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Summary

Scour can jeopardise a hydraulic structure if not adequately dealt with. Hence, a good understanding
of scour development during the design of a hydraulic structure is required. Empirical relations can
be applied to obtain an initial estimate on scour dimensions in a quick and cheap manner. Currently
available empirical relations, however, lack accuracy in 3-D geometries. A better understanding of the
scour-driving mechanisms in 3-D geometries is required to improve the ability to accurately predict
scour.

State-of-the-art research by Broekema et al. (2018) identified a novel scour-enhancing flow mechanism
related to 3-D flow situations. Under specific conditions, vertical flow separation at the upstream crest
of a scour hole can be suppressed as a result of lateral nonuniformities in the main flow. The boundary
layer stays attached to the deflecting bed. This so-called vertically attached flow state is associated
with increased scour potential due to increased bed shear stresses.

Using laboratory experiments, Broekema et al. (2019) elegantly demonstrated the existence of the
nonuniformity-induced flow attachment on a conceptual level. The understanding of nonuniformity-
induced flow attachment in the field is still limited though. The depth-to-width ratios tested by Broekema
et al. did not match real-life scour scenarios. Hence, the next step is to determine whether and how
vertical flow attachment manifests itself in a setup with realistic depth-to-width ratios. The objective
of this study was to evaluate the effects of lateral nonuniformities on scour-driving flow behaviour in a
scour hole.

Laboratory experiments form the backbone of this study. To start with, a measurement technique was
developed enabling efficient en reliable determination of near-bed flow directions. The technique is
based on tufts: small threads fixed to the bed that follow the local flow direction. An algorithm was
created to convert video footage of tuft movement to numerical data on flow directions. The measuring
technique was successfully validated using Acoustic Doppler Velocimetry (ADV).

Next, flow behaviour was studied through a set of experiments conducted in a simple laboratory setup
that simulates a common scour situation in the field. Lateral nonuniformities were generated in a mixing
layer downstream a lateral expansion of the inflow channel. The effect of each geometry parameter on
the flow state was individually addressed through a dedicated set of experiments in which only a single
parameter varied, exposing its effect on the flow state. Dye injections and ADV were used in addition
to the tuft measuring technique to visualise additional flow characteristics.

The experiments led to the following insights:

1. Two distinct horizontal flow states were observed: horizontal divergence and horizontal contrac-
tion.

(a) Horizontally contracting flow was more likely to occur in geometries with a short bed protec-
tion, a large horizontal expansion and a narrow inflow channel.

(b) The transition point between both flow states was narrow. Only a slight change in geometry
could entirely turn around the flow state.

(c) A graph was created that plots the flow state against geometry parameters. It can be used
to estimate the flow state for alternative configurations.
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vi 0. Summary

2. Each horizontal flow state is associated with distinct near-bed flow behaviour at the upstream
scour slope.

(a) The horizontally diverging flow state is accompanied with constant vertical flow separation
at the slope’s crest. The corresponding return current entails a near-bed flow in upward
direction.

(b) The horizontally contracting flow state is related to an alternating vertical flow pattern in which
vertical flow separation and vertical flow attachment take turns. An alternating vertical flow
regime was never identified before in this context. The alternating flow state is not present
in the jet’s centre. Instead, vertical separation takes place here. Additionally, a consistent
lateral near-bed flow from the mixing layer to the centre of the jet is present.

3. The frequencies in which vertical attachment and separation alternate match the frequencies
of two-dimensional coherent turbulence structures (2DCS) in the mixing layer. This similarity
indicates a relation between mixing layer instabilities and suppression of vertical flow separation,
which is a valuable new insight into the process of understanding nonuniformity-induced flow
attachment.

The presence of the horizontally contracting and vertically alternating flow state likely increases scour
dimensions. As a scour hole develops, unidirectional lateral near-bed flow velocities stay relatively
high, maintaining scour potential. Scour potential is largest in and around the mixing layer. This most
likely results in a strongly 3-D scour hole with maximum scour depths in the areas directly affected by
the mixing layer.

Comparing this study’s findings with previous scour experiments in a similar setup by Üsenti (2019)
provides additional insights into scouring behaviour under the newly identified flow state. Based on a
comparison of general flow behaviour and experimental parameters, it is very plausible that the alter-
nating flow state was present in Üsenti’s experiments. The observed scour behaviour was very much
in line with the previously introduced reasoning that the lateral unidirectional near-bed flow leads to ad-
ditional scour in the mixing layer area. A similar comparison was made for the Afsluitdijk model tests.
It is deemed likely that the newly identified flow state is also the cause of the excessive scour observed
at the Afsluitdijk model tests. The premise that excessive scour is caused by an alternative flow state
provides the opportunity to further improve and extend the abilities of empirical scour prediction.
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/
Introduction

1.1 Motivation for this study

Excessive scour can endanger a hydraulic structure. If controlled and kept at a safe distance from the
structure though, structural integrity is not at risk. Bed protections are generally applied to make sure
this is the case. When designing a bed protection, the goal of the structural engineer is usually not to
entirely prevent scour from happening. Instead, the engineer aims to control scour at a minimal cost.
It is necessary to predict scour development in advance to facilitate an efficient final design. Two types
of methods are used to estimate scour dimensions: empirical relations and physical-model studies.

Empirical prediction methods evolved based on decades of scour research. Among others Breusers
(1967), Dietz (1969) and Zanke (1978) made important contributions. Empirical relations allow for
quick and cheap prediction of scour dimensions. For non-standardised situations, on the other hand,
empirical relations often lack the accuracy (Balachandar et al., 2000). Currently existing relations are
only valid under specific conditions with standardised geometries. A scour prediction relation that is
universally applicable has not been found yet.

In case available empirical relations are not valid, physical model testing is often applied (Hoffmans
and Verheij, 2020b). Model testing makes use of a replica of a real-life scour situation on a smaller
scale. When accurately replicated, scour development in the downscaled setup is representative for the
prototype, and fairly accurate estimates on scour dimensions are generated. Model testing is expensive
and time consuming on the other hand.

For small projects, engineers often solely rely on empirical relations, whereas for more complicated
projects, empirical methods are mostly used to get a first impression of scour development, followed
by model testing in the later stages of the design process.

Even though empirical relations are only accurate under specific conditions, they are nonetheless
widely used for final designs. Hoffmans and Verheij (2020b) described a recently constructed tidal
culvert that connects the Eastern Scheldt with a natural reserve in the Netherlands. Scour downstream
of the culvert was estimated using the scour prediction method described by Dietz (1969). After open-
ing the culvert, scour developed much quicker and deeper than predicted. The predicted equilibrium
scour depth was reached within 8 weeks. To prevent serious damage, the culvert was closed and
adjusted twice. Such errors are costly and therefore highly undesirable.

Despite potentially large consequences, the flawed application of empirical relations is still a regularly

1



2 1. Introduction

Author Year of
publication

Percentage of
overpredictions

greater than 300%

Percentage of
underpredictions

Aberibigbe and Rajaratnam 1998 31 14
Altinbilek and Basmaci 1973 80 4
Breusers and Raudkivi 1991 22 34
Chatterjee et al. 1994 7 51
Dey and Sarkar 2006 3 34
Hoffmans 1998 35 24
Hopfinger et al. 2004 0 88
Lim and Yu 2002 2 52
Valentin 1967 8 41

Table 1.1: Comparison of empirically predicted scour depths and scour depths measured in practice for a broad set of cases by
Melville and Lim (2014).

made mistake by engineers. This might be partly attributable to the fact that it is very easy to wrongly
apply empirical relations. Parameters are simply filled in the formula, and an outcome is obtained. The
outcome is meaningless in case the empirical relation is not valid for the situation that is considered.
Melville and Lim (2014) applied different empirical methods to estimate maximum scour depths and
compares their results. As Table 1.1 shows, large differences in estimated scour depths exist. Hence,
even though each method accurately predicts scour for the situation it was designed for, it is often not
applicable in other situations. Great caution is therefore required in case design decisions are based
on empirical relations.

The discrepancy among the predicted scour depths can be attributed to the way empirical methods are
developed. Often, a set of experiments is carried out within the boundary conditions of a setup. During
these experiments, the effect of a few predefined parameters is studied. The scour depth is measured
for each experiment. Subsequently, the relation between the parameters is studied and the scour depth
is described by a formula. The vulnerability of this approach lies with the fact that that this relation is only
valid under the boundary conditions in place during the experiments. In case the configuration deviates
from the experimental setup, the empirical relation is not valid. When kept in mind that practice is rarely
comparable to a laboratory setup, one can easily conclude that the application of empirical relations to
situations in the field is by definition a difficult story.

Figure 1.1: Animation of the renewed discharge sluices of the Afsluitdijk near Den Oever

Such discrepancies form the direct incentive for the current study. Currently, the Afsluitdijk, a 32 km long
major dam in the Netherlands, is being completely renovated. Part of this renovation is the renewal of
the discharge sluices, shown in Figure 1.1. Model tests were conducted by BAM Infra to obtain insights
into the scouring patterns at the renewed discharge sluices. The results of these model tests differed
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greatly from the empirically predicted scour depths prior to the tests.

This again indicates that model tests are necessary in case of non-standard scour situations. This
does not detract from the fact that methods that reliably predict scour development without the imme-
diate need for model tests would be of great value. Currently though, scouring phenomena in complex
geometries are insufficiently understood to develop a prediction method. Underlying phenomena of
scour have to be better understood first. Recent research by Broekema et al. (2018) made an impor-
tant contribution to a better understanding of local scour. This state-of-the-art study points out that a
phenomenon called vertical flow attachment at the upstream scour slope can potentially intensify scour
development. There are reasons to believe that vertical flow attachment might explain a significant part
of the discrepancy between model tests and 2-D empirical relations. Current understanding about this
phenomenology is still very limited though. This study focuses on increasing the understanding of flow
attachment in relation to scour.

1.2 Problem analysis

Conventional understanding of the mechanisms related to local scour is based on a detaching flow at
the crest of the upstream scour slope. Instead of following the contours of the deflecting bed, the flow
remains in the top part of the water column. A wake forms in the scour hole underneath. This so-called
vertically attached flow state was thought to be generally present behind hydraulic structures with large
scour development. Instead, Broekema et al. (2018) found that lateral velocity gradients triggered at
a widening of the channel upstream can suppress vertical separation. Alternatively, the flow stays
vertically attached and follows the bed slope. This flow state is called vertical flow attachment. Vertical
flow attachment has more scour potential than a similar setup with vertically separating flow. Figure
1.2 provides an impression of both flow states.

(a)
(b)

Figure 1.2: Schematisation of the main vertical flow patterns in a scour hole downstream of a bed protection: (a) vertical flow
separation and (b) vertical flow attachment.

Several methods exist that reliably predict the presence of either vertical flow separation or vertical
flow attachment in a 2-D situation (Gerthart and Bober, 1974). When this knowledge is applied on
scour holes, one would expect vertical flow separation to occur. Scour surrounding hydraulic struc-
tures, however, almost exclusively occurs in 3-D situations. Hence, the existing methods are not valid.
Understanding of flow separation in 3-D situations is still very limited.

Broekema et al. (2018) show that 3-D effects greatly influence the flow state in scour holes. Novel
flow phenomena were identified around the Eastern Scheldt storm surge barrier. These phenomena
point out lateral velocity gradients as a driver for vertical flow attachment at an upstream scour slope.
In a follow-up study, Broekema et al. (2019) demonstrated that vertical flow attachment potentially
increases scour in real-life applications. Flow attachment therefore might be an explanation for deviant
scour predictions.

Despite the big knowledge leap accomplished by Broekema et al. (2018) and Broekema et al. (2019),
research on flow attachment induced by lateral velocity gradients is still in its infancy. Broekema et al.
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(2019) proved that lateral velocity gradients can cause vertical flow attachment in open channel flow,
but used an experimental setup that does not replicate practice very well as in-the-field situations are
often much shallower. Van der Zande (2018) used a shallower experimental setup to study the same
phenomena, but only focused on slopes much more gentle than those present in the field. The ques-
tion that thus remains is whether and how vertical flow attachment manifests itself under shallow and
relatively steep conditions.

In addition to this knowledge question, a prominent practical challenge prevails. So far, it has been hard
for researchers to efficiently study flow attachment. Previous studies made use of Acoustic Doppler
velocimetry (ADV) to measure flow patterns. ADV uses acoustic techniques to measure flow velocities
right next to the head of a submerged probe. Although ADV enables high-quality measurements, it
also has two major drawbacks:

1. Visualising a full flow pattern using ADV is very laborious. ADV only allows for measurements at
one single location at a time, which require about 5 minutes each. In case a single experimen-
tal configuration is tested for flow attachment, a high double-digit or even a triple-digit number
of measurements might be required. Often, a researcher wants to obtain insights into the ef-
fects of a single variable on the flow state by regularly varying the experimental setup. Loads of
configurations need to be tested, which is very time consuming using ADV.

2. ADV cannot measure close to a surface due to reflection of the acoustic signal. Flow attachment
is by definition a near-bed phenomenon. The minimum distance from the bottom at which can be
measured is in the order of 0.5-1 cm. This is quite significant as water depths in a laboratory setup
are often in the order of 10 cm. The most relevant information can therefore not be measured
using ADV. This issue was one of the main limitations in the study of Broekema et al. (2019).

In the context of further developing the understanding of flow attachment the upcoming decade, it is
essential to have a pragmatic measurement technique that allows for quick large-scale data collection
on near-bed flow patterns.

Problem statement

After this problem analysis, it becomes apparent that vertical flow attachment induced by lateral nonuni-
formities has the potential to cause increased scour. Understanding of this phenomenon is still very
limited. Flow attachment has only been demonstrated in laboratory setups that are not representative
of scour situations in the field. It is unclear if flow attachment occurs in real-life applications, and if
so, what its characteristics are. The consequence is that scour for certain configurations cannot be
predicted with sufficient accuracy, which can lead to the problems described in Section 1.1.

1.3 Research objective

The ultimate objective of this study is to increase the understanding of vertical flow attachment induced
by lateral nonuniformities and thereby contribute to the development of better scour prediction methods.
With reliable methods, costly cases like the tidal culvert described in Section 1.1 might be preventable
in the future. A large knowledge gap surrounding nonuniformity-induced vertical flow attachment was
revealed by Broekema et al. (2018). Following up on conceptual studies on this newly identified topic,
the objective of this study is to determine whether and how this phenomenon manifests itself in con-
figurations with depth-to-width ratios that are common in the field. This leads to the main research
question:

What are the effects of lateral nonuniformities on near-bed flow behaviour in a scour hole downstream
of hydraulic structures?
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The main question is answered using a set of subquestions. As explained in the problem analysis, no
prevailing measurement technique exists to effectively map near-bed flow patterns. The first subques-
tion is dedicated to finding this method. The next three focus on learning more about the flow behaviour
associated with vertical flow attachment. The last subquestion considers the effects of the observed
flow behaviour on scour.

1. How can near-bed flow directions be reliably and efficiently visualised across an entire flow field?

2. What macro flow states can be expected downstream of a hydraulic structure in case horizontal
nonuniformities are present?

3. How does the hydraulic structureôs geometry affect the flow state?

4. What are the characteristics of the near-bed flow behaviour in the scour hole? And what does it
say about the vertical flow state?

5. How does the identified near-bed flow behaviour affect scour?

1.4 Methodology

A five-stage approach is used to answer the research questions formulated in the previous section.

1. Literature study: Literature related to nonuniformity-induced flow attachment is studied to de-
velop a full understanding of the current state of knowledge. This provides a basis for a parameter
analysis (stage 2), which allows for pragmatic and efficient execution of this study. Additionally,
the basics of empirical scour prediction in combination with a set of interesting scour cases are
examined. This ensures that even though this study is of a fundamental nature, the link with the
eventual goal, application on scour, is never overlooked.

2. Parameter analysis: A list is composed of all parameters that are relevant to the situation studied
and the laboratory setup (stage 3). The parameter list is formed based on previous research and
common sense. Subsequently, using dimensional analysis, this list is transformed into aminimum
number of dimensionless variables that describe the situation studied. For each dimensionless
parameter is considered how it affects the studied phenomenology and which parameter ranges
should be studied to 1) maximise the likelihood of novel results, and 2) replicate practice in the
best possible way.

3. Experiment design: The laboratory setup is designed based on the insights obtained during the
parameter analysis. Appropriate measurement techniques are selected and a test plan is devel-
oped. The experimental setup is then constructed. To enable effective near-bed flow direction
measurements, a tuft-based measurement technique is developed.

4. Execution of laboratory tests and analysis of the results: The experiments are conducted
according to the test plan. Gathered data are processed and interesting insights are followed up
with additional experiments.

5. Interpretation of results: Experimental findings are interpreted and compared with findings of
previous studies. Implications of the findings on scour and scour prediction are considered. Re-
search questions are answered and openings for further research are presented.

1.5 Thesis outline

Table 1.2 presents the outline of this thesis.
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Methodological step Thesis chapter
1. Literature study Chapter 2
2. Parameter analysis Chapter 3
3. Experiment design & development of tuft measurement technique Chapter 4 & 5
4. Laboratory experiments (execution + analysis) Chapter 6
5. Interpretation of results Chapter 7 & 8

Table 1.2: Thesis outline



0
Theoretical framework

This chapter presents the results of the literature study (methodological step 1). As this study builds
on previous research on vertical attachment induced by lateral nonuniformities in scour situations, a
thorough understanding of the current knowledge state is essential. A literature overview is provided
in this chapter.

Firstly, the existing knowledge on flow attachment is considered, with vertical flow attachment induced
by lateral nonuniformities in scour situations as the main point of focus. Additionally, the basics of
empirical scour prediction are introduced as well as several scour experiments in setups with laterally
nonuniform flow.

2.1 Fundamentals of flow attachment

Flow separation is a hydrodynamic phenomenon in which a flow moving parallel to a confining wall
detaches and creates a turbulent wake. It is usually caused by a change in flow velocity, induced by
either a sharp edge in the confining wall or a gradual widening of a passage (Schiereck and Verhagen,
2012). Flow separation downstream of a hydraulic structure often occurs at the transition from the fixed
bed protection to the freely erodible bed. The flow state opposite to flow separation is flow attachment.
In this case, the flow stays attached to the surface it travels next to, even if it encounters a widening of
the section or a sharp edge in the confining wall.

To understand the basic principles behind flow separation and flow attachment, the concept of a bound-
ary layer needs to be made clear first. A boundary layer is the section of the flow directly adjacent to a
confining wall. The flow within this area is affected by the presence of the adjacent surface, as opposed
to the part of the flow outside of the boundary layer (White, 1999). Flow velocities vary logarithmically
within the boundary layer, being smallest right adjacent to the confining wall. A widening of a passage
causes the boundary to layer thicken. Thickening of the boundary layer induces an adverse pressure
gradient that decelerates the flow in the boundary layer (Simpson, 1996). Whenever the flow velocity
in the boundary layer reaches zero, separation occurs. The boundary layer then detaches from the
confining wall at the separation point. A wake behind the separation point forms. A return current be-
hind the separation point is initiated in case the adverse pressure gradient is sufficiently large (White,
1999). This mechanism is illustrated in Figure 2.1.

Numerous studies on flow separation have resulted in several methods to predict flow separation
(Gerthart and Bober, 1974). Similar to empirical scour prediction methods, flow separation prediction

7



8 2. Theoretical framework

Figure 2.1: Schematic overview of the relation between pressure gradients and flow separation, adapted from White (1999).

methods are reliable for standardised situations but struggle to make accurate estimates for arbitrarily-
shaped bodies (Schiereck and Verhagen, 2012). Moreover, flow separation does not occur in a sta-
tionary separation point. Instead, the separation point constantly moves within an area depending on
the flow situation at that exact time (Simpson, 1996).

A flow situation can be called two dimensional whenever velocity gradients in the third dimension are
negligible. In open channel flow, two types of flow separation in the 2-D plane can be distinguished:
1) separation in the 2-D vertical plane; and 2) separation in the 2-D horizontal plane. At hydraulic
structures, flow separation in the vertical plane often occurs at the end of a bed protection, whereas
the contours of a hydraulic structure generally trigger flow separation in the horizontal plane. Figure
2.2 illustrates both cases of flow separation.

Figure 2.2: Sketch of flow separation in the 2-D vertical plane and the 2-D horizontal plane (Broekema et al., 2019).

Research has developed a thorough understanding of flow separation in the 2-D plane (Gad-el Hak and
Bushnell, 1991). In practice though, exclusive 2-D flow is rather rare downstream a hydraulic structure.
Hence, a 3-D situation needs to be considered. Flow separation in 3D is much less well understood
(Simpson, 1996). The extra degrees of freedom introduced with the third dimension largely complicate
the situation (Broekema et al., 2019). Nevertheless, extensive effort has been put into understanding
3-D flow separation for specific circumstances, for example by Yates and Chapman (1992), Cherrye
et al. (2008) and Gao et al. (2015). Especially for aviation applications, knowledge on flow separation
in 3-D situations is sufficient to be applied in practice. Yet this has not led to a generally applicable
prediction method for 3-D flow separation Simpson (1996).
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2.2 3-D effects on the flow attachment

A breakthrough in the understanding of 3-D flow separation around hydraulic structures was recently
made by Broekema et al. (2018). This study demonstrated that lateral velocity gradients in a flow can
trigger a mechanism that suppresses flow separation at a downward slope. Instead of vertical sepa-
ration, which can be predicted based on 2-D understanding, the flow stays attached to the deflecting
bed. This is an often occurring situation around hydraulic structures. The horizontal expansion, e.g. at
the outflow of a culvert or at a discharge sluice, introduces lateral nonuniformities to the flow, while the
scour hole behind the bed protection is represents the deflecting bed. Broekema et al. (2019) proved
this concept in a simple laboratory setup. Two distinct flow states were distinguished:

• Vertically attached flow in combination with horizontal contraction; and
• Vertically separated flow in combination with horizontal divergence.

Figure 2.3 schematises both flow states. The mechanisms that drive both flow states are further ex-
plained in the next sections.

(a) (b)

Figure 2.3: Qualitative sketch of the flow states distinguished by Broekema et al. (2018). Figure (a) shows a flow with significant
lateral nonuniformities, causing the flow to stay attached to the bottom at the downward slope. Figure (b) on the other hand
shows a comparable configuration with less lateral nonuniformities. In this situation the flow vertically separates.

2.2.1 Vertical attachment + horizontal convergence

The lateral nonuniformities that cause the flow to attach to the downward slope are induced upstream.
After a jet-like flow leaves the confining sidewalls of a hydraulic structure, a horizontal mixing layer forms
between the jet and the stationary water at its sides. The velocity difference along the mixing layer
width cause lateral velocity gradients. These lateral velocity gradients trigger horizontal contraction of
the flow, as is shown in 2.3. The exact mechanisms that link lateral nonuniformities to horizontal flow
contraction have not yet been revealed, but Broekema et al. (2018) and Broekema et al. (2019) argue
that conservation of potential vorticity most likely plays an important role. The principle of potential
vorticity conservation is explained in Appendix A.

Contraction at the downward slope squeezes the streamlines in the main flow, accelerating individual
flow particles. This acceleration is associated with a positive pressure gradient in the main flow. Op-
posite to this positive pressure gradient, the deflecting bed causes an adverse pressure gradient at the
downward slope. Whenever the positive pressure gradient in the mixing layer is sufficiently large to
counteract the adverse pressure gradient, flow separation is suppressed. In such a case, the boundary
layer stays attached to the bed along the downwards slope.
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