert Canal. This was important in order
to correctly simulate the division of water between the Meuse River and the canal. The calibration of the Lixhe
weir and Monsin weirs was mainly done by adjusting the values of the PID-controllers. The calibration of the
weir on the Monsin Canal was done by altering the weir level during the period it was opened. Sluice Ternaaien
was calibrated in a comparable way. Here, for 1 of the sluices it was exactly known when it was opened. The
other sluice at Ternaaien over which flow occurred was calibrated in the same way as the weir on the Monsin
Canal. The weirs at Genk were also calibrated by adjusting PID-controllers. After the calibration, discharge
and water level measurements on the Albert Canal were used to validate the extended model.

5.5

Scenario analysis July 2021 event

With the extended SOBEK3-model, it was possible to perform a scenario analysis on the July 2021 event.
Because the Monsin weirs were partly closed during the event and other measures were taken, namely using the
Monsin Canal and Canal Ternaaien to discharge part of the water, the question arises what the effect of these
measures was. This was evaluated through a scenario analysis with the model. Three scenarios, connected with
these measures, were examined and compared with a reference scenario. The reference scenario is the actual
situation that occurred during the event, for which the measured water levels and discharges were used. The
scenarios are summarized in table 5.1.
Table 5.1: Overview of scenarios used in this section
Scenario
Observed
Scenario 1
Scenario 2
Scenario 3

Explanation
The situation as it actually occurred, with measured water level and discharge data;
Monsin weirs partly closed, Canal Ternaaien and Monsin Canal open
Monsin weirs fully operating, Canal Ternaaien and Monsin Canal closed; in fact the normal situation
Monsin weirs partly closed, Canal Ternaaien and Monsin Canal closed
Monsin weirs fully operating, Canal Ternaaien closed and Monsin Canal opened

To simulate the situation when the Monsin weirs had functioned normally, a slight alteration was made in
the operation of the dam. For this situation, all 6 weirs could be fully open instead of 2 during the event (see
section 5.4). The Monsin Canal and Canal Ternaaien were closed by closing off the weirs at these canals. The
weirs were given such a high crest level that there was no flow towards the canal.
By comparing modelled discharge and water levels of the different scenarios with the reference scenario,
the consequences of the measures were evaluated.

5.6

Scenario analysis using Albert Canal to lower Meuse River flood risks

The potential of the Albert Canal to temporarily store water and mitigate floods risks on the Meuse River was
examined by first determining the potential storage on the canal. This storage was obtained by calculating the
area of the canal where water can be stored, which was estimated by using areal photos. Hereafter, a maximum
water level rise on the canal was set. This water level was chosen such that no significant flood related problems
could be expected. By multiplying the storage area with the maximum water level rise, the storage volume of
the canal was known. This total volume was divided by the period over which the water was stored, in order
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to determine the amount of water in m3 s−1 that could be extracted from the Meuse River towards the Albert
Canal.
In this part of the modelling, the Albert Canal itself was not considered in the model. Only the Meuse
River was modelled in SOBEK, the extracted amount of discharge by the Albert Canal was implemented as a
lateral output on the model. This was done, as in this part of the study the goal was to look at how much water
can be stored, if the diversion of water to the Albert Canal was completely controlled. For this, a structure
would need to be present to close the Albert Canal off from the Meuse. Therefore, the Albert Canal was closed
off in the model in this part of the study.
In total, 4 reaches of the Albert Canal were considered as storage areas for this research. The first reach
is the part of the canal from its origin at Liège up to Genk (see figure 5.3), which was considered as the first
area used for storage. The second reach of the canal is from the weir at Genk to the weir at Diepenbeek, which
is only 4 km further downstream. The third reach is also rather short, with a length of only 4 km as well.
Therefore, the second section of the canal that was considered for storage consists of the second, third and
fourth reach of the canal (figure 5.3). This section is from Genk up to the weirs at Kwaadmechelen. Important
to note is that just before the weirs at Kwaadmechelen there is a side-channel of the Albert Canal, the Canal
Dessel-Kwaadmechelen. This canal is in open connection with the Albert Canal, which means that if water is
stored on the Albert Canal, water will also flow towards this side-channel. However, it was unclear how much
water could be stored on this canal as no detailed information was available. Therefore, it was not included in
the storage area.
The period during which water is stored on the Albert Canal was set to 1 day. The time period of 1 day
was chosen because the time resolution of the GRADE data was daily, which made it possible to implement the
storage on the day of the peak discharge. The maximum water level rise was decided to be 0.75 m. During the
event, the water level on the canal rose with 1 m on the first reach. However, this led to some problems and
flooding of the canal almost occurred. Therefore, a water level rise of 1 m on the canal is not desired. Thus,
a maximum acceptable water level rise of 0.75 m was used. In table 5.2 the calculation of the storage for the
storage areas is explained.

Table 5.2: Calculation of storage potential Albert Canal
Storage Area 1
Storage Area 2
Storage Area 1+2

Surface Area (m2 )
5,750,000
4,650,000
10,400,000

Max Water Level Rise (m)
0.75
0.75
0.75

Storage Volume (m3 )
4,312,500
3,487,500
7,800,000

Storage During 1 Day (m3 s−1 )
50
40
90

Again a scenario analysis was performed to investigate the potential of the storage areas to lower water levels
and thereby flood risks in the Meuse River. The following scenarios were considered:
• The reference scenario, where the Albert Canal was in open connection with the Meuse River near Liège,
which is the normal situation.
• Scenario 1: The Albert Canal was closed off from the Meuse River, all discharge flowed through the Meuse
River.
• Scenario 2: Only the first storage area up to Genk was utilized.
• Scenario 3: The first and the second storage area were utilized.
The second and third scenario were then compared with the reference scenario in order to evaluate how the
storage areas could lower water levels in the Meuse River. Water levels at Eijsden were compared for the
different scenarios, as the goal was to investigate how water levels in the Dutch Meuse River could be lowered.
The model input data for this scenario analysis were the GRADE discharge waves, which were explained
in section 4.4.
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Figure 5.3: Location of the storage areas
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6 — Results
In this section, the results of this study will be discussed. First, the results of the discharge correction and the
analysis of the hydraulic situation around the Meuse River and the Albert Canal in general will be discussed.
Then, the results from the modelling of the July 2021 event will be presented. Hereafter, the findings of the
scenario analysis of the event will be discussed. Lastly, results of what the potential of the Albert Canal as a
storage area could be are presented.

6.1

Correction discharge Eijsden

As mentioned in the methods section, the discharge at Eijsden was adjusted by correcting the water levels for
the backwater effect. The Qf-relation was used to determine the actual discharge at Eijsden. In figure 6.1 the
corrected discharge is shown, as well as the uncorrected, originally measured discharge at Eijsden.

Figure 6.1: Corrected and original discharge at Eijsden

Figure 6.1 shows that the correction leads to a lower peak discharge than the uncorrected, observed
discharge. The decrease of discharge during the period at which the backwater effect is present, is in the order
of 50-75 m3 s−1 during the peak discharge, which is significant. A maximum discharge decrease of even 150
m3 s−1 was found. The difference peak in discharge compared with van der Veen and Agtersloot (2021) is
even larger, the correction performed in this study leads to a value of around 100 m3 s−1 lower than the peak
discharge value of the method by van der Veen and Agtersloot (2021).

6.2

Hydraulic situation in Meuse River and Albert Canal

To analyse the hydraulic situation that occurred on the Meuse River and the Albert Canal during this event,
first the discharges on the Meuse River are examined.
Figure 6.2 shows the discharge of the Meuse River at Eijsden, Sint Pieter and Borgharen during the 13th
of July until the 20th. The first thing that becomes clear is the short period of the peak. On the 13th of July,
discharge values in the order of 100-200 m3 s−1 are measured. Then, at the 14th of July the discharge clearly
starts to increase rapidly, until the evening of 15 July when the peak occurs. During a time period of only 2
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Figure 6.2: Meuse River discharge at Eijsden, Sint Pieter and Borgharen

days the discharge increases from roughly 100 m3 s−1 up to over 3000 m3 s−1 . Discharge values after the peak
drop also quite fast, albeit not so fast as the rise.
Furthermore, the discharge at Eijsden is substantially lower than at Sint Pieter and Borgharen. This difference can be explained by the role that Canal Ternaaien played. This is a significant component of the discharge
at Sint Pieter and Borgharen. The discharge at Borgharen is somewhat lower than at Sint Pieter, which is as
expected due to wave attenuation that occurs during floods. This effect led to lower peak discharges and longer
peak duration further downstream on the Meuse River.

Figure 6.3: Measured water levels in Albert Canal compared to reference water level

During the flood, the Albert Canal acted as a side-channel of the Meuse River due to the partly closed
Monsin weirs. This led to significantly increased water levels and discharges in the canal. In figure 6.3 the
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water levels in the canal at Marexhe, Kanne and Gellik (see figure 4.1 for their locations) are shown, these
are in shown in order of occurrence along the canal from south to north. The standard water level, in the first
reach of the canal, of 60 m+TAW (Tweede Algemene Waterpassing, which is the Belgian reference level for
water levels)(Waterbouwkundig Laboratorium, 2021) is also shown in the plot. From figure 6.3 it can be seen
that water levels increased substantially during the flood. At the peak, water levels at Marexhe and Gellik are
more than 1 meter above the normal water level in the canal. At Kanne the increase in water level is somewhat
lower, with a maximum increase of around 0.7 m. The lower water levels here are caused by the opening of
Canal Ternaaien. The elevated water levels in the canal lasted for around two days.
When looking at discharges on the canal, the same pattern is observed. In figure 6.4 the discharges of the
Albert Canal at Haccourt, Kanne and Gellik are plotted. The discharge of the Meuse River at Sint Pieter is
plotted on the right y-axis, in order to relate the timing of the discharges in the canal to the peak of the Meuse
River during the flood.

Figure 6.4: Measured discharges in Albert Canal (Discharge at Sint Pieter shown as reference)

The discharge measurements at Haccourt have some gaps, but the general pattern is still clearly visible.
The discharges at the canal are sometimes negative. This is normal for a canal, because of the complex system
with weirs and sluices. Especially at Haccourt, the discharge increases remarkably. Maximum discharge values
of 250 m3 s−1 were measured. There is a large difference in discharge between Haccourt and Kanne/Gellik, in
the order of 150-200 m3 s−1 during the flood. This can be linked to the fact that in between these locations,
the Canal Ternaaien discharged a substantial amount of the water coming from the Albert Canal.
The decrease of discharge at Haccourt on the 15th of July can be explained by the increasing discharge
capacity of the Monsin weirs at that time. Discharges at Kanne and Gellik do not show the clear peak during
the flood, which Haccourt does show. The discharge is substantially lower here, but with maximum values of
around 100 m3 s−1 still higher than normal.
As mentioned in the methods section, one way of estimating the amount of discharge through Canal
Ternaaien was to subtract the discharge of the Albert Canal at Haccourt with the discharge at Kanne. The
other way to estimate this, was to subtract the discharge of the Meuse River at Sint Pieter with the corrected
discharge at Eijsden. A moving average of 4 hours was applied to these data, in order to smoothen peaky
behaviour and thereby making it easier to interpret. The results of these two methods are shown in figure 6.5.

22

|

CHAPTER 6. RESULTS

Figure 6.5: Estimated discharge through Ternaaien for both methods, the black rectangle indicates the period
at which the sluices at Ternaaien were opened

The results indicate a significant amount of discharge through Canal Ternaaien, during the period of the peak
flow. Discharge differences of more than 200 m3 s−1 , with a peak value of 220 m3 s−1 , were observed in the
Albert Canal between Haccourt and Kanne at that time, whereas the difference between Sint Pieter and Eijsden
reaches values of around 270 m3 s−1 . Before and after the period of high discharge through Canal Ternaaien,
the discharge difference is much smaller. Here, maximum values in the order 30-50 m3 s−1 were measured in
the Albert Canal, and somewhat higher discharge differences in the Meuse River in the order of 50-100 m3 s−1 .
Early on 15 July there is a period where the discharge difference in the Albert Canal drops to 0. This again
can be linked to the fact that the discharge capacity at the Monsin weirs was increased at that time.

6.3

Model performance implementation Albert Canal system

As mentioned in the methods section, the first step is to model the situation at the Lixhe weir, which has a
significant influence on the situation at the Monsin weirs. In appendix C this situation is shown. Here it is
indicated that water levels are accurately simulated at this location. Furthermore, although the exact crest
level of the weir during the event is unknown, the weir was completely opened during the peak at some point.
This is also visible in the crest level of the Lixhe weir, which is also shown in figure C.1.
Next, the water levels and division of discharge between the Meuse River and Albert Canal at Monsin
during the event are considered. As no discharge measurements were available near the Monsin weirs, the
calibration was done based on the measured water levels at Marexhe, near the entrance of the canal. In figure
6.6 the modelled and measured water levels at Marexhe are plotted. The figure illustrates that the model is
able to simulate the water levels well. The general pattern is followed closely and the timing of the peak is
captured correctly in the model. This is as expected, as the Monsin weirs were set to operate in such a way that
the measured water level pattern was simulated. However, with realistic settings of these weirs, the water level
pattern can be simulated correctly. In Appendix D, the crest level of one of the weirs at Monsin, that could be
completely opened during the event, is shown. The crest level is during the peak at 51.5 m, indicating that it
was completely opened in the model as well. The NSE was found to be 0.97, confirming the accurate model
performance.
As figure 6.6 shows that the water levels are modelled accurately, it means that the simulated discharge
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Figure 6.6: Modelled and observed water levels at Marexhe

diverted to the Albert Canal is expected to be accurate as well. The first location where discharge measurements
were available for the event is at Haccourt. Figure 6.7 gives an overview of the simulated and observed discharge
at this location. The model is able to simulate the discharge relatively well. The timing and magnitude of the
peak are captured closely. Before and after the period of the peak, the model somewhat underestimates the
discharge during most of the time. The steep drop in the discharge on 15 July in the afternoon is followed
accurately in the model. An NSE of 0.80 was found for the modelled discharge at Haccourt.

Figure 6.7: Modelled and observed discharge at Haccourt

The second location where discharge measurements were available on the canal is at Kanne, which is
downstream of Canal Ternaaien. Figure 6.8 shows that the model does not simulate the discharge at Kanne
as well as for Haccourt. The calculated NSE for the discharge at Kanne is 0.09, which also indicates that the
model performs worse here than for the other locations.
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Figure 6.8: Modelled and observed discharge at Kanne

As the Canal Ternaaien is also included in the extended model, it is interesting to see how the model
simulates the discharge through this canal during the event.
The model results were compared with the projected discharge through Ternaaien. This is based on estimates, namely the discharge difference between Haccourt and Kanne. The operation of the sluices at Ternaaien,
which determines the discharge through canal Ternaaien, was based on the available information. The timing
when one of the sluices was completely opened was known and implemented in the model. For the other sluice,
it was estimated how it functioned, as mentioned in the methods section. Figure 6.9 shows these results. It is
clear that the model results are similar to the estimated discharge. The most important difference is that for
the model results the discharge is 0 outside the period of the peak, as the weirs at Ternaaien are closed in the
model during that time. The estimated discharge gives some discharge in this period, linked to the discharge
difference between Haccourt and Kanne. However, the discharge pattern during the period of interest is followed
closely. The modelled peak discharge is somewhat higher than the estimated.

6.4

Scenario analysis July 2021 event

In order to investigate the effect of the measures that were taken and the partly closure of the Monsin weirs,
the scenarios described in table 5.1 were investigated. Note that in the figures, the scenarios are indicated with
the name given in this table. The reference scenario is indicated with observed in the figures.
The first point of interest is what happens to the discharge over the Monsin weirs if it would have functioned
normally. These results are shown in figure 6.10 , where the reference scenario is compared with scenario 1
(Monsin fully operating, Canal Ternaaien and Monsin Canal closed). As expected, if the Monsin weirs had
functioned normally, the discharge over the Monsin weirs would have been higher. An extra amount of almost
400 m3 s−1 can be conveyed through the weirs. Outside the period of the peak discharge, the results for both
situations are the same. This means that during that period the Monsin weirs are able to convey all the water
even when only 2 openings can be fully utilized. As the discharge over the dam is higher in the scenarios where
it operates normally, it is expected that water levels and discharge on the Albert Canal are lower. First, the
discharge at Haccourt is shown in figure 6.11.
The figure shows much lower discharge at Haccourt, which is expected as more water flows over the Monsin
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Figure 6.9: Modelled and estimated discharge through canal Ternaaien

Figure 6.10: Discharge over Monsin weirs

weirs. Remarkable is that the discharge becomes negative in the morning of the 16th of July. The cause for
this can be found in the fact that Canal Ternaaien, the Monsin Canal and the weir Genk, at the boundary of
the model, are all closed in scenario 1. This means that no water is extracted from the canal anymore. As the
water balance must hold, inflow must be equal to outflow, and there is only outflow at the entrance of the canal
near the Monsin weirs. Therefore, at some point water will flow out of the canal again, which causes negative
discharge as water starts to flow in opposite direction.
When the water levels are considered at the entrance of the canal some remarkable results are obtained.
For the water levels, all 4 scenarios are considered.
The water levels at Marexhe start to rise later in scenarios 1 and 3 (Monsin fully operating, Canal Ternaaien
closed, Monsin Canal opened), when the Monsin weirs are fully operating (Fig 6.12). This means that the
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Figure 6.11: Discharge at Haccourt

Figure 6.12: Water levels at Marexhe

Monsin weirs are longer able to keep the water levels at the reference level. The water levels drop significantly
later for all 3 scenarios. This is linked to the fact that in the 3 scenarios Canal Ternaaien is not opened. In the
reference scenario the canal is opened, and at that time the water levels start to drop in the Albert Canal. In
scenario 2 (Monsin partly closed, Canal Ternaaien and Monsin Canal closed) the water level at the peak is 0.4
m higher than actually observed. This means that if Canal Ternaaien and the Monsin Canal are not opened,
the water levels on the canal become significantly higher and possibly flooding of the banks would occur. When
looking at the results of scenario 3, it can be seen that water levels could have been much lower on the canal if
the Monsin weirs had functioned normally. In this scenario, water levels only rise with 0.5 m. Prerequisite for
this scenario is however that the Monsin Canal is also utilized in the same way as the reference scenario. The
most remarkable are the results of scenario 1.

6.4. SCENARIO ANALYSIS JULY 2021 EVENT

|

27

Previously, in figure 6.11 it was shown that discharge on the canal is considerably lower for this scenario.
However, the water levels rise to the same level as during the July 2021 event in this scenario, only the timing of
the peak differs. Given the fact that discharge on the canal is lower for this scenario, it was expected that water
levels would also be lower. An explanation can be found in the water level drop over the Monsin weirs in this
scenario. In figure 6.13 the water level drop over the Monsin weirs is plotted, which is determined as the water
level upstream of the dam minus the water level downstream. Here it can be seen that during the peak the
water level drop over the dam is considerably lower than outside the peak discharge period. The consequence
of this is that the weirs are not able to lower the water levels upstream of the dam even more.

Figure 6.13: Water level drop over Monsin weirs

The resulting water levels of the different scenarios at Kanne are shown in appendix E (figure E.1).
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Storage potential Albert Canal to lower water levels Meuse River

Table 5.2 indicates that for scenario 2, 50 m3 s−1 can be extracted from the Meuse River by the Albert Canal
during 1 day. In scenario 3, where both storage areas are utilized, 90 m3 s−1 can be extracted from the Meuse
River for 1 day. In scenario 1 there was no storage on the canal, as it was closed off from the Meuse River. The
Albert Canal extracts this 50 m3 s−1 or 90 m3 s−1 during the day of the peak discharge.
Three GRADE discharge waves that are used as input data for the model, have peak discharge values of
2785 m3 s−1 , 3985 m3 s−1 and 3250 m3 s−1 respectively (Fig 6.14).

Figure 6.14: GRADE discharge waves

In figure 6.15 the results are shown for the effect of the storage on water levels at Eijsden. The three plots on
the left side indicate the water level difference between the scenarios and the reference, the right plots show the
timeseries of the water levels. The results contain a time period of 5 days, 2 days preceding the day of the peak
discharge and 2 days after. Storage on the Albert Canal starts at hour 48 and ends at hour 72. Results for
GRADE1 (peak discharge: 2785 m3 s−1 ) show that before the storage, water levels for all scenarios are higher
than the reference, because in the scenarios no water is flowing to the Albert Canal. Then, shortly after storage
starts in scenario 2 and 3, the water level differences become negative. This indicates that due to the storage,
water levels at Eijsden are lowered compared to the normal situation (reference run). The maximum decrease
in water levels is 0.17 m for scenario 2 and 0.21 m for scenario 3, in this period of 5 days. Water levels remain
lower for the scenarios when the extraction for storage ends. For scenario 2 the maximum water level decrease
is even obtained after this period. The likely cause for this is that in the reference scenario water flows into the
Albert Canal. Then, after the peak, water levels on the Meuse River decrease and water starts to flow back
from the Albert Canal to the Meuse River. This is confirmed by negative discharge values found in the model
results on the Albert Canal at this time for the reference run.
Remarkably, for scenario 1 water levels become lower compared to the reference. In scenario 1, all water
flows through the Meuse River as the Albert Canal is completely cut off from the Meuse River. Therefore, it
is expected that water levels in scenario 1 remain higher during the entire period. The fact that water levels
become lower for scenario 1 at some point can be explained when looking at the water level timeseries. The
peak water level for scenario 1 is higher than the reference, as expected. Because the discharge wave propagates
through the system faster in scenario 1 as the Albert Canal is left out in this scenario, the water level shows a
faster response. In the reference scenario, the Albert Canal is included and the peak is attenuated. This leads
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to a longer period of high water levels for the reference run, but a lower peak water level. Consequently, water
levels in scenario 1 start to decrease earlier leading to a negative water level difference at that moment.
Looking at GRADE2 (peak discharge: 3985 m3 s−1 ), the first things that catch the attention are the two
negative peaks around hours 25 and 95 in the left plot, outside the period of storage. These can be explained
by looking at the water level timeseries, right plot, where it can be seen that for the 3 scenarios the timing of
the waves is preceding the timing of the reference run. The water level drop around hour 40 is caused by fully
opening the weir at Lixhe. Because water levels for the scenarios are higher at an earlier moment compared to
the reference, the full opening of the weir occurs earlier. For the small peak around hour 100 the same reasoning
can be used to explain this peak. Here, weir levels are raised again leading to higher water levels. This happens
earlier for the scenario runs, as the water levels are at a lower level earlier in time. The negative peaks in the
left figure coincide with the 2 small peaks in the water level pattern in the right figure. Thus, the difference
in timing of the water level course causes these negative peaks in the water level difference plot. The fact that
this happens only for this discharge wave, is because the magnitude of the peak discharge is much higher.
The water level difference becomes negative again after storage starts, indicating that the peak water level
is lowered. However, the highest water level reduction for all scenarios is found after the peak, caused by the
difference in timing between scenarios and reference. This water level reduction is the same for all scenarios,
namely 0.40 m.
For GRADE3 (peak discharge: 3250 m3 s−1 ) a similar pattern can be seen compared with GRADE1. Again,
for scenario 2 the maximum water level decrease is obtained after the period of extraction by the canal. The
maximum water level decrease is 0.12 m and 0.14 m respectively for scenarios 2 and 3.
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Figure 6.15: Difference in water level between scenarios and reference (left), water level timeseries at Eijsden
for all scenarios (right). The upper two figures are results for GRADE 1 (peak discharge: 2785 m3 s−1 ), the
middle GRADE 2 (peak discharge: 3985 m3 s−1 ) and the bottom GRADE 3 (peak discharge: 3250 m3 s−1 )

In table 6.1 the difference in the peak water level for the scenarios compared to the reference are indicated,
which is the main value of interest in order to look at lowering flood risks. In scenario 1, for all GRADE waves,
the peak water level is a few centimeters higher than the reference. It was already indicated previously that this
is because in scenario 1 all water flows through the Meuse River and no water is extracted by the Albert Canal.
In scenario 2, the peak water level is decreased by values around 1-1.5 cm. In scenario 3, a higher peak water
level reduction can be obtained. Here values in the order of 4-6 cm of peak water level reduction are achieved.
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Table 6.1: Peak water level scenarios compared with reference

Scenario
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE
GRADE

1
1
1
2
2
2
3
3
3

Scenario
Scenario
Scenario
Scenario
Scenario
Scenario
Scenario
Scenario
Scenario

1:
2:
3:
1:
2:
3:
1:
2:
3:

No storage
Storage: 50
Storage: 90
No storage
Storage: 50
Storage: 90
No storage
Storage: 50
Storage: 90

m3 s−1
m3 s−1
m3 s−1
m3 s−1
m3 s−1
m3 s−1

Difference in peak water level
compared to reference (m)
+0.01
-0.015
-0.049
+0.014
-0.01
-0.041
+0.023
-0.014
-0.06
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7 — Discussion
In this chapter the results of the research will be discussed. This will be done per section, in the same way
as in the previous chapter. Where possible, the obtained results in this study will be compared with existing
literature. Furthermore, some limitations of the study will be discussed.

7.1

Discharge correction

The discharge correction shows that the actual discharge at Eijsden is lower than the discharge measured by
Rijkswaterstaat. The difference in corrected peak discharge in this study is even more compared with the study
by van der Veen and Agtersloot (2021), where no correction was made for the backwater effect. The correction in
this study leads to lowering of the actual water levels compared with the observed. As a result of the correction,
the peak discharge at Eijsden is considered to be approximately 75 m3 s−1 lower than initially measured, and
around 100 m3 s−1 lower than the correction by van der Veen and Agtersloot (2021). The maximum difference
between the corrected and measured discharge at Eijsden is even up to 150 m3 s−1 .
However, a limitation of this correction is that the exact discharge through Canal Ternaaien is unknown.
This discharge amount entering the Meuse River at Ternaaien determines the water level rise here. This means
that the exact water level rise at Ternaaien might not be completely accurate, which affects the value of the
backwater effect at Eijsden.
The sensitivity analysis in appendix B also shows that if the discharge through Canal Ternaaien would
have been 40 m3 s−1 lower or higher, the resulting corrected peak discharge could have varied within a range up
to 30 m3 s−1 . This indicates that this method is not perfect, although it gives an indication of what the actual
discharge at Eijsden was.

7.2

Hydraulic situation in Meuse River and Albert Canal

The peak discharge at the Meuse River is the highest discharge ever measured in the Netherlands, with a value
of 3310 m3 s−1 at Sint Pieter. The peak discharge at Eijsden is somewhat lower, as a result of the flow entering
the Meuse River downstream of Eijsden, from Canal Ternaaien. The most remarkable aspects of this event,
besides the magnitude of the peak discharge, are the fact that the event happened in summer and the short
duration of the peak (Expertise Netwerk Waterveiligheid, 2021). As a result of the partly closed Monsin weirs,
the water levels at the Albert Canal increased with more than 1 m, with respect to the normal water level, near
the entrance of the canal. The resulting discharge on the canal increases substantially as well. Especially at
Haccourt, the discharge increases dramatically. The peak discharge here is around 250 m3 s−1 , whereas normally
values in the order of 20-30 m3 s−1 are measured here (Boeckx and van Steenbergen, 2021).
The two methods of determining the discharge through Canal Ternaaien show different results, especially
for the peak flow through the canal. By comparing the discharges on the Albert Canal an estimated peak flow
on Canal Ternaaien of around 230 m3 s−1 is found. The difference in discharges on the Meuse River shows a
peak flow of up to 270 m3 s−1 .
There can be several reasons for the difference between the two methods. Measurement errors are a likely
cause. Discharge determination by a rating curve, which is done at Eijsden and Sint Pieter (van der Veen and
Agtersloot, 2021), is prone to random and epistemic errors (McMillan and Westerberg, 2015). Furthermore,
the discharge difference on the Meuse River (between Eijsden and Sint Pieter) is determined by using the in
this study corrected discharge at Eijsden. In the previous section it was already indicated that the method by
which this discharge is determined is prone to errors. Therefore, the discharge estimation for Canal Ternaaien
by comparing the discharges on the Albert Canal is considered to be the most accurate method. Another
argument that can be made for this, is that the discharge through Canal Ternaaien was extracted directly from
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the Albert Canal. Between Haccourt and Kanne there are no tributaries and floodplains present, which is the
case for the Meuse River between Eijsden and Sint Pieter.
The results of determining the discharge through Canal Ternaaien are comparable with the results found
in the report by van der Veen and Agtersloot (2021). The same method was used here, with the only difference
being that in the report of van der Veen and Agtersloot (2021) the gaps were interpolated. Other than that the
results were the same as in this study. However, it remains uncertain what the discharge through Ternaaien
exactly was, as no discharge measurements are present on the canal and thus it had to be estimated on discharges
on the Albert Canal. As mentioned before, these discharge measurements are prone to errors and the gaps in
the data further increase the uncertainty.

7.3

Implementing Albert Canal system

The first step of implementing the Albert Canal system was to accurately model the water levels upstream of
the Lixhe weir. In appendix C it is shown that water levels here were accurately modelled. It is required to
model water levels upstream of Lixhe as good as possible, as this partly determines the water level downstream
of the Monsin weirs. The water level downstream of the Monsin weirs determines the flow over the dam, and
thus affects the division of water between the Albert Canal and the Meuse River. However, between Lixhe
and Monsin there are no measurement stations of discharge or water level on the Meuse River. This means
that the water level downstream of Monsin can not be validated. Furthermore, the roughness value of this
section is not exactly known. Uncertainty in roughness values can lead to large uncertainty in modelling water
levels. Warmink et al. (2007) found in their study that uncertainty in roughness values could lead up to 20 cm
uncertainty in water level predictions for the Waal river.
Although it was known that 4 of the 6 openings of the Monsin weirs were not fully available, it was unclear
to what extent they could convey water. By calibrating on measured water levels at Marexhe, in this study it
is estimated how these 4 openings operated during the event. It is possible that water flowed through other
routes near the Monsin weirs, such as through the hydropower plant which is present here and not yet included
in the model. In the study by Nossent et al. (2016) it was stated that this hydropower plant can discharge up
to 400 m3 s−1 , which means that it could have discharged a considerable amount during the July 2021 event.
However, the situation here remains unclear. Nossent et al. (2016) also stated that insufficient information on
the operation of this structure was known to include it in their model. The operation of the Monsin weirs is
modelled based on the best guess available. Nevertheless, water levels at Marexhe are simulated accurately
by the extended model, indicated also by the determined NSE of 0.97 here. This means that the division of
discharge between the Meuse River and Albert Canal at the Monsin weirs is assumed to be accurate. This can
also be seen in the model results of the discharge at Haccourt. The discharge pattern is captured closely by the
model, and the calculated NSE is 0.80.
The model is not able to simulate the discharge at Kanne accurately. Although the general pattern seems
to be followed, a NSE of only 0.09 is found. The bad simulation can be explained by the main limitation of the
model: the canal is highly regulated by structures, such as weirs and sluices, of which no detailed information
about their operation was available for this study. These structures are operated by several authorities, and
information about the structures is not publicly available. Therefore, the operation of the structures is estimated
based on dimensions of the structures and water level/discharge data that were available. In the modelling
studies of the Albert Canal by Nossent et al. (2016) and Pereira et al. (2016) the same problem occurred, as
for the studies detailed information of the weirs and sluices was also not available. However, it is questionable
how accurate the discharge measurements at Kanne were. This can also lead to differences between the model
and observed data.
The model results for the discharge through Canal Ternaaien are in agreement with the estimate for the
discharge, performed in section 6.2. However, it is difficult to say if this discharge is correct as no measurements
are available. Furthermore, the operation of the weirs here was not known as well. Although one of the weirs
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was completely opened and the period at which it was opened was known, flow occurred over one other weir as
well. The flow over this weir was not known, thus it was estimated again.

7.4

Scenario analysis July 2021 event

From the scenario analysis of the July 2021 event it becomes clear that the Monsin weirs could have processed
more discharge if it was fully operating: the results show an extra 400 m3 s−1 discharged by the dam. Still,
problems on the Albert Canal would be present if no additional measures were taken. This is shown in the
water level results for scenario 1, where water levels rise with the same magnitude as during the event. The
cause for this is the small water level drop over the Monsin weirs during the peak discharge. Because of this,
the Monsin weirs are less able to lower water levels upstream of the dam near the entrance of the Albert Canal.
Furthermore, scenario 2 shows that the situation on the Albert Canal might have been worse if the Monsin
Canal and Canal Ternaaien were not opened. In this scenario, water levels rise even more at Marexhe, with
almost 1.6 m to a peak value of 59.25 m +NAP. Boeckx and van Steenbergen (2021) state that the upper level
of the dikes is 59.17 m +NAP in the first reach of the canal (Luik-Genk). This implies that in this scenario
flooding of the Albert Canal might have occurred. With such high water levels, pressure on dikes increases
which enhances the probability of failure of the dikes. This increases flood risks even more. Important to stress
is that there is uncertainty in the model and its results. Because the water levels in this scenario are only 8 cm
higher than the upper level of the dikes, it is difficult to say with certainty that the canal would have flooded.
Following scenario 3, the problems on the Albert Canal could have also been largely prevented. If the
Monsin weirs had been fully operating and the Monsin Canal was opened, water levels would have risen with
only 0.5 m, whereas water levels rose with over 1 m during the event. However, important to note is that for this
scenario around 400 m3 s−1 has to be discharged by the Monsin Canal. This is comparable with the situation
during the actual event here. The event showed that it is possible for the canal to process this much discharge,
but it is not desired as the canal is rather small and short. There was also some erosion damage found in this
canal, indicating that the canal is not designed to have such a high discharge.
The water levels at Kanne, illustrated in appendix E, show in general the same pattern compared to
Marexhe. In the reference scenario there is a difference between these locations, but this is caused by the
opening of Canal Ternaaien during the event. As in all 3 other scenarios Canal Ternaaien is not opened, no
water is extracted near Kanne. Both locations are on the same reach of the canal. Besides the opening of the
Monsin Canal in scenario 3, no other side-channels or weirs/sluices affect the water level on the whole reach.
This leads to a comparable water level pattern for Marexhe and Kanne.

7.5

Storage potential Albert Canal

The scenario analysis regarding the storage potential of the Albert Canal to lower flood risks in the Dutch
Meuse River gives interesting results. For the first discharge wave considered, with a peak value of 2785 m3 s−1 ,
the water level at Eijsden can be lowered by up to more than 20 cm. During the second discharge wave, where
the peak value is 3985 m3 s−1 , a maximum water level lowering of even almost 40 cm can be obtained. For
the third discharge wave, with a peak value of 3250 m3 s−1 , water levels at Eijsden can be decreased by up to
approximately 13 cm. These values are however differences in water levels at a certain time and caused by phase
differences. Therefore, these values are not the main point of interest for flood risk reduction. The measure is
less effective in lowering the peak water level, which is the main point of interest. When purely looking at the
peak water level, reductions of only 1-6 cm can be obtained.
It is interesting to put these values into perspective, by comparing its effect with other measures that have
been taken in the Meuse River catchment to lower flood risks. For example, near Roermond a retention area
was created which can be used in times of high discharge. A maximum amount of 10,000,000 m3 of water can
be stored here, which is around 1.3 times more than both storage areas on the Albert Canal. The water level
can be lowered with 15 cm at Roermond (Rijkswaterstaat, 2018) for a discharge wave comparable with the
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third GRADE discharge wave in this study, whereas maximum water levels can be lowered with around 6 cm
by storage on the Albert Canal. Another project is the retention area ”Lob van Gennep”, further downstream
of the Meuse River. For a discharge wave comparable to the second GRADE wave in this study, the peak water
level can be lowered by approximately 10 cm (de Jong and Asselman, 2019).
The storage potential of the Albert Canal could be even higher. First of all, the maximum accepted water
level rise is 0.75 m in this study. During the event, water levels rose with over 1 m on the first reach of the
canal. This indicates that the maximum accepted water level rise might be even higher, enhancing the storage
capacity of the canal. However, care must be taken as flooding of the canal almost occurred with this 1 m water
level rise. The storage area could also be enlarged, by including the Canal Dessel-Kwaadmechelen. This canal
is not considered as not much detailed information on the canal could be obtained. Therefore, it is difficult to
determine the storage potential here.
As this study is a first step in investigating the storage potential, there are also some important limitations
that should be discussed. First of all, the Albert Canal itself is not designed to be a storage area. Adjustments
would have to be made to use the Albert Canal and its sluices and weirs in the way described in this research.
Currently, the canal is in open connection with the Meuse River at Liège. In order to regulate the amount
of storage in the canal accurately, the best option would be to implement a structure at the entrance of the
canal. This prevents that water is flowing into the canal too soon at times of high discharge, when the storage
is needed. In section 6.4 it is indicated that even if the Monsin weirs is functioning properly, water levels on
the Albert Canal can rise significantly during high peak discharges. This makes it more difficult to regulate
the division of water between the Meuse River and Albert Canal accurately. Another structure would have to
be placed at the entrance of Canal Dessel-Kwaadmechelen, as it is in open connection with the Albert Canal.
As stated before, not much details are known about the potential of this canal to store water. Therefore, it
is excluded from the storage area in this study and thus should not be in open connection with the Albert
Canal. An argument can be made that these adjustments to the system are rather expensive. It is questionable
whether authorities are willing to implement these expensive structures when they are only needed for really
extreme discharge events.
Another limitation is that in this study a constant extraction by the Albert Canal is assumed. In practice,
it is rather difficult to constantly extract the same amount of water. Furthermore, it has to be decided when
the flood risk of the Meuse River is that high, that the measure has to be taken. This can be a complicated
decision as several factors should be taken into consideration.
The main limitation of using such a system to lower flood risks, is to accurately determine the timing when
the system is used. If the decision to start filling the storage area is made too soon or too late this can reduce
the effectiveness of the measure. In this study, the discharge waves are exactly known which makes it easier to
determine when the system should be used. In real life it is much more difficult to determine in detail when the
storage area should be implemented. This is caused by uncertainty in predicting the timing and magnitude of
the flood wave.
In a study by Chiang and Willems (2015) it was shown that the decision on when to implement a storage
reservoir can cause a difference of 0.2 m on the maximum water level, which was approximately 22.1 m, in the
Demer river, Belgium. Furthermore, a case study on the Liane River in the north of France by Hadid et al.
(2019), indicated that correct timing on implementing a storage area can increase the maximum water level
lowering with up to 25% relative to the peak water level.
In this study, a sensitivity analysis on the timing of filling the storage area is also performed. This was done
by implementing the storage area 6 hours earlier or 6 hours later. In Appendix F the results of this sensitivity
analysis is shown. It can be seen that the timing has a significant influence on the effectiveness of the Albert
Canal as storage area. For example, in scenario 2 for the first discharge wave, an increased maximum water
level lowering of more than 4 cm (+20.6%) can be obtained if the storage area is filled 6 hours later. This
amount of relative increase is comparable with the values found in the study by Hadid et al. (2019). However,
the effect of timing is much lower for the other two discharge waves.
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8 — Conlusions and recommendations
In this study the role of the Albert Canal during the July 2021 flooding event was examined. During this event,
the highest measured discharge on the Meuse River occurred. The partly closure of the Monsin weirs led to an
extraordinary situation on the Albert Canal, with unprecedented discharge and water levels. In this study, the
system around the Albert Canal was added to the SOBEK3-model. The most important aspect was the way
the Monsin weirs operated during the event, and the resulting discharge division between the Meuse River and
the Albert Canal. This was accurately modelled, as the water level pattern at the entrance of the canal was
captured closely by the model. The resulting discharge at Haccourt was simulated accurately, but the discharge
at Kanne was not simulated well.
With the extended model, a scenario analysis was performed to investigate how the situation could have
been different during the event. It was found that even if the Monsin weirs had functioned normally, there
would probably still have been elevated water levels on the canal. However, if the Monsin Canal would also
have been opened, problems on the canal would have been reduced. On the other hand, if during the event
Canal Ternaaien and the Monsin Canal had not been used to discharge excess water on the canal, flooding of
the canal would probably have occurred. This scenario analysis thus showed the importance of utilizing these
two canals during the event.
A second scenario analysis was performed in this study, regarding the effect of using the Albert Canal
as a storage area to lower flood risks in the Dutch Meuse River. Here the potential of the Albert Canal was
confirmed as storage area, as it was found that by using this measure, water levels on the Meuse River could be
lowered significantly. The ability of this measure to lower water levels on the Meuse River was compared with
other projects on the Meuse River to mitigate flood risks. This showed comparable results, again confirming
the potential of this measure. However, there are some main limitations which cannot be ignored.
Then, to come to an answer to the main research question, the key lessons that were learned from the
Albert Canal during the July 2021 event were as follows:
• The extraordinary situation on the Albert Canal was caused by a combination of two main factors. Firstly,
an unprecedented discharge wave was coming from the Meuse River and its tributaries. Secondly, the fact
that the Monsin weirs were functioning only partially as a result of maintenance on the weirs.
• The situation on the Albert Canal could have been less severe if the Monsin weirs were functioning
normally.
• The Albert Canal showed potential to be used as a flood mitigation measure for the Dutch Meuse River.
It is recommended that in further modelling studies of the Albert Canal more research is done towards the
way the different structures that are present on the canal operate. More detailed information of these structures
and the way they operate could improve the modelling of the canal. Currently it is difficult to validate water
levels downstream of the Monsin weirs in the SOBEK3-model, as there is no measurement station present here.
It is recommended that it should be considered how to validate the water levels here in the model. Furthermore,
in this study, merely a first research towards the storage potential of the Albert Canal was conducted. As this
study shows the potential of this measure, more in-depth research towards the cost-effectiveness and negative
implications would be valuable. The feasibility of this measure should also be further investigated. The main
point of interest for this would be if it is possible to predict the exact moment when the storage should start.
Another possible option to utilize the canal as a flood mitigation measure is by using the canal as a sidechannel for the Meuse River. Unfortunately, due to time constraints, this was not examined in this study. It is
recommended to investigate this, as this could also provide opportunities to mitigate flood risks in the Meuse
River.
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RTBF (2021). Inondations à Liège : situation tendue au barrage de Monsin, une grue menace l’alimentation
des stations de pompage.
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A — Backwater effect method
Distance, L, was determined by using the river length markers along the axis of the river, which yielded 6040
m. For I it was assumed that it was constant along the section. Bottom heights of the Meuse River at Eijsden
and Ternaaien were obtained, and by calculating the height difference over the distance an average value of
3.3 ∗ 10−4 was found. The he was taken as the water depth at the start of the period of interest, this depth
was 7.03 m. The z0 at Ternaaien is dependent on how much water entered the Meuse River from the canal
of Ternaaien and how much the discharge of the Meuse River at that moment was. The Meuse River river
‘betrekkingslijnen’ are used, which give the water level at a certain point along the river for a given discharge
(Rijkswaterstaat Zuid-Nederland, 2019). As the amount of discharge from the canal of Ternaaien was unknown,
an estimation was used for this based on available data. First estimates showed that around 200 m3 s−1 flowed
through this canal during the period, with that amount the rise at Ternaaien was assessed. With this extra
amount of discharge from Ternaaien, the expected water level of the increased discharge was taken from the
’betrekkingslijnen’. The difference between the water level at Ternaaien with and without the extra 200 m3 s−1
gives the expected z0 at Ternaaien.
Table A.1 gives an overview of the rise of water level at Ternaaien, based on the discharge of the Meuse River at
that time. With all variables known, the backwater effect could be calculated. The backwater effect at Eijsden
for a given discharge is also shown in table A.1.
Table A.1: Water level rise at Ternaaien and backwater effect Eijsden

Discharge Sint Pieter (m3 s−1 )
1500-2000
2000-2600
2600-3000
3000-3250

Z0 at Ternaaien (m)
0.41
0.39
0.28
0.22

Zl at Eijsden (m)
0.18
0.17
0.12
0.09
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B — Backwater effect for different discharges
at Ternaaien
Backwater effect with estimated discharge at Ternaaien of 160 m3 s−1

Table B.1: Water level rise at Ternaaien

Discharge Sint Pieter (m3 s−1 )
1500-2000
2000-2600
2600-3000
3000-3250

z0 at Ternaaien (m)
0.33
0.30
0.21
0.17

Table B.2: Backwater effect at Eijsden

Discharge Sint Pieter (m3 s−1 )
1500-2000
2000-2600
2600-3000
3000-3250

zl at Eijsden (m)
0.14
0.13
0.09
0.07

Backwater effect with estimated discharge at Ternaaien of 240 m3 s−1

Table B.3: Water level rise at Ternaaien

Discharge Sint Pieter (m3 s−1 )
1500-2000
2000-2600
2600-3000
3000-3250

z0 at Ternaaien (m)
0.50
0.46
0.32
0.32

Table B.4: Backwater effect at Eijsden

Discharge Sint Pieter (m3 s−1 )
1500-2000
2000-2600
2600-3000
3000-3250

zl at Eijsden (m)
0.21
0.20
0.14
0.14
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APPENDIX B. BACKWATER EFFECT FOR DIFFERENT DISCHARGES AT TERNAAIEN

Figure B.1: Backwater effect for different estimates of discharge amount through Ternaaien
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C — Operation of Lixhe weir during event

Figure C.1: Modelled and observed water levels upstream of Lixhe weir with the modelled Lixhe weir crest level
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D — Operation of Monsin weirs during event

Figure D.1: Crest level of one of Monsin weirs that was completely opened during event.
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E — Scenario analysis July 2021 event: Water
levels at Kanne

Figure E.1: Water levels at Kanne for all scenarios considered
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F — Sensitivity analysis timing storage
Table F.1: WL Decrease for different scenarios, between brackets is relative change compared to storage on day
of peak

Scenario
GRADE
Scenario
GRADE
Scenario
GRADE
Scenario
GRADE
Scenario
GRADE
Scenario
GRADE
Scenario

1
2
1
3
2
2
2
3
3
2
3
3

Max WL Decrease (m)
Storage on day of peak

Max WL Decrease (m)
Storage 6 hrs earlier

Max WL Decrease (m)
Storage 6 hrs later

0.169

0.168 (-0.6%)

0.175 (+3.5%)

0.209

0.178 (-14.8%)

0.252 (+20.6%)

0.394

0.394 (0%)

0.395 (+0.3%)

0.395

0.395 (0%)

0.398 (+0.8%)

0.123

0.123 (0%)

0.123 (0%)

0.136

0.133 (-2.2%)

0.144 (+5.9%)

