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P R E FA C E

The robust design of offshore structures requires both reliable pre-
dictions of the environmental loading and structure-induced effects
stemming from waves and currents in the marine environment itself.
This focus of investigation includes the proper description of the inter-
action between waves and currents with the offshore structure itself
and its subsequent effects on the near-field marine environment most
often activating erosive forces on the mobile seabed which finally may
lead to scour in the vicinity of the offshore structure.

The present doctoral thesis submitted and successfully defended
by Dr. Alexander Schendel in June 2018 focusses on this particular
topic. It revisits the phenomena of scour and the protection of scour
by very wide-graded rock material in the marine environment under
wave and current loading around monopiles. The scientific value of
the thesis is remarkable both in its structural quality and its scientific
originality.

The backbone of the thesis is built upon four peer-reviewed publica-
tions in well-recognized journals in coastal and ocean engineering to-
gether with additional, yet, unpublished experimental investigations
and findings. As such, it profoundly improves the understanding of
the underlying processes and progression of scour around monopiles
induced by tidal currents in juxtaposition to unidirectional loading of
the mobile seabed. It moreover reveals the erosion stability of wide-
graded rock material under unidirectional currents and broadens our
understanding how and to what extent the seabed is degraded under
reversing currents given the same scour protection material. Further
improvement of knowledge is made available on the erosion stability
of coarse grain materials under unidirectional waves and how scour
patterns and extent are altered due to directional spreading of waves.

All these studies are embedded in a sort of umbrella document
that encompasses previously disclosed findings and, moreover, ex-
tensively discusses experimental set-ups, methodologies and analy-
sis conducted in any of the laboratory investigations and subsequent
examination of acquired, yet exhaustive amounts of data. Yet, Dr.
Schendel finally provides a practical design toolkit to help enabling
the robust design of offshore structure in regard of an adequate and
durable scour protection system by means of wide-graded rock mate-
rial.

The thesis denotes a unique contribution towards enhancing the
primary knowledge of the subject. Dr. Alexander Schendel pro-
poses and thoroughly investigates wave-current-induced scouring
processes and protection at offshore structures in a compendium-like
thesis. He proves in this thesis one-of-a-kind originality by describing
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and analysing processes which are highly relevant for the design of
offshore infrastructure. At present, neither comprehensive studies
of the inherent physical processes nor consensus about the func-
tioning or the overall efficiency of wide-graded rock material as
scour protection have been given in literature; evidently leading to a
profound lack of knowledge of design guidelines and practical rec-
ommendations for construction. Dr. Schendel facilitates closing these
knowledge gaps with presenting and discussing his research findings
so that the responsible design engineer can start using the depicted
design formulae for any practical application from scratch. Hoping
that you enjoy studying this thesis and obtain a number of fruitful
new insights in order to advance scientific knowledge, to stimulate
new research approaches and to progress the exchange in between
research institutions.

Prof. Dr. Torsten Schlurmann
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A B S T R A C T

The expansion of offshore wind energy depicts an important contribu-
tion to the fulfilment of renewable energy targets. Seeking for higher
load factors, offshore wind energy steadily expands towards greater
water depths. In addition, considering the already showing effects of
climate change on extreme weather events, intensified hydrodynamic
loads acting on offshore structures have to be expected in the future.
In order to further improve the scour prediction and consequently op-
timize the design of foundation structures in the marine environment,
a wide range of hydraulic conditions should thus be considered, in-
cluding directional flow aspects.

Furthermore, a flexible and sustainable scour protection system is
required that provides resilience against those hydraulic conditions.
Due to its cost-efficient production and undemanding installation
procedure, a scour protection system made of widely graded bro-
ken stone material might depict a suitable alternative to the typical
multi-layer setup. However, no systematic research on the behaviour
and stability of this material exposed to flow has been carried out
so far, and consequently, no design guidelines for a scour protection
made of widely graded material exist, leaving its promising potential
as scour protection system unused.

This thesis aims at contributing to the further expansion of offshore
wind energy by improving the design process of scour protection for
offshore foundation structures. This is accomplished by carrying out
a series of novel laboratory experiments addressing two major ele-
ments of scour protection design. At first, experiments on the scour-
ing process around a monopile structure induced by complex ma-
rine flows were conducted. To advance the understanding of effects
of flow directionality on the progression of scour, these experiments
included tests with realistically represented tidal currents and multi-
directional waves. The findings of these experiments emphasize the
importance of selecting suitable reference flow velocities to reliable
predict the scour development at offshore structures.

Secondly, systematic experiments regarding the fluid-sediment in-
teractions and stability affecting processes of widely graded broken
stone material exposed to different flow conditions were carried out.
An assessment of the material’s protective performance as scour and
bed protection system is given and application-oriented design rec-
ommendations are provided for the dimensioning of a widely graded
granular scour protection. The design recommendations link avail-
able and newly gained knowledge on the erosional behaviour of
widely graded materials to present design methods for scour pro-
tections around offshore structures.
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Z U S A M M E N FA S S U N G

Der fortschreitende Ausbau von Offshore-Windenergie leistet einen
wichtigen Betrag zur Erfüllung der Ziele der Erneuerbare Energien
Direktive. Auf der Suche nach höheren Auslastungsfaktoren ex-
pandiert die Offshore-Windenergie in immer tiefere Gewässer. Als
Folge des Klimawandels, dessen Auswirkungen auf extreme Wetter-
ereignisse schon jetzt zu beobachten sind, muss zudem mit einer
zunehmenden hydrodynamischen Beanspruchung von Offshore-
Strukturen gerechnet werden.

Zur Verbesserung der Kolkvorhersage und damit Optimierung der
Bemessung von Offshore-Gründungsstrukturen müssen daher um-
fassende hydraulische Randbedingungen in Betracht gezogen wer-
den. Hierzu zählt im Besonderen der Einfluss richtungsabhängiger
Strömung auf die Kolkgenese. Weiterhin besteht die Notwendigkeit
eines anpassungsfähigen und nachhaltigen Kolkschutzsystems, das
diesen fordernden Belastungen ausreichend Widerstand entgegen-
bringen kann. Aufgrund einer kostengünstigen Herstellung sowie
eines einfachen Installationsprozesses könnte ein System aus weit-
gestuftem Bruchsteinmaterial eine geeignete Alternative zu mehr-
lagigen Kolkschutzaufbauten darstellen. Allerdings wurde das charak-
teristische Verhalten und die Stabilität des Materials unter Strömungs-
belastung bisher nicht systematisch untersucht. Entsprechend fehlt
es an Ansätzen zur Bemessung eines Kolkschutzes aus weitgestuftem
Steinmaterial, sodass das vielversprechende Potential des Materials
bislang ungenutzt ist.

Diese Arbeit trägt zum sicheren Ausbau von Offshore-Windenergie
bei, indem die Bemessungsgrundlagen von Kolkschutz an Offshore-
-Strukturen wesentlich erweitert werden. Hierzu wurden physikalis-
che Modellversuche zu zwei maßgeblichen Schritten innerhalb einer
Kolkschutzbemessung durchgeführt. Diese beinhalten zum einen
Modellversuche zu Kolkprozessen an einer Monopile-Struktur in-
folge von komplexen marinen Strömungsbedingungen. Zur Berück-
sichtigung von richtungsabhängigen Strömungseinflüssen auf die
Kolkentwicklung umfassen diese Modellversuche insbesondere Un-
tersuchungen zum Einfluss von Tideströmungen sowie multidirek-
tionalen Seegangs auf die Kolkgenese. Die Ergebnisse dieser Un-
tersuchungen bestätigen die Notwendigkeit geeignete Strömungs-
geschwindigkeit für eine verlässliche Kolkvorhersage zu definieren.

Zum anderen wurden Modellversuche zur Fluid-Sediment-Wechsel-
wirkung sowie zur Erosionsstabilität weitgestuften Bruchsteinmater-
ials unter mariner Strömungsbelastung durchgeführt. Darauf auf-
bauend konnte die Eignung des Materials als Kolkschutz bewertet
und anwendungsorientierte Bemessungsempfehlungen für die Di-
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mensionierung eines weitgestuften Kolkschutzes abgeleitet werden.
Die Empfehlungen verbinden dabei bereits verfügbare sowie neu
gewonnen Erkenntnisse über das charakteristische Erosionsverhalten
weitgestufter Sedimente mit aktuellen Bemessungsmethoden für den
Kolkschutz von Offshore-Strukturen.

Keywords:
Scour, Scour Protection, Incipient Motion, Widely Graded Grain Ma-
terial, Offshore Wind Energy, Laboratory Experiments.

Schlüsselwörter:
Kolk, Kolkschutz, Bewegungsbeginn, Weitgestuftes Steinmaterial,
Offshore-Windenergie, Physikalische Modellversuche.
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1
I N T R O D U C T I O N

As an important contribution to the fulfilment of renewable energy
directives, the expansion of offshore wind energy is steadily progress-
ing in Europe. With 754 additional offshore wind turbines added in
2016 (WindEurope, 2017), amounting to a total number of 3,589 tur-
bines (12.6 GW) at the end of the same year, the share of regenera-
tive energy sources on the gross power production is continuously
increasing in Europe. By 2020, European offshore wind capacity is
projected to grow to a cumulatively installed capacity of 24.6 GW
(WindEurope, 2017), doubling the capacity since 2016. Those num-
bers emphasize the need for a reliable and economically optimised
design concept for foundation structures of offshore wind turbines,
that is also adoptable to future requirements and challenges.

In contrast to onshore installations, foundation structures of off-
shore wind turbines have to resist hydraulic loads induced by cur-
rents and waves. Furthermore, the placement of a structure into a flow
will cause a disturbance of the flow around it. As a result, bed shear
stresses are amplified so that the sediment mobility around the struc-
ture increases. The emerging scour hole can then affect the integrity of
the structure. In case of a monopile foundation, the structural stabil-
ity might be influenced by an increased bending moment, a decreased
axial and lateral bearing capacity or a change of the eigenfrequency
of the pile (Achmus, Kuo, and Abdel-Rahman, 2010; De Vos, 2008;
Van der Tempel, 2006). The degrading effects of scour have thus to be
considered in the design process of an offshore foundation structure.
The protection against the effects of scour can involve an optimisa-
tion of the structural design according to the expected scour depths
or effective measures against the development of scour in form of a
scour protection system.

A reliable prediction of scour development in marine environments
and application-oriented design guidelines for an adaptive scour pro-
tection are, therefore, essential elements of foundation structure de-
sign, guaranteeing the further advancing expansion of offshore wind
energy.

1.1 motivation

Seeking for higher load factors, the average distance to shore of
offshore wind farms increased significantly over recent years, from
33 km in 2014 to 44 km in 2016 (WindEurope, 2017). This progressive
expansion of offshore wind energy towards greater water depths de-

1



2 introduction

mands the scour prediction to account for a wider range of hydraulic
conditions, as wind driven wave irregularity and directionality be-
come important aspects of offshore sea states. In addition, as a result
of climate change, the probability of extreme weather events with
shorter return periods and intensified hydrodynamic loads acting
on the offshore wind turbines is increasing. By comparing ten wave
climate projections, Grabemann et al. (2015) evaluated the impact
of climate change on North Sea wave conditions. They found an in-
crease in mean and extreme wave heights for the eastern parts of the
North Sea by the end this century.

In order to improve the scour prediction as a prerequisite for an
optimised, more economical design of foundations structures, a wide
range of site-specific hydraulic conditions have to be considered, in-
cluding directional flow aspects. A literature review (chapter 2) re-
veals that available scour prediction approaches however often rely
on simplified hydraulic conditions. By neglecting the influence of re-
alistic offshore sea states and wave directionality on the scour devel-
opment, those approaches are limited in their range of applicability.
Concurrently, while numerous studies have been carried out on the
progression of scour induced by unidirectional and steady currents,
reliable approaches on the scour development in unsteady tidal cur-
rents are to this date limited, although tidal currents depict the deci-
sive driving mechanism for scouring in most marine conditions.

A reliable scour prediction is important for the design process of
an offshore foundation structure as it determines the imperative of
an additional scour protection system. If the estimated, site-specific
scour depths exceed defined threshold values, the installation of a
scour protection system often becomes the most economical solution,
as costs of structural enhancement or maintenance costs over the life-
time of the structure can be large and unpredictable. A flexible and
sustainable scour protection system is required that covers the wide
range of hydraulic and morphodynamical conditions offshore foun-
dation structures are exposed to. Due to its cost-efficient production
and undemanding installation procedure, a scour protection system
made of widely graded broken stone material might depict a suit-
able alternative to a typical multi-layer setup. Installed as single-layer
scour or bed protection, geometrical and hydraulic filter requirements
might be met by adjusting the grain size distribution. In addition, if
exposed to a flow, graded sediments tend to form a protective armor
layer at their surface over time by selective erosion of finer grains.
Whitehouse (1998) already pointed out potential implications of this
characteristic material behaviour on the stability of a widely graded
scour protection system:

“Rock dump has been used in the North Sea to cover the
Ekofisk-Emden pipeline and it is observed that the finer
material will erode from the top layers of the rock protec-
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tion at conditions less than the ultimate design condition.
Providing the appropriate rock grading is used the upper
layer of the bed protection scheme is likely to become ar-
moured and perhaps somewhat more resistant with time.”

However, available design approaches for granular scour protection
usually consider uniformly graded materials, neglecting the charac-
teristic properties and self-stabilising behaviour of widely graded ma-
terials. While it might be plausible to implement stability approaches
for the incipient motion of non-uniform sediments in the design of
scour protection, current approaches are derived from water-worked
sediments in rivers, which significantly differ from the sharp-edged
particles of broken stone materials. So far, no systematic research on
the behaviour and stability of widely graded broken stone material
exposed to flow has been carried out. Consequently, no guidelines for
the design of a widely graded scour protection system in marine envi-
ronments exist, leaving its promising potential as a more economical
alternative to traditionally applied protection systems unused.

1.2 objectives & methods

This thesis aims at contributing to the expansion of offshore wind en-
ergy by improving the design process of scour protection for offshore
foundation structures. This is accomplished by addressing two major
aspects of scour protection design. At first, insights into morpho-
dynamical processes and scouring mechanisms around foundation
structures in complex flows and realistic sea states are provided, al-
lowing the refinement of scour prediction for foundation structures
situated in offshore waters. The second step involves the analysis of
fluid-sediment interactions and stability-affecting processes of widely
graded broken stone material exposed to flow and an assessment of
its protective performance as a scour and bed protection system in
marine flow conditions. These two parts can be further separated into
the following explicit objectives and their contribution to the process
of scour protection design is illustrated in Fig. 1.1.

Improvement of scour prediction for offshore structures by a re-
alistic representation of marine flow conditions:

a) Description of sediment transport processes and systematic
analysis of scouring mechanism around offshore foundation
structures in unsteady tidal flows. Comparison of scouring
mechanisms, scour depths and rates to those induced by unidi-
rectional currents to assess how the influence of continuously
changing flow velocity and direction on the scour development
can be incorporated into existing scour prediction approaches,
which usually rely on time averaged, unidirectional flow com-
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ponents. This is presented in Schendel et al. (2018) and results
are summarized in chapter 3.1.

b) Advancing the knowledge of scouring processes induced by
multidirectional waves as well as multidirectional waves com-
bined with currents by systematically investigating the effects
of wave directionality on scour depths and rates around an off-
shore foundation structure. Assessment of necessity to consider
directional wave aspects into existing prediction approaches by
comparison of scour depth and rates to those obtained by uni-
directional waves. This objective is addressed in chapter 3.2.

Advancing of scour protection design for widely graded broken
stone materials:

c) Description of erosive potentials and bed stability of widely
graded broken stone materials subjected to unidirectional cur-
rents. Determination of incipient motion conditions for the se-
lective erosion of individual grain sizes and selection of a suit-
able reference grain size by providing a comparison with avail-
able hiding functions. This is presented in Schendel, Goseberg,
and Schlurmann (2016) of which a summary is given in chapter
4.2.

d) Assessment of sediment transport processes and armor layer de-
velopment of widely graded broken stone materials as response
to reversing flow conditions. Quantification of bed degradation
processes and evaluation of bed stability against shear failure
under reversing flow conditions as substitution to tidal currents.
This is investigated in Schendel, Goseberg, and Schlurmann
(2017) and summarized in chapter 4.3.

e) Elucidation of erosive behaviour of widely graded broken stone
materials exposed to waves and assessment of its performance
as scour and bed protection under random wave load. This is
addressed in Schendel, Goseberg, and Schlurmann (2015) of
which a summary is provided in chapter 4.1.

f) Formulation of application-orientated recommendations for the
design of scour protection around offshore foundations with
widely graded broken stone material based on existing and
newly gained knowledge on the erosional behaviour of graded
sediments. This is discussed and evaluated in chapter 5.

The individual objectives were approached by planning, conducting
and analysing experimental model tests. In tests that dealt with the
direct influence of a foundation structure on the scour development
or scour protection stability around it, a monopile model was chosen
as representative structure. Monopiles are the most common founda-
tion structure for offshore wind turbines with a market share of above
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80% (WindEurope, 2017). Due to their simplicity and symmetry, the
usage of monopiles allowed to fully concentrate on effects related to
the applied load conditions. Moreover, the abundance of available
scour data for monopiles simplified the comparison and assessment
of test results.

Figure 1.1: General methodology of scour protection design and contribu-
tion of this thesis to the design process.

While numerical models for the simulation of scouring and sedi-
ment transport processes became increasingly sophisticated in recent
years (e.g. Baykal et al., 2017; Bihs, 2011; Caliskan and Fuhrman, 2017;
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Fuhrman et al., 2014; Stahlmann, 2013), they are still limited regard-
ing complex flow conditions, particularly regarding wave direction-
ality or unsteady tidal currents, and the recognition of armor layer
development in non-uniform sediments. Nevertheless, using the re-
sults from this thesis for validation, numerical models could depict a
suitable tool for extending the results to a wider range of application
in the future.

1.3 outline

The principal results of this thesis are submitted as a collection of
international journal publications. These publications are comple-
mented by sections, which either provide additional information,
supplementary analysis or critical discussions of the results regard-
ing their contribution to the objectives of this thesis as outlined above.
In the following chapter 2, further background to the fields of bed
stability, scouring and scour protection in form of a comprehensive
literature review is given, laying a sound basis for the analysis and
interpretation of the experimental results. This includes a summary
of state-of-the-art approaches for scour prediction and the design
of granular scour protection. In chapter 3, the experiments on the
scour development in tidal currents as well as in multidirectional
waves are presented, for the former in a summarized form of a sub-
mitted manuscript and for the latter as a detailed test description
and in-depth analysis. The findings of both studies are evaluated re-
garding potential consequences for present scour prediction methods.
Chapter 4 summarizes the findings of three published studies on the
erosive behaviour and bed stability of widely graded broken stone
materials subjected to different estuarine, coastal and marine flow
conditions. Based on these findings, chapter 5 provides an extended
discussion on ways to consider the characteristics inherent to widely
graded materials in present scour protection design approaches, even-
tually leading to the formulation of explicit design recommendations.
Finally, a summary and prospects for future investigations are given
in chapter 6.
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B A C K G R O U N D & S TAT E - O F - T H E - A RT

The consideration of graded sediments for sediment transport pro-
cesses has become common practice in hydraulic engineering, alth-
ough there is still some disagreement and conflicting concepts re-
garding the erosion behaviour of graded sediments. More recently,
the knowledge mainly gained in the field of river engineering has
also been applied for coastal and marine engineering processes and
is incorporated in several sediment transport formulae. While bed
and scour protection systems in this environment typically consist
of granular material, the unique characteristics of graded sediments,
in particular the tendency to form an armor layer, are however not
taken into account in scour prediction or scour protection design. Up
to date, there are neither empirically derived stability approaches for
scour protection design, nor are there concepts to adapt present ap-
proaches to the physical characteristics of graded sediments. In this
context and as fundament for the analysis in the subsequent chapters,
this chapter provides an overview of the characteristics of widely
graded sediments exposed to hydraulic load and presents concepts
for the stability assessment. Furthermore, recent developments and
research on the topics of scouring and scour and bed protection de-
sign are given. The scope of this chapter lies on fully turbulent, hy-
draulically rough flow conditions, which typically prevail in the mar-
itime environment. Descriptions of scouring processes and protection
design focus on monopiles as foundation structure as well as coastal
and marine flow conditions, i.e. relatively large water depths and
combined wave and current regime.

2.1 flow resistance

2.1.1 Characteristic grain sizes of natural sediments

Natural sediments in alluvial channels or marine sea beds are char-
acterized by a wide range of grain sizes. By discretization into rep-
resentative fractions, the grain size distribution can be depicted by
percentages of weight, presented as frequency histogram (cp. Fig. 14

in Schendel, Goseberg, and Schlurmann (2017)) or integrated to the
commonly applied cumulative frequency curve (cp. Fig. 1 in Schen-
del, Goseberg, and Schlurmann (2017)). In the fields of sedimentology

7
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and geology, grain sizes are often transformed to a logarithmic phi-
scale in the form suggested by Krumbein (1936):

Φi = − log2 di =
log di

log 2
(2.1)

with di as the grain diameter of considered fraction i in millimetres,
defined as di = 0.5 (di + di+1).

For a given log-normal grain size distribution, the logarithmic
transformation would result in a normal distribution, allowing a
more convenient statistical analysis of grain sizes (Bunte and Abt,
2001). The spread of sorting of the grain size distribution can be
described by its geometric standard deviation:

σg =

√
d84

d16
(2.2)

in which d84 and d16 are the grain diameters for which 84% and
16% of the distribution by weight are finer.

In phi-scale, the geometric standard deviation is given by:

σg = 2σΦ (2.3)

σ2
Φ =

n

∑
i=1

(Φi −Φm)
2 ∆pi (2.4)

with Φm being the arithmetic grain size, σΦ the standard deviation
in phi-scale and ∆pi as the percental content of grain size fraction i.

Besides the median grain diameter d50, several other characteris-
tic grain diameters have been identified over the years, that are con-
sidered to be representative for the behaviour of the total sediment
mixture. Among them, the arithmetic grain diameter dm (often also
denoted da) proposed by Meyer-Peter and Müller (1948):

dm =
n

∑
i=1

di∆pi (2.5)

The arithmetic grain diameter in phi-scale Φm can be calculated
accordingly. The geometrical mean size can be derived from Φm by:

dg = 2−Φm (2.6)

To date, no agreement is reached on which statistical values should
be used for the description of sediments in the engineering commu-
nity. An overview of statistical parameters and characteristic grain
sizes to describe the grain size distribution of natural sediments can
be found in Zanke (1982) and Bunte and Abt (2001).
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2.1.2 Flow resistance in currents

As a result of friction, a fluid interacting with a surface exerts shear
stresses on the surface. This transmission of forces on the bed surface
by shear stresses is essential for the distribution of flow velocity and
sediment transport processes. In an open channel flow, shear stresses
are distributed linearly between the bed and the water surface. Based
on the equation of motion, the distribution of shear stress over the
water column for a steady uniform flow is given by:

τ (z) = ρg (h− z) I (2.7)

with I as the bed slope, ρ the fluid density, g the acceleration due
to gravity, h the water depth and z as the distance from the bed.

For the shear stress maximum at the bed (z = 0), the equation
reduces to:

τ0 = ρghI (2.8)

Due to the no-slip condition at the wall, the near bed flow veloc-
ity is always zero. The transfer to the outer flow velocity, which is
unaffected from the influence of the wall, is carried out in a veloc-
ity gradient of limited extend called boundary layer. The thickness of
the boundary layer is determined by the surface roughness, Reynolds
number and turbulence intensity of the flow and is often defined as
the distance from the bed surface to the point at which the flow veloc-
ity has reached 99 % of the undisturbed outer flow velocity (Schlicht-
ing and Gersten, 2006; Zanke, 1982). Depending on the Reynolds
number of the flow, the boundary layer can either be laminar or tur-
bulent. For typical engineering applications in open channel flows,
however, the boundary layer is usually turbulent as the overflown
distance of the flow becomes very large.

The turbulent boundary layer itself can be divided in three sublay-
ers: the viscous (laminar) sublayer near the bed, where the viscous
shear stresses are dominant, the turbulent logarithmic sublayer near
the undisturbed flow regime and a transition sublayer between the
former two (Van Rijn, 1993). In the viscous sublayer, the shear stress
distribution is proportional to the flow velocity gradient and is de-
fined by Newton’s friction law with:

τv = ρν
δu
δz

(2.9)

where τv is the viscous shear stress, ν is the kinematic viscosity and
u is the flow velocity at distance z from the bed.

In the outer layers, the viscous shear stresses are dominated by the
turbulent shear stresses τt, which are generated by turbulent velocity
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fluctuations in the horizontal u′ and vertical flow direction w′ (Zanke,
1982):

τt = −ρu′w′ (2.10)

For a turbulent flow, the shear stress distribution over the water
depth can thus be described as:

τ (z) = ρν
δu
δz

+ ρu′w′ (2.11)

The influence of the viscous components on the total shear stresses
depends on the hydraulic roughness of the flow. A turbulent flow is
hydraulically smooth if the bed roughness heights are smaller than
the thickness of the viscous sublayer. In contrast, if the roughness
heights exceed the viscous sublayer the flow is considered hydrauli-
cally rough. In this case, the flow is fully turbulent and the shear
stress is given by τ ≈ τt.

Generally, the vertical velocity distribution in a steady, uniform and
turbulent flow is described by the well-known log law:

u (z)
u∗

=
1
κ

ln
(

z
z0

)
(2.12)

where κ is the von Kármán’s constant (κ = 0.4), u∗ is the shear
velocity defined as u∗ =

√
τ0/ρ, and z0 the roughness length, which

can be assumed as z0 = ks/30 for hydraulically rough flow based on
work by Nikuradse (1933), with ks as the equivalent sand roughness
by Nikuradse.

According to Smart (1999), the time and depth averaged flow veloc-
ity Ū can be estimated by integration of Eq. (2.12), if the logarithmic
velocity profile is assumed to hold true throughout the water depth
h, and if h � z0. The result is a logarithmic flow resistance equation
in a form suggested by Keulegan (1938):

U
u∗

=
1
κ

[
ln
(

h
zo

)
− 1
]

(2.13)

In turbulent flow, the bed shear stress, which represents the flow
resistance, can be related to the depth-averaged flow velocity in a
quadratic form through the drag coefficient CD by:

τc = ρCDU2 (2.14)
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By combining Eq. (2.13) and Eq. (2.14), CD is given in a logarithmic
form for a steady, uniform and fully turbulent flow as:

CD =
u2
∗

U2 =

 κ

ln
(

h
z0

)
− 1

2

(2.15)

Alternatively, the flow resistance can be expressed by other widely
used resistance coefficients, including the physically derived Darcy-
Weisbach roughness coefficient f f , the Chezy roughness coefficient C
and the empirical Manning-Strickler roughness coefficient n. Through
Eq. (2.8), those resistance coefficients can be related by:

u2
∗

U2 =
f f

8
=

g
C2 =

n2g
h2/3 (2.16)

Attributed to Manning-Strickler’s resistance formulation, flow re-
sistance approaches are also often expressed in a power law form.
The applicability of either log law or power law based approaches
is mainly dependent on the relative submergence height and is still
discussed in literature. A comprehensive overview of flow resistance
equations is given by Powell (2014). The author pointed out that for
high relative submergence (h � z0), which should be the case in off-
shore waters, flow resistance can be successfully estimated with log
law based approaches, as the dominant source of energy loss is fric-
tion. For steep and rough streams with a large relative roughness,
flow depth measurements often become inaccurate. As a result, sev-
eral authors proposed nondimensional hydraulic geometry equations,
that connect the mean flow velocity directly to the discharge (Aberle
and Smart, 2003; Ferguson, 2007; Rickenmann and Recking, 2011).

2.1.3 Flow resistance in waves

Monochromatic wave parameters are often used in expressions for
bed shear stress and sediment transport models. The maximum am-
plitude of the orbital flow velocity near the bed Uw can be derived
by linear wave theory for monochromatic (regular) waves with small
amplitude as:

Uw =
πH

Tsinh
(

2πh
L

) (2.17)

where H is the wave height, T the wave period and L the wave
length.
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The wave length is depending on the relative water depth and
might have to be determined iteratively for transitional waters. Al-
ternately, the wave length can be calculated by the approximation
method of Fenton and McKee (1990).

A natural sea state, however, is characterized by wave spectra (ir-
regular waves), emerged from a superposition of waves of different
height, length and direction. One of the most used formulations to
describe the energy distribution of a wave spectrum is the JONSWAP
spectrum, which was derived from North Sea data and applies to
waves in continental-shelf waters (Soulsby, 1997). For a wave spec-
trum, the orbital velocity near the bed cannot be given in terms of a
single velocity U. Instead, the root-mean-square value of the orbital
velocity at the bed is usually used to describe the maximum near
bed velocity of a time series (Soulsby, 2006). The root-mean-square
velocity Urms can be obtained by integration of the velocity frequency
spectrum Su ( f ) over all frequencies:

U2
rms =

∫ ∞

0
Su ( f ) d f (2.18)

For a Rayleigh distributed frequency spectrum, the amplitude of
the orbital flow velocity Uw is then given by the following relation:

Uw =
√

2Urms (2.19)

As pointed out by Sumer and Fredsøe (2001a), Uw becomes iden-
tical to the maximum orbital flow velocity for monochromatic small-
amplitude waves. Ockenden and Soulsby (1994) also found that the
bedload transport under irregular waves can be simulated by equiv-
alent monochromatic waves having an orbital velocity amplitude of
Uw =

√
2Urms, where Urms is the root-mean-square of the orbital flow

velocity in the irregular wave spectrum.
If it is necessary to calculate the orbital velocity from given spec-

tral wave parameters, i.e. significant wave height Hs and peak period
Tp, approximating formulas can be used. For a JONSWAP spectrum,
Soulsby (2006) derived the following simple exponential approxima-
tion for Urms:

Urms =

(
Hs

4

)( g
h

)0.5
exp

−
[

3.65
Tz

(
h
g

)0.5
]2.1
 (2.20)

with Tz as the zero-crossing period, which can be approximated for
a JONSWAP spectrum by Tz = Tp/1.28.

Similar to the drag coefficient under currents, bed shear stress un-
der waves is usually obtained through a friction factor fw, which re-



2.1 flow resistance 13

lates the bed shear stress to the maximum orbital velocity of the waves
Uw at the bed (Soulsby, 1997):

τw =
ρ

2
fwU2

w (2.21)

According to Soulsby (1997) the wave friction coefficient depends
on the hydraulic roughness, which is expressed as a function of the
wave Reynolds number Rew and the relative roughness r:

Rew =
Uw A

ν
(2.22)

r =
A
ks

(2.23)

with A = UwT/2π as the semi-orbital excursion.
Among the many available approaches, Soulsby (1997) proposed

the following equation for the wave friction factor for turbulent rough
flow, which also stand exemplarily for the typical power law based
formulation:

fw = 1.39
(

A
z0

)−0.52

(2.24)

The definition of the wave friction factor has a large impact on the
bed shear stress and is thus quite important when it comes to the sta-
bility assessment of scour protection. Because the boundary layer un-
der waves is much thinner than under steady current (Nielsen, 1992),
larger bed shear stresses are exerted on the bed and scour protection.
The influence of several wave friction formulations on the bed shear
stress was compared and discussed by De Vos (2008). For the given
experimental conditions, the friction approach of Dixen et al. (2008)
was found to perform best to determine the bed shear stress induced
by waves.

2.1.4 Flow resistance in combined wave and current conditions

In the marine environment, hydrodynamic load on the sea bed is
usually induced by an interaction of current and wave forces. Unfortu-
nately, the combined load cannot be derived by a linear superposition
of wave and current components. Instead, the mutual interaction can
lead to a modification of wave lengths, resulting in refraction effects,
and to increased bed shear stress components due to non-linear inter-
action between wave and current boundary layers (Soulsby, 1997). Ac-
cording to Soulsby et al. (1993), the boundary layer interaction must
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be a nonlinear process, because the boundary layers are dominated
by turbulent shear stresses, which are proportional to the square of
flow velocities (cp. Eq. (2.14) and (2.21)). A comparison of several ap-
proaches for predicting the combined maximum and mean bed shear
stresses is given in Soulsby et al. (1993), including the well-known
approaches of Grant and Madsen (1979) and Fredsøe (1984). Based
on a large set of laboratory and field data, Soulsby (1995) derived an
empirical formulation for the cycle-mean bed shear stress by a two-
coefficient optimisation (DATA2 formula):

τm = τc

[
1 + 1.2

(
τw

τc + τw

)3.2
]

(2.25)

with τw as the bed shear stress induced by waves and τc as the bed
shear stress in “current-only” conditions, respectively.

A corresponding expression for the maximum bed shear stress
based on a vector addition of the wave induced bed shear stress τw

and the calculated mean bed shear stress τm was also presented:

τmax =
[
(τm + τw cos α)2 + (τw sin α)2

]0.5
(2.26)

where α is the angle between wave and current direction, with α =

0° if the currents propagate in the same direction as the waves and
α = 90° if they travel perpendicular to each other.

The calculation of the threshold of motion should be based on τmax,
while for the determination of sediment diffusion τm should be used
(Soulsby, 1997). Because these formulae were only based on curve-
fitting, Soulsby and Clarke (2005) derived a more physics-based ap-
proach for both rough and smooth flow. For a complete derivation
as well as the algorithm for the application for laminar and turbulent
smooth and rough flow it is referred to the mentioned publication at
this point.

2.1.5 Threshold of motion

A particle in a sediment bed will have a critical condition at which it
is unable to resist the hydrodynamic forces of the flow; thus, motion
is initiated. The knowledge about this condition is a requirement for
numerous hydraulic engineering applications, of which the design
of bed and scour protection is only one. The particle entrainment is,
however, a probabilistic process, as the instantaneous forces resulting
from near bed turbulences are heterogeneously distributed over the
bed surface. Consequently, the definition of the threshold of motion
becomes more complex. Buffington and Montgomery (1997) divide
the most common methods of defining the incipient motion condition
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in four groups: (a) based on a selected reference value for bed load
transport; (b) by visual observation; (c) based on the largest particle
entrained for a certain load; (d) by theoretical calculation. The defini-
tion of a critical condition for incipient motion is generally associated
with a subjective assessment. A discussion on the comparability of
results obtained by either selecting a reference transport rate or visu-
ally detecting the largest eroded grain size is also given by Wilcock
(1988). The critical condition is typically expressed in terms of:

• Critical bed shear stress or shear velocity or

• Critical flow velocity, often the depth-averaged or near-bed flow
velocity.

According to Zanke (1982), approaches based on the determination of
a critical shear stress should be preferred, as a critical depth-averaged
flow velocity does not account for turbulence and bed roughness. In
contrast, velocity based approaches are often more practical as shear
stress can only be estimated by indirect methods in many cases (for
a summary of indirect methods see Schendel, Goseberg, and Schlur-
mann (2016)). However, friction factors allow both approaches to be
related to each other. As velocity and shear stress based approaches
are widely used for the incipient motion determination, though not
necessarily by the same communities (Recking and Pitlick, 2012), they
are both addressed in the following section. Particles are entrained
once the hydrodynamic forces of the flow exceed the resistance forces
of the particle. The driving forces leading to the entrainment are thus
established first.

Forces on particles

In river beds composed of loose sediment particles, the flow exerts
lift forces and drag forces on each particle (Fig. 2.1). Frictional forces
F1 act on the rough surface of a particle by viscous shear in the di-
rection of the flow, but not through the centre of the particle as only
the top of the particle is exposed to the flow. Streamline separation
and resulting wakes behind the top of the particle will induce a pres-
sure gradient along the stream-wise axis of the particle, causing a
pressure force F2 acting through the center of the particle (Chien
and Wan, 1999). Drag forces FD are the resultant of these frictional
and pressure forces and depend on the grain Reynolds number. At
low Reynolds numbers, the viscous friction force will be dominant,
whereas at high Reynolds numbers the pressure force will be much
larger. At Reynolds numbers Re ≥ 103 the friction forces become neg-
ligible and the drag force for a spherical particle with the diameter d
is usually expressed by:

FD =
ρ

2
CDu2

f Ar (2.27)
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with Ar = πd2/4 as the cross-sectional area of the particle facing
the flow, CD as the drag coefficient, u f as the flow velocity at the
center of the particle.

The drag coefficient CD is known to be a function of particle shape
and the local Reynolds number, which compares the inertial to vis-
cous forces. In addition, lift forces are introduced by a pressure gradi-
ent between the top and the bottom of a particle, acting through the
center of a spherical particle in normal direction of flow. They can be
described in a similar way to the drag forces by:

FL =
ρ

2
CLu2

f Ar (2.28)

in which CL is the lift coefficient.
For the particle to be entrained, the instantaneous fluid forces FD

and FL have to overcome the vertically downward force of the sub-
merged particle weight FG, which is for a spherical particle given by:

FG =
π

6
(ρs − ρ) gd3 (2.29)

where ρs is the density of the sediment.

Figure 2.1: Forces acting on particles resting on a horizontal bed.

Critical shear stress

The critical condition for the incipient motion is reached when the
forces acting on the particle exceed those stemming from the sub-
merged particle weight. Taking the connection between flow velocity
and shear stress into account, which is given through resistance equa-
tions (e.g. Eq. (2.14)), the equilibrium of forces acting on a particle
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FG ≤ FD + FL can be rearranged so that the critical condition can be
expressed in terms of a critical shear stress:

τcr = E (ρS − ρ) gd (2.30)

here E is a dimensionless stability coefficient that incorporates the
dependencies on the particle and flow characteristics near the bed.

One of the earliest approaches for the critical shear stress for uni-
form grains was proposed by Schoklitsch (1914):

τcr =
√

0.201γ (γS − γ) λd3 (2.31)

with λ as a coefficient for particle shape, that is λ = 1 for spheres,
γ as the specific weight of the fluid and γs the specific weight of the
particle.

Graf (1971) and Zanke (1982) give a comprehensive overview of
earlier incipient motion approaches. Today, the approach proposed
by Shields (1936) is widely used for the determination of critical bed
shear stresses. For the case of a flat bed with uniformly sized grains,
Shields (1936) found the critical condition for incipient motion to be
a function of the grain Reynolds number Re∗ and defined:

θcr =
τcr

(ρs − ρ) gd
= f

(
u∗,crd

ν

)
(2.32)

where θcr is the critical Shields parameter and u∗,crd/ν refers to the
critical grain Reynolds number Re∗,cr.

For large values of Re∗, i.e. hydraulically rough flow, the Shields
parameter becomes independent of the Reynolds number, so that in-
cipient motion is only a result of inertia forces and not viscous drag
forces (Zanke, 1982). In the experiments carried out by Shields (1936),
the Shields parameter approaches a constant value of θcr = 0.06 for
Re∗ ≥ 400 (Graf, 1971). The definition of the incipient motion thresh-
old by Shields (1936) was based on sediment transport rate measure-
ments for several types of bed load with different grain weight, grain
size and gradation as well as grain shape. The bed shear stresses at
which the transport rates approach zero were considered as critical
conditions. However, the exact extrapolation method was not given.
According to Dittrich (1998), several authors have shown ongoing sed-
iment transport below the Shields curve. By comparing the influence
of different definitions for the initiation of motion, Delft Hydraulics
(1972) (after Van Rijn, 1993) and Graf and Pazis (1977) clearly demon-
strated that the threshold values given by Shields (1936) represent a
frequent particle movement instead of a complete absence of motion.
The values of the critical Shields parameter are therefore controver-
sially discussed in literature and the values found by Shields (1936)
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are usually considered to overestimate the critical shear stresses of
embedded particles. Buffington and Montgomery (1997) presented a
very comprehensive overview of incipient motion studies over eight
decades. They reported a wide range of critical Shields parameters for
the median grain size between 0.03 – 0.086 for high Reynolds num-
bers, strongly depending on the method used for the determination
of incipient motion.

The stochastic nature of particle entrainment caused several au-
thors (e.g. Gessler, 1971; Grass, 1970; Paintal, 1971) to modify the
threshold given by Shields (1936) by a probabilistic approach. Ac-
cording to Grass (1970), particle entrainment can be characterised
by the probability functions of instantaneously turbulent bed shear
stresses and that of the resistance shear stress of the particle. The
amount of overlapping of those probability functions is an indicator
for sediment motion. Grass (1970) defined the threshold for incipient
motion in terms of the standard deviation of those functions. In addi-
tion, Zanke (1990) extended the Shields approach by considering an
additional risk of 10 % for the particles to be moved. Derived from ex-
periments on sediment transport in steady uniform flow, Meyer-Peter
and Müller (1948) presented an adjusted critical Shields parameter for
both uniformly and nonuniformly sized sediment bed. For hydraulic
rough flow, they proposed a critical Shields parameter of θcr = 0.047
based on dm (cp. Eq. (2.5)) for graded sediments, instead of d50, which
is often used for uniform sediments.

Because both sides of Eq. (2.32) are related to the shear velocity
u∗, critical shear stresses can only be determined iteratively (Van Rijn,
1993). To overcome this impracticality, Bonnefille (1963) introduced
the dimensionless particle diameter D∗ as:

D∗ =


(

ρs
ρ − 1

)
g

ν2


1
3

di (2.33)

According to Van Rijn (1993), the critical Shields parameter can be
parametrized in terms of D∗with:

θcr = 0.24D−1
∗ f or 1 < D∗ < 4

θcr = 0.14D−0.64
∗ f or 4 < D∗ ≤ 10

θcr = 0.04D−0.1
∗ f or 10 < D∗ ≤ 20 (2.34)

θcr = 0.013D0.29
∗ f or 20 < D∗ ≤ 150
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θcr = 0.055D∗ f or D∗ > 150

Soulsby and Whitehouse (1997) proposed an algebraic expression
for the Shields curve based on D∗ and improved it for very fine grain
sizes. The expression has also been validated for a large set of wave
and combined wave and current data, making it universally applica-
ble for coastal environments:

θcr =
0.30

1 + 1.2D∗
+ 0.055 [1− exp (−0.020D∗)] (2.35)

Critical flow velocity

Due to their simplicity, critical flow velocity based approaches are of-
ten considered for the determination of required stone sizes for bed
stabilization concepts in hydraulic engineering. They consider either
the near-bed or the depth-averaged flow velocity as decisive flow pa-
rameter, as the former is sometimes difficult to measure. According
to Zanke (1982), one of the earliest studies for critical velocities of par-
ticles was carried out by Brahms (1754), who found the critical near-
bed velocity ub,cr to be a function of the particle size d in the form
ub,cr = ad0.5, with a being a constant. A well-known approach for the
erosion and transportation of uniform sediments in loose beds is the
diagram presented by Hjulström (1935). The proposed critical veloci-
ties represent the depth-averaged flow velocities at a water depth of
1 m. Zanke (1977) proposed an analytical estimation of the Hjulström
curve by:

Ucr = 2.8
√

γgd + 14.7
ν

d
c (2.36)

with c as the parameter for adhesion forces.
Most of the more recent approaches for the initiation of motion

utilize a critical flow velocity that can be expressed in the form given
by Isbash (1936), which was initially developed to assess the stability
of dams:

Ucr = E

√
2g
(

ρs

ρ
− 1
)

d (2.37)

where E is again a dimensionless stability parameter.
Isbash (1936) proposed a value of E = 0.86 in case the stone is ex-

posed to the flow and a value of E = 1.2 if the stone is embedded
in between other stones. As the flow velocity is linked to the bed
shear stress by a resistance equation (Eq. (2.14)), the formulation of
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Eq. (2.37) is inevitably similar to the critical condition expressed in
terms of critical shear stress (Eq. (2.30)). Recking and Pitlick (2012)
showed that the equation developed by Isbash (1936) is consistent
with the approach derived by Shields (1936) for predicting the mo-
tion of sediments. However, based on standard resistance equations,
the Isbash formulation can result in an overestimation of rock sizes
in riprap design in mountain streams. Additional approaches define
E in terms of the ratio of water depth to grain size, examples are the
approaches of Neill (1967) and Maynord (1987). An overview of equa-
tions and methods for estimating stone sizes in riprap design based
on a critical velocity is provided by Melville and Coleman (2000).

2.2 bed stability

River and sea beds are composed of a sediment mixture containing
several grain sizes. A composition of finer grain sizes, within the sand
and clay classes, can be found predominantly in estuarine and ma-
rine environments. In rivers and large gradient mountain streams, the
sediment mixture becomes coarser and holds a large share of gravel
sized particles. According to Dyer (1986), the gradation of the sedi-
ment can be considered well sorted if d84/d16 < 2, and described as
poorly sorted (or widely graded) if d84/d16 > 16. The frequency dis-
tribution of grain sizes in natural streams is often expected to follow
a log-normal (Gaussian) characteristic (Bunte and Abt, 2001), or in
case of crushed stones for artificial bed protection, a Rosin-Rammler
(Weibull) function (CIRIA, 2007). The determination of grain size dis-
tributions of water worked sediment beds is however being compli-
cated by the intrinsic attempt of graded sediments to form a protec-
tive layer at the bed surface over time, known as armor layer. The
armor layer is a result of repositioning processes and sorting mecha-
nisms leading to a compositional change of the upper layer of the
sediment bed. Over time, the grain size distribution of the armor
layer becomes significantly coarser than that of the parent (or sub-
surface) material. As coarser grains are inherently harder to mobilize,
the overall stability of the sediment bed is enhanced. Additionally,
the increased roughness will alter the fluid-bed interaction and thus
influence the effective shear stresses available to the bed surface. The
armor layer is attributed a thickness corresponding to the diameter of
the largest grain within the parental sediment mixture (Gessler, 1965).
In contrast to uniformly sized sediments, the mobility of an individ-
ual particle within a sediment mixture is not just depending on the
particle weight and the exerted hydrodynamic forces, but also on the
interaction with surrounding particles and unequal exposure (Chin,
Melville, and Raudkivi, 1994). This renders the determination of the
threshold of motion for individual particles as well as the assessment
of sediment transport rates and bed stability even more complex. On
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the upside, the self-stabilizing characteristics of the armor layer might
be exploited for scour and bed protection design with nonuniform
granular material (riprap), particularly in a dynamically stable design
that allows the limited movement of stones.

2.2.1 Armor layer development

If exposed to a flow, the finer particles of a nonuniformly sized sed-
iment bed will erode earlier than the coarser fractions. Over time,
this preferential erosion of finer particles will lead to an exposure of
larger ones and subsequently lead to a concentration of coarse frac-
tions in the top layer of the bed surface. By interlocking, the on the
bed surface remaining fractions form a more and more compact sedi-
ment structure, which will protect the finer subsurface material from
erosion. Until an equilibrium state is reached, at which the sediment
transport approaches a minimum, the stability of the bed will succes-
sively increase as its surface will continue to coarsen (Dittrich, 1998;
Jain, 1990). If the bed shear stress is increased above the equilibrium
state, the armor layer recomposes and larger particles are set in mo-
tion until a new equilibrium state is reached asymptotically (Chin,
Melville, and Raudkivi, 1994). Eventually, a critical condition is ex-
ceeded at which all particles will be in motion and no armor layer
can develop. Chin, Melville, and Raudkivi (1994) also pointed out
that, consequently, a sediment mixture has a given range of bed shear
stresses over which an armor layer can develop, depending on the
composition of the parent material. They added that a widely graded
mixture will have a larger range of critical bed shear stresses at which
armoring can occur than a well sorted mixture. Dittrich (1998) sum-
marized grading criteria by several authors for the ability of the sed-
iment mixture to form an armor layer. Among them Gessler (1965),
who found a ratio of d84/d50 > 2 for the sediment mixture necessary
to armor and Little and Mayer (1976), who proposed a critical value
of σg ≥ 1.3.

Nevertheless, even at the state of equilibrium, all grain size frac-
tions of the parental sediment mixture are still present in the armor
layer (Gomez, 1984). Due to the stochastic distribution of turbulent
shear stresses, the effective time-averaged shear stress available for
some finer particles is smaller than the total averaged shear stress ex-
erted by the flow (Gessler, 1965), which results in a hiding of those
particles. According to Parker and Klingeman (1982) the hiding phe-
nomenon can further be distributed in microscopic and macroscopic
hiding. Microscopic hiding describes the decreased mobility of finer
grains in a sediment mixture as they protrude less into the flow and
are sheltered behind larger stones. Likewise, the mobility of larger
grains is increased because they are more exposed to the flow than
they would be in a uniformly distributed sediment bed. Thus, mi-
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croscopic hiding depends on the relative placement of grains within
the bed surface and equals the mobility of different sized grains in a
sediment mixture exposed to flow. The mobility is further equalized
by macroscopic hiding, which relates to the effect of the armor layer
composition itself. The relative mobility of finer grains is of course re-
duced by their relative small presence within the armor layer (Parker
and Klingeman, 1982).

The coarsening of the bed surface is initiated by one of two sort-
ing processes, leading to either a static or a mobile armor layer. A
static armor layer develops if fine grains are selectively washed out
at the surface by a downstream winnowing process, leading to a coarse,
yet immobile surface layer under a constant load (Gessler, 1971; Little
and Mayer, 1976; Proffitt and Sutherland, 1983). As mentioned earlier,
an equilibrium state will be attained over time for each incremental
increase of exerted shear stress, until a critical shear stress is reached,
above which no stable armor layer can be formed. Until then, the
composition of the eroded bed load remains finer than that of the
parent material. Static armor layer development can be found in river
reaches, where upstream sediment supply is hindered, thus leading
to an imbalance between sediment supply and bed load transport
capacity (Efthymiou, 2012). In contrast, upstream sediment supply al-
lows the sediment bed to form a sustained mobile armor layer. Here,
the vertical winnowing process, in which finer fractions tend to fall in
voids created by the entrainment of larger fractions (Gomez, 1984), is
leading to an overexposure of larger fractions. As a result, the mobil-
ity between small and large fractions is equalized and the entire range
of available grain sizes is mobile. As all fractions are transported at
the same rate, the grain size distribution of the transported material
has to be similar to that of the subsurface material. Experiments on
the development of a mobile armor layer were carried out among
others by Mao, Cooper, and Frostick (2011), Parker and Klingeman
(1982) and Parker, Dhamotharan, and Stefan (1982).

2.2.2 Stability concepts

Hiding and exposure processes render the determination of bed sta-
bility for sediment mixtures more complex than for beds with uni-
formly sized particles. These processes are related to the particle char-
acteristics, spatial distribution and even orientation of the particles
within the bed surface, and thus, making a threshold of motion as-
sessment beyond the sole consideration of forces acting on a single
grain necessary. Numerous studies have thus been carried out to ex-
tend the concept of Shields (1936) regarding the fractional incipient
motion for nonuniform sediments by defining hiding functions that
describe how incipient motion for individual grain sizes di in a bed
composed of nonuniform sediments deviates from those in uniform
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beds (e.g. Ashida and Michiue, 1971; Egiazaroff, 1965; Einstein, 1950;
Kuhnle, 1993; Parker, Dhamotharan, and Stefan, 1982; Patel, Patel,
and Porey, 2014; Wilcock, 1993). Generally, these approaches assume
that the self-stabilising effects of sediment grading can be represented
by the size ratio di/dR expressed by a power law function:

θcr,i

θcr,R
=

(
di

dR

)b−1

(2.38)

where dR is a selected reference size fraction within the sediment
mixture, θcr,i is the critical Shields parameter of the grain size of inter-
est di, θcr,R is the critical Shields parameter of the reference grain size
dR, and b is the exponent of the power law function.

The dimensional form of Eq. (2.38) can be derived by considering
Eq. (2.32) and reads:

τcr,i

τcr,R
=

(
di

dR

)b

(2.39)

with τcr,i being the critical shear stress of the grain size of interest
di, τcr,R being the critical shear stress of the reference grain size dR.

As pointed out by Komar (1987), the application of Eq. (2.38) is
made difficult by the requirement to select a reference grain size for
the normalization of the relationship, that is representative for the sta-
bility behaviour of the whole sediment mixture. While many authors
used dm (e.g. Egiazaroff, 1965; Hayashi, Ozaki, and Ichibashi, 1980)
or d50 (e.g. Kuhnle, 1993; Parker, Dhamotharan, and Stefan, 1982) as
reference grain size, more recent models (e.g. Patel and Ranga Raju,
1999; Shvidchenko, Pender, and Hoey, 2001) also acknowledge the
standard deviation σg to be an important value. Nevertheless, to the
author’s knowledge, there is still no commonly accepted value to
date. Due to the presence of the armor layer with its coarser composi-
tion, the reference grain size will also differ significantly whether it is
based on the surface (Parker and Klingeman, 1982) or the subsurface
material (Andrews, 1983). Based on their comprehensive literature re-
view, Buffington and Montgomery (1997) indicated that scaling the
critical shear stress with subsurface based reference grain sizes usu-
ally produces larger values of θcr,R than with surface based ones. They
also added that the reference value should be based on the surface
(armored) material, since the initiation of motion is eventually con-
trolled by the grains on the bed surface. However, as the armor layer
development is a transient process, the grain size distribution of the
bed surface will change over time and in turn altering the reference
value. This aspect becomes especially important for the determina-
tion of a stone size required to achieve a specified bed stability for
granular bed or scour protection, which should be stable right after
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the installation as well as later on. The grain size distribution of the
fully developed armor layer might be estimated based on the parent
(subsurface) material by approaches proposed by Günter (1971) or
Schöberl (1979). Additionally, bed stability approaches are available
for both a fully developed armor layer with maximum bed stability
(e.g. Chin, 1985) and for an armor layer during the development (e.g.
Parker and Klingeman, 1982).

Regardless of the definition of the reference grain size, the charac-
ter of the hiding function (Eq. (2.38)) has been found to differ signif-
icantly between available approaches. The differences can certainly
be attributed to the methods used to define the threshold of motion,
the determination of the critical shear stress and the significantly dif-
ferent characteristics of the investigate bed material. With respect to
sediment mobility and incipient motion threshold, available hiding
functions are framed by two extremes, which are described by the
concepts of equal and selective mobility. The concept of equal mo-
bility, introduced by Parker and Klingeman (1982) for mobile armor
layers, suggests the equalization of particle mobility by hiding and
exposure processes that compensate the weight effects to a certain
extent. As pointed out by Efthymiou (2012), this concept does not
imply that there is a complete equalization of mobility over all grain
sizes within the mixture but a strong tendency towards it. In contrast,
the concept of selective mobility advocates the particle independent
mobility, i.e. the stability concept introduced by Shields (1936). Ac-
cording to this concept, the critical shear stress of a particle is propor-
tional to its mass. Consequently, coarser grain fractions in a sediment
mixture require larger critical shear stresses to be entrained than finer
fractions. Komar (1987) used this concept to explain the formation of
coarse armor layers by downstream winnowing processes, which are
initiated by the wide range of critical shear stresses between individ-
ual grain fractions. For a widely graded sediment, with a potentially
large selective mobility, a suitable definition of the reference grain
size and its critical shear stress is thus much more important than
for a well sorted sediment. In mathematic terms, equal mobility is
reached if the exponent b in Eq. (2.38) and Eq. (2.39) approaches zero,
leading to τcr,i = τcr,R and thus the entrainment of all fractions at
the same critical shear stress τcr,R. Accordingly, an exponent of b = 1
leads to θcr,i = θcr,R, implying that all fractions are entrained at the
same dimensionless critical shear stress and exhibit a grain indepen-
dent, selective mobility. According to Efthymiou (2012) the exponent
b can be interpreted as a factor that represents the dominance of par-
ticle mass effects (b → 1) over the mobility equalizing hiding effects
(b → 0). The influence of b on the mobility is also represented in the
following Fig. 2.2.

For a systematic comparison of most existing hiding approaches
differentiated by incipient motion definition, median grain size type,
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(a) Plot of Eq. (2.39). (b) Plot of Eq. (2.38).

Figure 2.2: Comparison of stability concepts after Efthymiou (2012).

relative roughness and flow regime, the author again points to the
work of Buffington and Montgomery (1997).

2.2.3 Influence of sediment gradation

Little and Mayer (1976) conducted a series of experiments on the ef-
fects of sediment gradation on armoring. For lognormal distributed
sediments with geometric standard deviations in the range 1.3 <

σg < 3.0 they found that the armor layer composition becomes coarser
with increasing σg of the parent material. A widely graded sediment
contains more fine material than a well sorted sediment, meaning
that for a given shear stress a larger amount of fine material will
erode, leaving a coarse armor layer. In addition, they determined the
d95 diameter of the parent material to be the maximum diameter at
which armoring can occur. This implies that as long as the applied
shear stress is smaller than the critical shear stress of d95, a stable ar-
mor layer will eventually form. The critical shear stress of d95 might
thus be a valuable stability criterion for the design of the required
stone size for a bed of scour protection concept made from graded
material.

Furthermore, Wilcock and Southard (1988) combined own experi-
mentally obtained data with previously published ones to assess the
influence of mixture sorting on the initial motion of individual frac-
tions in a sediment mixture. They found that the sediment sorting has
little effect on the critical shear stress of individual grains, as long as
the mobility differences between grains are described in terms of rel-
ative grain di/d50. Their analysis is based on the juxtaposition of θcr,i
and di/d50, which showed similar trends close to equal mobility and
thus independence from σg. Eventually, they determined their find-
ings to be generally valid, as the trends were also consistent with
those for uniformly sized sediments.
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Shvidchenko, Pender, and Hoey (2001) also conducted experiments
with different graded sediment mixtures and compared the results
to several data sets from literature. While the dimensionless critical
shear stresses followed a similar trend for large fractions (di/d50 > 1)
in all sediment mixtures, likewise to the results from Wilcock and
Southard (1988), their trend varied for fine fractions. Shvidchenko,
Pender, and Hoey (2001) attributed the variation partly to the effect
of sediment gradation and showed that the exponent b in Eq. (2.38)
systematically increases with increasing σg. In other words, the larger
the gradation of a sediment mixture, the less the hiding effect and the
higher the selective, grain independent mobility of finer fractions.

2.3 scouring around piles

A reliable prediction of expected maximum scour depths has to be
an integral part of the design process. The scour depth determines
whether the design of the structure can be adapted or what scour
protection concept can be implemented to reduce its negative effects
(Whitehouse, 1998). In addition, as pointed out by Whitehouse (1998),
the assessment of scour should already be included in the early stages
of the design process and be re-evaluated later on, because remedial
measures and maintenance works can be expensive. Besides the max-
imum scour depth, an accurate prediction of scouring rates is also
required to determine suitable time windows for the installation of
the structure as well as for the remedial or maintenance works.

Numerous studies have been carried out on the scour development
at piles under unidirectional, steady currents (e.g. Breusers, Nicol-
let, and Shen, 1977; Chiew, 1984; Kothyari, Garde, and Ranga Raju,
1992; Melville and Chiew, 1999; Raudkivi and Ettema, 1983; Shep-
pard, Odeh, and Glasser, 2004) or due to waves (e.g. Carreiras et
al., 2000; Stahlmann, 2013; Sumer and Fredsøe, 2001b; Sumer, Fred-
søe, and Christiansen, 1992). While the mechanics leading to scour
are similar in flow and wave regimes, the interaction of both makes
the scour problem considerably more complex in the marine environ-
ment than that at structures in rivers. Facilitated by the availability of
more sophisticated wave-current flumes in recent years, there is also
an increasing number of studies that take the time varying aspects
of realistic sea conditions, i.e. combined random wave and tidal cur-
rents, into account (e.g. Eadie and Herbich, 1986; Qi and Gao, 2014;
Rudolph and Bos, 2006; Sumer and Fredsøe, 2001a; Sumer et al., 2013).
However, there is still a lack of knowledge regarding the influence of
directional sea on the scour development as well as a fundamental
problem with the access to field data from offshore sites to the public,
which significantly complicates the valuation of laboratory obtained
data.
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This section focuses on the general processes of local scour around
slender piles. Effects of diffraction at large piles, cohesive or lay-
ered sediments, global and contraction scour are not addressed. In-
formation on these topics and further details on the scouring pro-
cesses around a pile in fluvial or marine environment can be obtained
from the comprehensive descriptions in Breusers and Raudkivi (1991),
Hoffmans and Verheij (1997), Whitehouse (1998), Melville and Cole-
man (2000) and Sumer and Fredsøe (2002).

2.3.1 Hydrodynamics near a pile

The complex vortex system around a pile, which leads to the develop-
ment of scour, can be separated into the following components: (a) the
downflow at the upstream side of the pile, (b) the horseshoe vortex, (c)
the lee-wake vortices and (d) the streamline contraction. The forma-
tion of the vortex system is not only depending on the approach flow
characteristics and pile shape, but it also interacts constantly with the
increasing depth and extent of the scour pit. At the upstream side
of the pile, the vertical distribution of the approaching flow intro-
duces a stagnation pressure gradient towards the water surface, lead-
ing to a downwards pointed flow (Dargahi, 1989). Consequently, the
approaching flow separates three dimensionally upstream of the pile,
creating the rotary horseshoe vortex that trails downstream along the
sides of the pile. The horseshoe vortex is affected by the developing
scour hole and its core becomes larger with increasing scour depth,
while the induced bed shear stresses decrease with increasing scour
depth eventually (Dey and Raikar, 2007).

Indicated by shear stress measurements by Hjorth (1975) or as ob-
served by Ettema (1980) for steady flow conditions, the position of the
scour initiation is located approx. 45° to the direction of approaching
flow. At this position, according to the measurement of Hjorth (1975),
time averaged bed shear stresses τ can be up to 11 times larger than
the bed shear stresses exerted by the undisturbed flow τ∞. The shear
stress amplification around the pile is generally expressed by the fac-
tor αamp = τ/τ∞ . In steady flow conditions, the size of the horse-
shoe vortex mainly depends on the boundary layer thickness of the
approaching flow, the pile Reynolds number ReD = UD/ν and the
bed roughness (Roulund et al., 2005). With decreasing boundary layer
thickness, the separation distance from the upstream side of the pile
will be reduced, leading to a smaller horseshoe vortex (Sumer and
Fredsøe, 2002). Likewise, a small Reynolds number will also result in
a small horseshoe vortex. However, while this holds true in a laminar
flow regime, it is noted by Sumer and Fredsøe (2002) that this rela-
tionship may be reversed in a turbulent flow, so that an increase of
the Reynolds number will lead to a decrease of the horseshoe vortex.
To describe the formation of the horseshoe vortex in the case of os-
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cillatory (waves) flow, the Keulegan-Carpenter number KC is used as
additional parameter:

KC =
UwT

D
(2.40)

in which T is the wave period, D is the pile diameter and Uw is
the amplitude of the orbital flow velocity, which can be calculated for
monochromatic waves based on Eq. (2.17) or in case of wave spectra
with Eq. (2.19).

For short wave periods, and thus small values of KC, only a thin
wave boundary layer is able to form with respect to the pile diam-
eter. Consequently, with a less pronounced pressure gradient at the
pile only a small horseshoe vortex can be expected to emerge. Exper-
iments conducted by Sumer, Christiansen, and Fredsøe (1997) with
Reynolds numbers in the order of ReD = O

(
103) indicate that no

horseshoe vortex will develop below a limit of KC = 6. With larger
wave periods, the pressure gradient will be maintained over a longer
duration and the boundary layer separates upstream of the pile again.
Thus, for each half cycle, a horseshoe vortex similar to that under
steady current will form for larger values of KC (Sumer and Fredsøe,
2002). In case a current is superimposed on a wave, Sumer, Chris-
tiansen, and Fredsøe (1997) found that a horseshoe vortex develops
at decreasing values of KC with increasing current velocity. However,
the horseshoe will be mainly present during the half cycle in which
the wave-induced flow propagates in the same direction as the cur-
rent.

The lee-wake vortices are generated by a rotation in the boundary
layer at the pile surface and its separation form the sides of the pile.
As a result, a shear layer is formed, that will roll up into the lee-wake
vortex (Sumer and Fredsøe, 1997). Vortex shedding can already be
observed for flow Reynolds numbers Re > 40. With increasing Re
the lee-wake transitions from a laminar to a turbulent state. Accord-
ing to Breusers and Raudkivi (1991), the sediment transport by these
vortices is initiated by a vertical lift, that develops in the centre of
the vortices due to a pressure gradient. A comprehensive overview of
mechanism behind the vortex shedding as well as its dependency to
different flow characteristics, the pile roughness and shape are given
by Sumer and Fredsøe (1997). In the case of oscillating flow, the for-
mation of the lee-wake vortices becomes essential for the scouring
process and, like the horseshoe vortex, it additionally becomes a func-
tion of the KC number. The experiments of Sumer, Christiansen, and
Fredsøe (1997) have shown, that vortex shedding at a pile occurs only
for KC > 6, which is similar to but not the same as the threshold for
the formation of a horseshoe vortex. At last, the streamlines around
the pile are contracted and accompanied by enhanced flow velocities
within a distance of one pile radius (Whitehouse, 1998). The com-
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bined effect of the horseshoe vortex and the streamline contraction
can lead to an amplification of the bed shear stresses near the pile by
an factor of 4 in the case of waves. For steady currents, the amplifica-
tion can even reach a factor of 10.

2.3.2 Scouring induced by steady current

Under steady currents the formation of a horseshoe vortex is deci-
sive for the scouring process. The emerging scour hole develops in
a conical shape around the pile, with steeper slopes at the upstream
than at the downstream side of the pile. Thereby, the slope angle at
the upstream side resembles that of the angle of repose of the sand.
From the scour hole the sediment is transported downstream by the
horseshoe vortex and eventually deposes in parts outside the hole.
Assuming constant relative density, the main effects of flow, sediment
and pile diameter on the local scour depth S in a steady current can
be summarized in dimensionless terms by:

S
D

= f

(
U

Ucr
,

h
D

,
U√
gD

,
D
d

, σg, ReD, T∗
)

(2.41)

with T∗ as the dimensionless time being an indicator for the scour-
ing rate over time.

The first parameter on the right-hand side of Eq. (2.41) expresses
the flow intensity, the second parameter the relative flow depth, the
third parameter represents the pile Froude number and the fourth
and fifth parameter account for the influence of the sediment size
and grading. Instead of the pile Froude number, Ettema, Melville, and
Barkdoll (1998) considered the Euler number U2/gD more useful in
describing the flow gradients around the pile.

With respect to the flow intensity, the sediment mobility can be
categorised in either clear-water or live-bed condition. In clear-water
conditions, in which the mean flow velocities are below the critical
value for sediment motion (U/Ucr < 1 or θ/θcr < 1), the local scour
depth increases almost linear with increasing flow velocity. As the
threshold of sediment motion is exceeded (θ/θcr > 1), i.e. live-bed
conditions, the constant sediment supply from upstream leads to a
partial refilling of the scour hole. Consequently, beyond the threshold
of motion, the scour depth decreases with increasing flow intensity
at first but increases again until a second live-bed peak is reached
(Melville and Coleman, 2000). At this second peak, flow velocities
are large enough so that sheet flow conditions are approached. The
influence of flow intensity on the scour depths was investigated inten-
sively by many authors including Raudkivi and Ettema (1983), Chiew
(1984), Baker (1986) and Sheppard and Miller (2006).
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In laboratory experiments, sediments with particle diameters close
to those in the field are often used to avoid cohesive sediment be-
haviour. Consequently, to ensure similitude of sediment mobility,
flow velocities are scaled according to desired flow intensities, lead-
ing to Froude numbers that are significantly larger than those in
the field. As Ettema, Melville, and Barkdoll (1998) point out, larger
Froude numbers might induce steeper pressure gradients between
the stream-wise sides of the pile, affecting the flow field in its vicinity.
As a result, scour depths obtained in laboratory experiments might
overestimate those in the field. The influence on the flow gradient
might be best described by the Euler number, which represents the
ratio of stagnation head to the pile diameter. In addition, Ettema,
Kirkil, and Muste (2006) also attributed the increase of scour depths
with larger Euler numbers to an increase of the shedding frequency
and vorticity of the lee-wake vortex.

The relative flow depth (or pile height) influences the formation of
the horseshoe vortex in a way that the size of the horseshoe vortex
will be reduced with decreasing flow depth, resulting in a reduction
of scour depth. For larger water depths, the scour depth will become
almost independent of the water depth. According to Sumer and
Fredsøe (2002), the influence of the relative flow depth on the scour
depth can be expected to diminish for ratios larger than h/D ≥ 5.
Whereas Breusers, Nicollet, and Shen (1977) concluded, that already
for h/D ≥ 3 the influence of the relative water depth can be neglected.
Nevertheless, the relative flow depth will be a more important factor
for the scour development at bridge piers than for piles, which are
used as support structures in relative deep offshore waters.

Graded sediments tend to develop a protective armor layer on the
bed surface over time. The non-uniformity of the sediment should
thus also be considered to have an effect on the scour depth. Ettema
(1976) conducted experiments regarding the influence of sediment
gradation on the scour depth for clear-water conditions and found
for these conditions a considerable reduction of scour depths with
increasing sediment grading. Baker (1986) complemented those find-
ings with experiments under live-bed conditions. While the results
also showed a general reduction in scour depths with increasing sed-
iment gradation, they indicated a diminishing influence of sediment
gradation for larger flow intensities. However, as the bed surface is
coarsening with developing armor layer, the median grain size of the
armor layer becomes inherently harder to mobilize than that of the
subsurface sediment. As a result, the threshold peak at U/Ucr = 1
shifts to larger flow intensities with increasing sediment gradation.
The classification in clear-water and live-bed conditions and its impli-
cations on the scouring process must thus be considered more differ-
entiated in case of non-uniform sediments.
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In addition to the gradation, the coarseness of the sediment also
effects the scour depth. Melville and Sutherland (1988) combined data
obtained by Ettema (1980) for clear-water and by Chiew (1984) for
live-bed conditions. They derived a threshold value of D/d ≥ 25
beyond which the scour depth is unaffected from the grain size of
the sediment. Until this value, the scour depth decreases with larger
grain sizes, as would have been expected. A more recent study by
Sheppard, Odeh, and Glasser (2004) extended the data to much larger
values of D/d, at which the scour depth started to decrease again.
Based on the analysis of several field and laboratory data sets, Lee
and Sturm (2009) confirmed the peak at D/d ≥ 25 but also added that
scour depths approach an almost constant value at around D/d ≥
400. Due to the well-known issue of geometric sediment scaling, the
consideration of the effects of sediment size on the scour depth might
be especially important when scaling from large diameter piles for
offshore structures to small scale laboratory experiments.

Scouring is a time dependent process. Under clear-water condi-
tions, the scour depth asymptotically approaches an equilibrium state.
Under live-bed conditions, the scour depth increases more rapidly
but oscillates around an equilibrium depth as bedforms propagate pe-
riodically into the scour hole from upstream (Melville and Coleman,
2000). The equilibrium depth at the end of the scouring process is usu-
ally of particular interest, as it resembles the conservative estimate for
the stability design of structures exposed to scour. However, due to
the very slow increase of scour depth under clear-water conditions,
the equilibrium state may not be reached at all, e.g. in areas where
the transient hydrograph only exhibits scour relevant flow velocities
at very few occasions a year. The scouring process over time can be
quantified by a representative time scale Ts. Sumer, Christiansen, and
Fredsøe (1992) defined Ts as the time needed for the scouring pro-
cess to reach 63% of the equilibrium scour depth. The time scale
can be derived either by integration of the scour development over
time (Fredsøe, Sumer, and Arnskov, 1992; Fuhrman et al., 2014) or
by calculating the slope of the tangent through the start of the scour
development (Sumer, Christiansen, and Fredsøe, 1992). In the steady
current case the time scale is a function of the Shields parameter and
the boundary layer thickness and is given in a normalized form T∗

by Sumer, Christiansen, and Fredsøe (1992) as:

T∗ =
1

2000
δ

D
θ−2.2 (2.42)

while the conversion to the dimensional formulation of the time
scale is given by:

Ts =
D2T∗(

g
(

ρs
ρ − 1

)
d3
)0.5 (2.43)
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with δ as the boundary layer thickness.
For clear-water conditions (1 ≥ U/Ucr ≥ 0.4), Melville and Chiew

(1999) defined the time needed for equilibrium scour to develop te as:

te (days) = 48.26
D
U

(
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Ucr
− 0.4

)
f or

h
D

> 6 (2.44)
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)(
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)0.25

f or
h
D
≤ 6 (2.45)

Here, te marks the time at which the increase of scour depth over
the duration of one day does not exceed a value equivalent to 5% of
the pile diameter.

2.3.3 Scouring induced by waves

In addition to the influences on the scour process under steady cur-
rent conditions, the KC number (cp. Eq. (2.40)) becomes a major
factor for the scour depth development under waves, as concluded
by Sumer, Fredsøe, and Christiansen (1992) and Kobayashi and Oda
(1994). For small values of KC (KC < 6), the thickness of the wave
boundary layer is too thin to generate a strong horseshoe vortex at the
upstream side of the pile. Similarly, no vortex shedding at the lee side
of the pile emerges below KC = 6 (Sumer, Fredsøe, and Christiansen,
1992). As a consequence, only insignificant scour depths are to be ex-
pected, which are induced only by the general flow disturbance and
streamline contraction at the sides of the pile. As the KC number in-
creases, so does the scour depth until it reaches a constant value close
to the equilibrium scour depth obtained for steady current conditions.
It can thus be concluded, that for KC > 100 the driving force for the
scour development is the horseshoe vortex, as the wave-induced flow
approaches steady current conditions. For smaller values of KC, how-
ever, the major factor are the lee-wake vortices, that cause a net scour
in each wave half cycle by transporting sediment downstream from
the pile (Sumer and Fredsøe, 2001a). For irregular waves, Sumer and
Fredsøe (2001a) found the scour depths to be best represented when
the KC number is composed by Uw as given in Eq. (2.19) and Tp as
the peak period.

Although storm generated sea states in the marine environment
are characterized by multidirectional waves, the investigation on how
wave spreading influences the scour depth and development is not
much given attention so far. This may partly be attributed to the elab-
orate set-up and procedure of physical as well as numerical models
dealing with multidirectional waves in combination with sediment
transport processes. It may also be based on the anticipation that
the effect of wave spreading on the equilibrium scour depth has to
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be on the safer side. Given that the overall wave energy integrated
over all directions in a directional wave spectrum should be identi-
cal to its underlying frequency spectrum, flow components (and thus
KC numbers) in the main wave direction have to be slightly smaller
than in unidirectional waves. Recently, Ong, Myrhaug, and Hesten
(2013) and Myrhaug and Ong (2013) presented a stochastic method
to estimate the equilibrium scour depths around piles in random
two and three-dimensional nonlinear waves. In their model, the non-
linear wave-crest height distribution is calculated with the method
provided by Forristall (2000), in which the wave-crest distribution is
parameterised by a two-parameter Weibull function fitted to second-
order simulations of JONSWAP spectra. The scour development is
given by the approaches presented in Sumer and Fredsøe (2002) for
waves and combined wave-current conditions. Furthermore, the au-
thors assumed that mainly the 10% highest waves are responsible
for the scour development. For large values of KC, they found the
scour depths for three-dimensional waves to be slightly larger than
those for two-dimensional waves and attributed this outcome to a
smaller wave set-down effect of three-dimensional waves. In contrast,
the scour depths are larger in two-dimensional waves than in three-
dimensional waves for values of KC ≤ 2. However, due to a lack
in available field data, which provides both directional wave mea-
surements and scour depth measurements, the results could not be
validated.

2.3.4 Scouring induced by combined waves and current

The scour behaviour in combined wave and current situations is re-
lated to the parameter Ucw, which represents the ratio of undisturbed
current Uc to wave generated flow velocity Uw and is given by Sumer
and Fredsøe (2001a) as:

Ucw =
Uc

Uc + Uw
(2.46)

Sumer and Fredsøe (2001a) carried out a systematic study on the
influence of combined wave and current conditions on the scour
process around a pile. In that study, irregular waves based on the
JONSWAP spectrum were used. The authors concluded that in a
wave dominated regime (Ucw → 0) scour depths close to the waves
only case are obtained, whereas towards a current dominated regime
(Ucw → 1), scour depths asymptotically approach values similar to
the current only case. This behaviour is attributed to the lee-wake
vortex system, which is stable on the downstream side but sup-
pressed at the upstream side of the pile for large values of Ucw and
for waves propagating in current flow direction. The results further
indicate that for small KC numbers only a small superimposed cur-
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rent could considerably increase the wave induced scour depths. At
larger KC numbers, the influence of a current on the wave scour is
less pronounced. The results of Sumer and Fredsøe (2001a) are also in
general agreement with those obtained by Eadie and Herbich (1986),
who found the scour development to be faster and the equilibrium
scour depth larger than in the current alone case.

Rudolph and Bos (2006) complemented the data from Sumer and
Fredsøe (2001a) with tests for small KC numbers in the range of
1 ≤ KC ≤ 10. They proposed an improved model for the predic-
tion of equilibrium scour depths based on a best-fit regression of self-
generated data and data from Sumer and Fredsøe (2001a). Further-
more, Petersen, Sumer, and Fredsøe (2012) studied the time scale of
scour development in combined waves and current conditions. Simi-
lar to the scour depths, they found that the time scale of the scouring
process also increases significantly if a current is superimposed on
a wave. Recently, Qi and Gao (2014) investigated the pore-pressure
response and scour development induced by combined waves and
current around large diameter piles (0.44 ≤ KC ≤ 3.65). The experi-
mental procedure included the superposition of a current with both
following and opposing waves. Regarding the scour development, the
results showed generally larger scour depths under combined condi-
tions than under the isolated load of either waves or current. The
authors also reported the occurrence of larger maximum flow veloci-
ties in the case waves follow the current than in the case of opposing
wave direction. Consequently, a directional dependency on the equi-
librium scour depth and the time development was given.

Additionally, backfilling of an already established scour hole might
occur in case of subsequently changing flow regimes, leading to alter-
nating scour depths. Sumer et al. (2013) conducted a comprehensive
series of tests on the topic of scouring and backfilling around a pile.
That study found backfilling likely to occur if the flow regime changes
from a steady current to either a wave or combined wave and current
regime, or if small waves follow larger waves. While the equilibrium
scour depth at the end of the backfilling process tends to be similar to
that produced by a scouring process, the time scales of both processes
are quite different. Depending on the KC number of the backfilling
process, the time scale of backfilling is much larger than that of scour
if KC < O(10) but can be smaller for KC � O(10).

2.3.5 Scour prediction

Given the mere number of available prediction models, particularly
in the case of steady currents, the range of expected scour depths
can be rather large for a certain boundary condition, further increas-
ing the uncertainty of a reliable scour depth prediction. This state is
also reflected by present guidelines for the design of offshore sup-
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port structures, i.e. DNV-GL (2016), BSH (2015) or DIN (2016), which
acknowledge the need of considering the effects of scour in the struc-
tural design, but at the same time can provide only rudimentary rec-
ommendations on expected scour depths, scour prediction or scour
protection systems. For example, DNV-GL (2016) recommends the ap-
proach given by Sumer, Fredsøe, and Christiansen (1992) for predict-
ing the equilibrium scour depth. Its application is however limited to
cylindrical structures, non-cohesive soils, live-bed and “waves-only”
conditions with KC > 6. It is thus for the experienced engineer to
select appropriate scour prediction models for the structure of inter-
est and for given boundary conditions or in some cases to consider
additional and clarifying hydraulic model tests. However, it is highly
recommended to evaluate the results of several approaches as input
for structural design decisions and re-evaluate these decisions later
in the design process.

Of those already mentioned in the previous sections, the most
commonly applied approaches for the prediction of equilibrium
scour depth around piles in steady current conditions are those
by Breusers, Nicollet, and Shen (1977), Melville (1997), Richardson
and Davis (2001) or Sheppard and Miller (2006). In case of wave
only conditions the approach of Sumer, Fredsøe, and Christiansen
(1992) is usually considered, while for combined wave and current
conditions the approaches presented by Sumer and Fredsøe (2002),
Rudolph and Bos (2006) or Zanke et al. (2011) are often referred to.
The progression of scour depth over time can be estimated with mod-
els by Sumer, Christiansen, and Fredsøe (1992) for both current or
wave conditions, or by Melville and Chiew (1999) for the current only
case and clear-water conditions. If detailed hydraulic measurements
are available, the scour development might also be appropriately
predicted by using a time stepping prediction approach in the form
presented by Harris, Whitehouse, and Benson (2010) or Raaijmakers
and Rudolph (2008). Controlled by the angle of repose, which for
most marine sands can be assumed to be around φ ≈ 30◦, the extend
of the local scour hole at equilibrium state might be estimated by
S/ tan φ in case of a steady current (Whitehouse, 1998). In tidal cur-
rents (McGovern et al., 2014) or in waves (Sumer and Fredsøe, 2002),
the slopes of the scour hole might be less steep, so that an additional
security factor should be considered for planning the extend of a
scour protection.

2.4 scour protection design

While some aspects and concepts for the design of scour protection
also apply for fluvial or coastal protection structures, this section fo-
cuses on scour protection measures suitable for offshore conditions.
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Although scour protection measures usually account only for a rel-
atively small fraction of the total costs of offshore foundation struc-
tures, a reliable system preventing the failure and damage of these
structures is however indispensable for its stability. To assure the func-
tionality and structural stability throughout their designated life-time,
the degrading effects of scour have thus to be considered as integral
part of the design. An economic and efficient design has to incorpo-
rate the mutual interaction of hydraulic, geotechnical and structural
aspects (Schiereck, 2012). As a consequence, the scour protection con-
cept might need to adapt iteratively throughout the design process
of the foundation structure. This starts in the first conceptional de-
sign stage, where the identification of site-specific boundary condi-
tions leads to first design values, and reaches up to the detailed engi-
neering stage, in which the design is finalized and maintenance cost
and a management program over the life-time of the structure are
defined (Escarameia, 1998). Even after the installation, unexpected
scour development identified through monitoring might require a re-
evaluation of planned remedial works.

According to May, Ackers, and Kirby (2002), the scour protection
concept might consist of scour reduction measures, structural mea-
sures, scour protection measures or a scour monitoring management,
depending on design loads, structural design and cost-benefit assess-
ment. Scour reduction measures refer to the optimisation of the flow
pattern around a foundation structure, e.g. by collars (Dey, Sumer,
and Fredsøe, 2006; McGovern et al., 2012) or sacrificial piles (May,
Ackers, and Kirby, 2002), so that the actual formation of scour at
the structure is hindered. On the other hand, structural measures
improve the foundation structure’s resilience by adapting its design,
e.g. wall thickness or embedment depth, to the expected scour depth.
Scour protection measures aim at reducing the transport potential of
the sediment by stabilising the sediment near the structure. Scour pro-
tection measures include classical systems like granular scour protec-
tion (also denoted as rock armor or riprap), which is described in de-
tail in the following section. Looking for an even more cost-effective
alternative, the potential of geotextile sand-filled containers (Peters
and Werth, 2012), rubber mattresses, artificial plants or rock filter bags
as scour protection measure are also investigated and occasionally
applied. The management of scour monitoring and the decision on
whether remedial measures are required or not, can be determined
by a risk based assessment of structural and financial consequences
if defined scour threshold levels are surpassed. A reliable risk based
assessment requires detailed knowledge of time-varying scour devel-
opment for the identification of scour hazards and planning of effec-
tive remedial measures. Whitehouse, Harris, and Sutherland (2011)
and Harris and Whitehouse (2012) outlined a risk based scour man-
agement plan for offshore wind turbine foundations, that provides a
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framework for considering the consequences of scour on the design
process by a reliable prediction of scour development through time.

Due to its flexibility and the broad experiences with its application,
granular scour protection is often preferred over more recent alter-
natives and still the most applied scour protection system for foun-
dation structures in marine environment (Whitehouse, Harris, and
Sutherland, 2011). The following sections will thus focus on design
aspects of granular scour protection.

2.4.1 Failure mechanisms of granular scour protection

A stable design of a granular scour protection has to account for
several possible failure modes. Chiew (1995) and Chiew and Lim
(2000) identified the following failure mechanisms a scour protection
around a bridge pier is exposed to as:

• Shear failure: Dimensions of armor layer stones are not large
enough to withstand the hydraulic forces acting on them, lead-
ing to their erosion. For the design of required armor stone sizes,
the increase of hydraulic loads near the pile has to be consid-
ered. According to experiments carried out by Chiew (1995), the
threshold for erosion at a pier is already reached at U/Ucr = 0.3,
instead of the more commonly used value of U/Ucr = 0.5 (e.g.
Breusers, Nicollet, and Shen, 1977). Several stability approaches
are available for the determination of required armor stone sizes
based on the threshold of motion criteria depicted in chapter
2.1.5, of which some are described in chapter 2.4.3.

• Winnowing failure: Wash-out of fine bed material through the
voids of the armor and filter layer stones, potentially causing
a sinking of the scour protection. For a pile exposed to a cur-
rent, Nielsen et al. (2011) identified the horseshoe vortex as
the primary driver for the winnowing process near the pile. If
the horseshoe vortex is large enough it penetrates through the
scour protection and exerts a bed shear stress to the underly-
ing bed material, causing its erosion. Eventually, the sediment
is transported through the scour protection by the upward di-
rected flow at the separation point between the approaching
flow and the horseshoe vortex. The winnowing process can thus
be controlled by the thickness of the scour protection. A de-
sign approach for the estimation of expected winnowing depth
in relation to scour protection thickness and pile diameter was
presented by de Sonneville, Joustra, and Verheij (2014). With re-
spect to the filter stability design, further approaches aiming to
prevent winnowing are given in the next section.

• Edge failure: Development of scour at the edge of the scour
protection, caused by a sudden change of bed roughness and
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elevation height at the outer horizontal interface between scour
protection and sand bed. The sediment motion is initiated by a
local increase of turbulence in the approaching flow and in turn
increased bed shear stresses. Subsequently, the sediment is car-
ried away by occurring secondary flows. Petersen et al. (2014,
2015) conducted extensive experimental tests on the develop-
ment of edge scour at stone covers in steady currents and wave
conditions. They found the scour depth to be dependent on the
pile diameter as well as on the thickness and width of the scour
protection. To account for edge scour failure, the scour protec-
tion is typically extended by falling aprons that slide into the
scour hole and suppress further edge scouring.

• Bed-form induced failure: Destabilisation of scour protection
due to migration of large bed-forms under live-bed conditions.
Experiments on bed-form induced failure of a granular scour
protection were carried out by Lauchlan and Melville (2001),
who found this failure mode to be dominant under live-bed
conditions. They showed that the influence of bed-forms on
the scour protection stability can be reduced if the protection
is placed below the sediment bed level.

• Sinking due to liquefaction: The scour protection sinks into
the seabed as a result of diminishing bearing capacity of the
soil. Under waves, liquefaction might be caused by a build-up
of pore pressure exceeding the overburden pressure (residual
liquefaction) or a vertical pressure gradient in the soil during
the passage of the wave through (momentary liquefaction). Both
mechanisms are described in detail as part of a comprehensive
state of the art review on liquefaction around marine structures
by Sumer (2014).

2.4.2 Principles of granular protection design

Granular scour protection is designed to prevent the erosion of un-
derlying bed material against waves and current-induced hydraulic
loads, while maintaining permeability to avoid the build-up of a
large pore pressure in the bed material and allow the rapid drainage
of seepage water (Schiereck, 2012). The cost-effectiveness of granu-
lar scour protection, however, only comes into effect, if a practical
and uncomplicated installation process can be ensured at the same
time. In costal and marine engineering, this is typically achieved by
a multi-layer setup of differently-sized granular material, consisting
of a coarse, protective armor layer on top and one (or several) filter
layer(s) beneath. The filter layer is designed in a way that the suction
of the fine underlying bed material through the filter by winnowing
processes is suppressed and sinking of the armor layer into the bed is
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prevented. The dimension of the armor layer stones, that withstands
the hydraulic load, is determined based on stability criteria specified
by critical shear stresses or flow velocities (cp. chapter 2.1.5). A stabil-
ity criterion can be defined according to a statically stable design, that
produces conservative stone sizes, as it expects no stone movement
under all circumstances. Thus, to reduce the required stone size, a dy-
namically stable design conventionally allows a limited movement of
armor stones above a specified load. Stability approaches for armor
layer stones for both, a statically and a dynamically stable design, are
addressed in detail in the following sections.

From the viewpoint of production, the dimensions of armor layer
stones are either given in terms of diameter or mass (weight). In-
stead of the median d50 diameter, the nominal dimension of an equiv-
alent cube dn,50 is usually used for the design. According to CIRIA
(2007), the two values can be converted by dn,50 = 0.84d50. Conse-
quently, the relationship between diameter and stone weight is given
by M = ρsd3

n,50. Regarding the grading of armor stones, the EN 13383

provides a standardized grading system as requirement for a consis-
tent production and quality control. According to CIRIA (2007), the
system divides armor stones into:

• Heavy gradings for large sized armor stones, i.e. in armor lay-
ers for coastal protection applications. Normally individually
handled.

• Light gradings for stones in armor and filter layers. Produced
in bulk.

• Coarse gradings often applied for filter layers, typically smaller
than 200 mm.

For each grading class, the available mass (or grain size) distributions
have to meet grading requirements, that limit the grading curve at
certain values, e.g. for heavy gradings at a cumulated mass passing
less than 5%, 10%, 70%, 97% (CIRIA, 2007). An idealised grading
curve between those limits can be interpolated by a Rosin-Rammler
function for mass or grain size distributions.

Distinguished by the capability of restraining bed material from
being wash-out, the layout of the filter layer can be designed in a
way that the scour protection becomes geometrically closed or open.
In a geometrically closed layout, the transport of bed material is pre-
vented by selecting grain sizes for the filter layer that physically block
the upwards movement of the bed material. This is typically accom-
plished by a multi-layer setup of varying grain sizes, leading however
often to an uneconomically and unpractically large amount of filter
layers (CIRIA, 2007; Schiereck, 2012). Geometrically open filters can
provide a more economical alternative by additionally taking the hy-
draulic load into account. Principally, the hydraulic load acting at the
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interface between filter and bed is controlled and consequently the
amount of erosion of the bed material. By defining a critical value for
the initiation of erosion, usually in terms of a critical flow velocity
or critical hydraulic gradient, geometrically open filters can further
be considered as stable or unstable. While geometrically open filters
are applicable to be installed as a single layer, their design requires
detailed knowledge of acting and critical hydraulic loads (Schiereck,
2012). For the design of geometrically closed filter three geometrically
aspects of filter stability have to be considered: the internal stability,
the interface stability between layers and the permeability that allows
the seepage water to be drained rapidly. As long as both materials
are well-graded, the criterion for interface stability between the filter
layer and bed material is given by CIRIA (2007) as:

d15, f

d85,b
< 5 (2.47)

in which the index f denotes the filter material and the index b the
bed material.

Eq. (2.47) is also known as the Terzaghi criterion and can be applied
for the interface between the armor stones and the filter as well. The
demands for the permeability of the filter are expressed by:

d15, f

d15,b
> 5 (2.48)

Finally, the grading of the filter layer itself should provide internal
stability of the grain structure, and thus, avoiding internal segrega-
tion effects. The criterion given by CIRIA (2007) reads:

d60, f

d10,b
< 10 (2.49)

Geometrically open filters require the definition of a hydraulic fil-
ter criterion up to which the underlying bed material is stable. The
filter criterion can be defined in terms of a critical hydraulic gradient
in the filter. The hydraulic gradient is related to the flow velocity in
the filter, which flows parallel or perpendicular to the interface be-
tween filter and bed. In case the flow is parallel, the critical gradient
is defined within the filter layer, because the large difference in flow
velocity between filter and bed layer will exert shear stresses on the
bed material, similar to the process leading to incipient motion in
open channel flows (Schiereck, 2012). On the other hand, for a flow
perpendicular to the interface, the critical gradient is defined within
the bed layer.
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For conditions with steady flow parallel to the interface, de Graauw,
Meulen, and Bye (1984) derived the following criterion for a critical
hydraulic gradient Ic:

Ic =

(
0.06

n3
f d4/3

15, f

+
n5/3

f d1/3
15, f

1000d5/3
50, f

)
u2
∗,cr (2.50)

where n f is the porosity of the filter material.
Additional hydraulic filter criteria for a parallel and unidirectional

flow acting on a bed or slope protection were proposed by Bakker,
Verheij, and Groot (1994) or Hoffmans (2012). Wörman (1989) consid-
ered the influence of a pile on the flow within the surrounding scour
protection and derived an approach for a critical filter thickness D f ,
that is required to prevent erosion of bed material in a single-layer
layout without additional armor layer:

D f = 0.16

[(
ρs, f /ρ

)
− 1
]

[(ρs,b/ρ)− 1]
n f

1− n f

d85, f d15, f

d85,b
(2.51)

As pointed out by Schürenkamp, Bleck, and Oumeraci (2012) and
de Sonneville, Joustra, and Verheij (2014), there is still a lack of ap-
proaches regarding design criteria for geometrically open filters. In
particular, approaches that account for pile induced turbulences and
oscillatory flow conditions. In light of this situation, Schürenkamp,
Bleck, and Oumeraci (2012) and Sumer and Nielsen (2013) found a
hybrid approach, consisting of a combination of geometrical and hy-
draulic filter criteria, the most reasonable alternative for designing a
filter. In both publications, an application-oriented approach is pre-
sented and illustrated by an example for the design of a granular
scour protection around an offshore wind converter foundation .

2.4.3 Armor layer stone size determination

In the context of river bed revetments, numerous approaches for the
determination of stone sizes required to withstand shear failure are
available (e.g. Escarameia and May, 1992; Maynord, 1993; Neill, 1967;
Pilarczyk, 1995). A comparison of the approaches by Maynord (1993),
Escarameia and May (1992) and Pilarczyk (1995) presented in CIRIA
(2007) reveals rather small differences in determined stone size for
normal levels of flow turbulence but significant differences for higher
turbulence levels. While those approaches mainly use the median
grain size diameter d50 (or dn,50), some approaches relate to other
characteristic grain sizes, i.e. d30 by Maynord (1987), d40 by Raudkivi
(1976) or d80 by Zanke (1982) as presented in DVWK (1997). The se-
lection of an appropriate reference grain diameter becomes more and
more important with increasing gradation of the applied granular
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protection material. Derived from an application-oriented engineer-
ing perspective, most of those approaches are based on critical flow
velocities near the bed in form of Eq. (2.37), which in turn are de-
termined assuming uniform flow conditions. Thus, those approaches
might show limitations if applied for scour protections around bridge
piers or piles, where local velocities are amplified and additional tur-
bulences are introduced. Therefore, only approaches explicitly consid-
ering the flow disturbance near a pile are addresses in the following,
which, as mentioned earlier, can be divided in statically or dynami-
cally stable approaches.

Statically stable scour protection design

A description and comparison of approaches for the determination
of stone sizes at bridge piers, and thus, “current-only” conditions,
is presented in Melville and Coleman (2000). Among others, the com-
parison includes the well-known equations by Breusers and Raudkivi
(1991), Chiew (1995) and Lauchlan (1999). For a typical range of flow
Froude numbers, the comparison reveals again large discrepancy in
determined stone sizes, and underlines the relevance of considering
several approaches for the design of required stone sizes. Eventually,
the stone size can be selected as an average value of considered ap-
proaches or as the most conservative stone size.

For wave and combined wave-current conditions present in the ma-
rine environment, less scour protection design approaches are avail-
able. Here, the required stone size is typically determined based on
methods using the Shields concept (Eq. (2.32)) and an estimation of
amplified bed shear stresses τamp around the pile. Accordingly, the
required stone size dcr is generally given as:

dcr =
τamp

g (ρs − ρ) θcr
(2.52)

Approaches based on this concept might however be prone to some
uncertainties. Uncertainties can stem from the variety of possibilities
to calculate wave and current friction factors, leading to significantly
different bed shear stresses. The bed shear stress calculation is also
affected by the disagreement regarding the definition of a suitable
bed roughness description. With respect to the resistance of the ar-
mor stone layer, threshold criteria for incipient motion, i.e. critical
shear stresses, are dependent on the considered reference grain size
diameter and armor stone grading. Eventually, the application of de-
sign approaches is complicated by the mutual interaction of above fac-
tors (Whitehouse, 1998). The bed shear stress estimation is depending
on the bed roughness, which is given by the armor layer stone size,
which in turn is calculated based on the acting bed shear stresses.
Therefore, Whitehouse (1998) suggests to derive the required stone
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iteratively. As initial guess for the required armor stone size, Soulsby
(1997) proposed the following stability criterion for dcr > 10mm:

Steady flow: dcr =
0.25U2.8

h0.4 [g (ρs/ρ− 1)]1.4 (2.53)

Waves only: dcr =
97.9U3.08

w

T1.08 [g (ρs/ρ− 1)]2.08 (2.54)

Eq. (2.53) and (2.54) assumes a critical Shields parameter of θcr =

0.055 and a power-law based friction approach for steady flow condi-
tions and a wave friction factor given by Eq. (2.24).

In the context of the OPTI-PILE project, den Boon et al. (2004) car-
ried out physical model tests on the stability of a granular scour pro-
tection around a monopile under North Sea conditions. Based on a
damage and failure assessment, den Boon et al. (2004) proposed a
design approach for combined wave and current conditions. The cri-
terion for the stability of the armor stone layer around a monopile
was defined as:

Stab =
θmax

θcr
(2.55)

In Eq. (2.55), the acting shear stresses, in the form of θmax, were
derived based on the approach of Soulsby (1995), which is depicted
by Eq. (2.25) and (2.26). For the critical Shields parameter, a value of
θcr = 0.056 was applied. For the tested multi-layer scour protection
system, den Boon et al. (2004) considered the protective function to
have failed when the filter is exposed over an area equal to the foot-
print of four armor stone (4d2

50). The stability of the scour protection
prior to failure was subdivided in two damage categories. As long
as no stone movement occurred, the scour protection was viewed as
statically stable, whereas the movement of some stones was allowed
for the scour protection to be dynamically stable. They found the
static stability to be exceeded above a threshold value for the stabil-
ity parameter of Stab = 0.415. Consequently, for a statically stable
scour protection design, this leads to a maximum acceptable load of
θmax = 0.415θcr. For a dynamically stable scour protection a less con-
servative threshold value of Stab = 0.46 was determined.

Probably the most wide-ranging static design approach for the cal-
culation of the required armor stone size of a scour protection around
a monopile foundation in combined wave and current conditions was
derived by De Vos (2008) and De Vos et al. (2011). They conducted
comprehensive physical model tests, which included the usage of
three different armor stone gradings with stone sizes typical for scour
protection of offshore foundations. In the test, the hydraulic load was
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increased until movement of the stones was initiated. The initiation
of movement was defined as the displacement of at least one stone
over a distance equal to two times the d50 diameter. Based on the
results, a practical linear relationship between the undisturbed wave
and current bed shear stresses and the critical bed shear stress that
initiates stone movement was derived. The direct correlation between
undisturbed bed shear stresses and failure of the scour protection
eliminates the need to determine an amplification factor for the bed
shear stress near the pile. In its normalized form, the equation for
the bed shear stress required to withstand the hydraulic load τcr,pred,
which replaces τamp in Eq. (2.52) accordingly, reads as:

τcr,pred = 83 + 3.569τc + 0.765τw (2.56)

The wave bed shear stress τw was determined according to the wave
friction approach by Dixen et al. (2008), while the current induced
bed shear stress τc is based on the friction formulation given in Liu
(2001). Furthermore, a critical Shields parameter of θcr = 0.035 is
assumed and it is suggested to use the d67.5 diameter for Eq. (2.52)
instead of the d50 diameter to account for armor layers with a wider
stone grading. However, it has to be noted, that Eq. (2.56) was derived
for regular wave conditions. In case of irregular waves, De Vos et al.
(2011) recommends calculating τw by using the average of the 10%
highest waves H1/10 = 1.27Hs instead of the significant wave height
Hs.

Dynamically stable scour protection design

In contrast to statically stable design approaches, dynamically stable
scour protection design allows a limited movement of armor layer
stones without risking the failure of the protective function. Thereby,
a reduction of stone sizes can be achieved, leading to significantly
lowered costs over the designated life-time of foundation structures.
The design of a dynamic scour protection requires a suitable defini-
tion of damage and the formulation of an acceptable damage thresh-
old, beyond which the scour protection will ultimately fail. De Vos
et al. (2012) also underlined the importance of the time development
of occurring damage, which might even converge to a stable equi-
librium stage as found by van der Meer (1988) for the damage at
breakwaters. Furthermore, Chiew (1995) revealed that a partial break-
up of a riprap layer can lead to a re-armoring by the coarse riprap
stones, avoiding total failure of the riprap layer.

In addition to their design approach for a statically stable scour pro-
tection (Eq. (2.56)), De Vos et al. (2012) also empirically derived a dy-
namically stable design formula. Similar to the experiments depicted
in De Vos et al. (2011), the stability of a granular scour protection
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around a monopile foundation in combined wave and current condi-
tions was investigated, this time however, irregular waves (JONSWAP
spectra) were used. The threshold criteria at which the scour protec-
tion has ultimately failed was adopted from den Boon et al. (2004), i.e.
when the filter layer is exposed over an area larger than 4d2

50. Based on
the method used by van der Meer (1988), a three-dimensional dam-
age definition was proposed, that quantifies the emerging damage by
relating the eroded volume Ve to a defined sub area times a chosen
stone diameter. As reference sub area, De Vos et al. (2012) selected
the area that corresponds to the cross-sectional area of the pile. The
resulting damage number SD is given by:

SD =
Ve

dn,50
πD2

4

(2.57)

Because the eroded volume is a function of the dn,50 diameter, a
damage of SD = 1 implies that the scour protection is eroded by a
thickness of dn,50 within the considered surface area.

Resulting from parameter regression, a prediction approach for the
damage number as a function of the governing parameters for wave
and current conditions was derived:

SD,max

N0.243 = 0.00076
U3

wT2
m−1.0√

gh (ρs/ρ− 1)3/2 d2
n,50

+a1

−0.022 + 0.0079

(
U
ws

)2 (
U + a4Uw

)2√h

gd3/2
n,50

 (2.58)

where SD,max is the maximum value of SD over all sub areas, N is
the number of waves, ws the fall velocity of the stone, Tm−1.0 the en-
ergy spectral wave period, which for a JONSWAP spectrum is given
by Tm−1.0 = Tp/1.107 and the parameter a1 and a4 represent the in-
fluence of the current flow velocity relative to the stone size and the
current direction, respectively. For a description of these parameter
and a detailed derivation of Eq. (2.58) it is referred to De Vos (2008)
and De Vos et al. (2012) at this point.

Eq. (2.58) can be used to iteratively calculate the required stone
size if an acceptable damage number is defined. The definition of an
acceptable damage number is not trivial, as it considerably depends
on the hydraulic conditions and scour protection concept. As pointed
out by De Vos et al. (2012), for some cases even a value of SD,max > 1
is suitable, especially if the formation of a stable equilibrium state
over time can be expected. In general, the larger the selected value of
SD,max the smaller the required stone size becomes. Eventually, it is
the experienced engineer’s responsibility to select an allowable dam-
age, that is suitable for the considered scour protection concept.
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2.5 knowledge gaps and uncertainties in scour predic-
tion and protection design

In the marine environment, hydrodynamic load on offshore struc-
tures and the sea bed surrounding those structures is induced by
a complex interaction of current and wave generated flows. The lit-
erature research presented in the previous section reveals that com-
plex flow situations are still seldom taken into account for the pre-
diction of scour development around offshore structure. Evidently,
there is a lack of knowledge regarding the effects of realistic marine
flow conditions on the scouring processes around offshore structures,
despite the increasing availability of more and more sophisticated
laboratories and numerical models that would allow investigations
into such processes. This knowledge gap is particularly apparent
for the scour development due to unsteady tidal currents and mul-
tidirectional waves, making a reliable prediction of scour depth for
the design of offshore structures difficult. Although storm generated
sea states in the marine environment are characterized by multidi-
rectional waves, the investigation on how wave spreading influences
the scour depth and development is not much given attention so far.
This situation is reflected by the rudimentary recommendations on ex-
pected scour depths and progression provided by design guidelines.

The prediction of scour development, as a initial hazard assess-
ment, is followed by the design of suitable protection measures. Here,
granular scour protection is often preferred over other systems. Ar-
mor layer stone sizes for a granular scour protection have to be de-
signed to withstand wave and current-induced hydraulic loads. The
required stone sizes are typically determined based on methods us-
ing the Shields concept, comparing applied bed shear stresses with
critical values. Unfortunately, large uncertainties in the estimation of
bed shear stresses can stem from the variety of possibilities to calcu-
late wave and current friction factors, leading to significantly different
bed shear stresses. As the flow around a monopile is characterized by
an increased turbulence and flow acceleration, the application of most
friction factors, which were derived for uniform flow over a flat bed
without the obstruction of a pile, might not be valid at all. This is-
sue also translates to the amplification factor used to compensate for
the lack of consideration of turbulence and flow acceleration. Further-
more, the inaccuracy of the bed shear stress estimation is increased
by the disagreement in literature regarding the definition of a suitable
bed roughness description.

Regarding thresholds for critical bed shear stresses several authors
have shown ongoing sediment transport below the Shields curve. The
values of the critical Shields parameter are therefore controversially
discussed in literature and the values found by Shields are usually
considered to overestimate the critical shear stresses of embedded
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particles. The assessment of bed stability is especially complex for
grain mixtures due to their tendency to from a protective armor layer
at the surface. As extension of the Shields concepts, numerous hiding
functions were defined to describe the incipient motion for individ-
ual grains within a bed composed of nonuniform particles. However,
not only does the character of hiding functions differ significantly
between available approaches, from equal to selective mobility, but
the hiding functions were also derived for water-worked particles ex-
posed to mostly stationary hydraulic flow conditions. To date, there
is no systematic study available in which the validity of these hiding
functions for widely graded broken stone material exposed to ma-
rine flow conditions is checked. Consequently, no guidelines for the
design of a widely graded scour protection system in marine envi-
ronments exist, leaving its promising potential as a more economical
alternative to traditionally applied protection systems unused.





3
WAV E - C U R R E N T- I N D U C E D S C O U R I N G P R O C E S S E S
A R O U N D A P I L E

The reliable prediction of scour depth is of crucial interest for an
economic and secure design as well as life-time management of struc-
tures in coastal and marine waters. The significance of scour for the
design is reflected by the considerable amount of publications deal-
ing with the emergence and characteristics of local scour in various
hydraulic conditions (chapter 2.3). However, unresolved questions re-
main regarding the processes of scour induced by more complex flow
conditions caused by the directional interaction of waves and tidal
currents in the marine environment. Thus, systematic laboratory tests
were carried out to assess the influence of tidal currents combined
with directional random waves as decisive factors for the scouring
process of a realistic sea state.

Hereinafter, the findings of the experiments regarding the influence
of tidal currents on the scouring process are presented in summarized
form of a submitted manuscript. The experiments on the effects of
directional random waves are described in more detail and evaluated
with respect to how the findings can complement the understanding
of scouring processes and improve the prediction of scour as part of
scour protection design for marine structures.

3.1 scouring induced by tidal currents

Schendel, A., Hildebrandt, A., Goseberg, N., and Schlurmann, T. (2018).
Processes and evolution of scour around a monopile induced by tidal cur-
rents. Coastal Engineering, Vol. 139, pp. 65-84.

Results of systematic laboratory experiments are presented that fo-
cused on the initiation and development of scour around a monopile
in tidal flow conditions. Continous scour depth measurements at mul-
tiple positions around the model pile allowed the quantitative elu-
cidation of the scouring process over time. In previous studies (Es-
carameia and May, 1999; McGovern et al., 2014; Porter, Simons, and
Harris, 2014), the simulation of tidal currents relied on either the pe-
riodical reversal of a constant flow velocity or on its erratic variation
and thus was not capable to reproduce a realistic change of scouring
rates over time. To ensure a more authentic representation of tidal cur-
rents, flow velocities were appropriately scaled from field measure-
ments by continuously changing flow velocities and direction in this
very study. Peak flow velocities of the tidal currents were adjusted to

49



50 wave-current-induced scouring processes around a pile

satisfy clear-water and live-bed conditions, so that the dependency of
scour to a large range of flow intensities could be systematically in-
vestigated. However, given the experimental setup, the rotary aspect
of tidal currents was initially adapted by bidirectionally reversing cur-
rents.

Resonating with the flow velocity, constantly varying sediment in-
filling and displacement processes in the scour hole led to an un-
steady time development of scour depth in tidal currents. The analy-
sis of scouring rates revealed a periodically returning scheme of ter-
minated scouring at times of changing flow direction, and a resump-
tion of the scouring process in each tidal half cycle once a critical
flow velocity is exceeded. The scouring process initially started with
infilling, indicated by a negative scour rate, which was immediately
followed by a fast increase of the scour rate and a deepening of the
scour depth. This scheme was mostly pronounced in live-bed condi-
tions, while the scour development in clear-water conditions was less
erratic and much slower than in live-bed conditions.

In addition, baseline tests with unidirectional currents were con-
ducted, in which the constant flow velocity was either based on the
maximum peak or the root mean square velocity of the tidal currents.
This comparison was aimed at giving valuable insights in the differ-
ences of scour development with respect to directional aspects and to
assess how tidal currents with continuously changing flow velocity
can be accounted for in scour prediction approaches. Generally, the
design of scour protection also often relies on time averaged estimates
of unidirectional flow velocities (cp. chapter 2.3 and 2.4). If based on
the maximum peak velocity of the tidal signal, unidirectional flow in-
duced scouring rates were significantly larger than under correspond-
ing tidal currents. For this case, maximum scour depths were found
to overestimate those generated by tidal currents of up to 62%, de-
pending on the flow intensity. On the contrary, scour depths in tidal
flows were considerably underestimated by those induced by unidi-
rectional current, if unidirectional flow velocities were based on the
root mean square value of the tidal signal. As a simple and thus prac-
tical value, a flow velocity close to umax/

√
2 of the tidal signal, with

umax being the maximum flow velocity within the tidal current, was
found to provide a good approximation of scour depths and rates
in tidal currents by means of a constant flow velocity. Is was also
shown, that an accurate prediction of the scour development over
time is feasible by means of a time discretized prediction approach,
in which the progression of scour depth is calculated by assuming
quasi-steady flow conditions for defined time steps. The accuracy of
this approach however relies heavily on the availability of detailed in
situ flow measurements.

These findings thus emphasize the importance of selecting suitable
flow velocities for the design of coastal and marine structures against
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tidal currents as scour depths as well as scouring rates might signif-
icantly differ from those associated with unidirectional currents. An
accurate assessment of scouring rates is also important for the esti-
mation of time windows for the installation of those structures or for
scour remedial measures and allows a more efficient management.

3.2 scouring under combined multidirectional waves

and currents

The progressive expansion of offshore wind energy towards deeper
water depths demands an optimisation of foundation structure de-
sign to a wider range of load conditions. In offshore waters, wind
driven wave irregularity and directionality become important aspects
of realistic sea states. While it became common practice in physical
modeling to approximate shallow water waves with unidirectional ir-
regular waves, recent advantages in wave generation techniques and
the increased availability of state-of-the-art wave basins allow the re-
liable reproduction of realistic multidirectional sea states (Kirkegaard
et al., 2011). A limited number of studies regarding the interaction
of directional waves with piles and resulting wave loads are already
published. Yu, Zhang, and Zhao (1996) investigated the influence of
directional wave spreading on wave forces on a pile and found them
to be a function of the KC number and the amount of wave spreading.
The run-ups and forces of waves on piles in multidirectional focused
waves were examined by Li, Wang, and Liu (2012) and Li, Wang, and
Liu (2014), respectively. The results showed larger wave run-ups in
unidirectional waves than in multidirectional waves and that the spa-
tial profile of the surface of a multidirectional focused wave affects
its exerted force on the pile. Nielsen et al. (2012) carried out physi-
cal model tests on the effects of wave directionality and breaking of
waves and their results indicated a reduction of slamming forces with
increasing wave spreading. Most recently, Ji, Liu, and Jia (2015) pre-
sented results on the interaction of multidirectional irregular waves
with a large pile for a wide range of directional wave spreading.

Those studies provide valuable reference data for an optimization
of the structural design of offshore foundations with respect to the in-
fluence of wave spreading. However, while the progression of scour
in unidirectional waves has been already addressed by several studies
(cp. chapter 2.3.3), there exist no experimental data on the scouring
process induced by multidirectional waves to the author’s knowledge.
As mentioned before, this may be attributed to the elaborate set-up
and procedure of physical model tests dealing with multidirectional
waves in combination with sediment transport processes. Consider-
ing the lack of empirical data and the possibility of validation, the
stochastic model by Ong, Myrhaug, and Hesten (2013) and Myrhaug
and Ong (2013) as descibed in 2.3.3 provides a first useful estimation
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of scour depths in random three-dimensional waves, which signifi-
cantly differ from those in two-dimensional waves. In addition, stud-
ies on the influence of tidal currents on the scouring process (chapter
3.1) clearly demonstrate the influence of continuously changing flow
directions on the scour progression. In order to improve the scour pre-
diction and consequently optimize the design process of foundation
structures in marine environments, directional flow aspects should
therefore be considered.

Thus, a novel experimental study was carried out in the 3D wave
and current basin of the Ludwig-Franzius-Institute for Hydraulic, Es-
tuarine and Coastal Engineering, Leibniz Universität Hannover, Ger-
many. The objectives of the study include:

• Deepening the understanding of scouring processes induced
by multidirectional (short-crested) waves and multidirectional
waves combined with currents.

• Systematically investigate the influence of wave spreading on
the scouring process as a function of wave characteristics.

• Provide reference data for an improvement of scour predic-
tion for coastal and offshore conditions by comparing the scour
depths and rates to those in unidirectional (long-crested) waves.

3.2.1 Experimental setup & procedure

The 3D wave and current basin has a total length of 40 m, a width
of 25 m and the maximum water level is limited to 1.0 m. On its
long side, the wave basin is equipped with a multidirectional wave
maker, consisting of 72 individual wave paddles, allowing a genera-
tion of regular and irregular waves with a propagation angle of up
to ± 85° with respect to the main wave direction perpendicular to the
wave maker. In addition to passive mesh screen wave absorbers sur-
rounding the basin at the other three sides, the wave maker features
an active real-time absorbtion system. A unidirectional current, per-
pendicular to the main wave direction, can be generated by a pump
system consisting of four pumps with a combined maximum flow ca-
pacity of 5 m³/s, ensuring a mean flow velocity of up to 0.5 m/s at a
designated water level of 0.6 m.

For tests associated with sediment transport processes, the wave
basin also provides a modular sediment pit with a length of 9.15 m,
a width of 6.65 m in main wave direction and an additional depth
of 1.20 m. A sediment trap at the downstream side of sediment pit
(with respect to the current direction) prevents any relevant recircu-
lation of sediment by the current. For the scouring tests presented
herein, a crystal quartz sand with a median diameter d50 = 0.19 mm,
a geometric standard deviation σg =

√
d84/d16 = 1.4 and a density
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of ρs = 2.65 g/cm³ was used as sediment. To guarantee a good com-
paction and to reduce entrapped air, the sand was installed in wet
condition.

Assuming an approximate length scale of 1:75, a monopile struc-
ture was simulated by a transparent pile made of acrylic glass with a
diameter of 80 mm. The pile was positioned in the centre of the sedi-
ment pit, resulting in a distance to the wave maker of 7.50 m. Visual
information on the dimension of the wave basin and the experimen-
tal setup is shown in Fig. 3.1, which also introduces a local reference
coordinate system.

Figure 3.1: Experimental setup in top view with dimensions in centimetre.

Scour measurements were carried out by attaching a 1.0 mm fine
grid to the pile, providing 0.5 mm intervals for scour recognition.
The scour development was monitored by a camera (Basler, acA1920-
25gc) placed inside the transparent pile. To follow the progressing
scour depth, the camera was attached to a carriage system, enabling
the automatic adjustment of its height and vantage point and thereby
providing a high temporal resolution of the scour development at the
pile. The pile including the camera system is presented in Fig. 3.2a.

The multidirectional waves were recorded by a CERC6 (Coastal
Engineering Research Center) wave gauge array (Davis and Regier,
1977), consisting of six echo-sounder (General Acoustic, UltraLab
ULS Advanced). The gauge spacing was adaptable and was matched
relatively to the different wave lengths tested in this study by using
similar principles as for a 2D reflection analysis (Mansard and Funke,
1980). The arrangement and general placement of the wave gauge
array are illustrated in Fig. 3.2b.
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(a) Image of transparent pile with
camera system inside.

(b) Arrangement of measurement devices
within the sediment pit. Dimensions
given in centimetre.

Figure 3.2: Camera equipped monopile and top view of measuring setup.

Wave and current induced flow velocities were measured by means
of two Acoustic Doppler Velocimeter (ADV) (Vectrino+, Nortek AS,
Norway). One was placed 2.0 m upstream (in current direction) from
the pile at half water depth, the other was aligned with the wave
gauge array at a distance of 10 cm above the sediment bed (cp. Fig.
3.2b). Both, the ADVs and the wave gauges sampled at 100 Hz. With
the focus on the effect of wave spreading on the scouring process, the
water depth was kept constant at 60 cm throughout the experiment.

As baseline tests, the scour development under unidirectional
(long-crested) waves was investigated first. The tests included “waves-
only” conditions as well as combined wave and current situations, in
which the current flow direction was perpendicular to the main wave
propagation direction (x-axis in Fig. 3.1). Irregular waves (JONSWAP
spectra with a peak enhancement factor γJ = 3.3, and spectral width
parameters σa = 0.07 and σb = 0.09) were adopted for all tests as re-
alistic representation of offshore North Sea conditions. Wave spectra
were generated according to linear wave theory.

Wave parameters and current flow velocities were selected to cover
a wide range of values for the KC number, Ucw and θ, which are
essential governing parameters effecting the scouring process in com-
bined wave and current conditions, as depicted in chapter 2.3. Test
conditions and maximum scour depths for the unidirectional wave
experiments are summarized in Table 3.1.

In Table 3.1, the maximum orbital wave velocity Uw is calculated
from the root-mean-square (RMS) value of the orbital velocity near
the bed Urms according to Eq. (2.19) and as suggested by Sumer and
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Fredsøe (2001a). The KC number is calculated using Uw and Tp with
Eq. (2.40). For combined wave and current conditions, the parameter
Ucw is determined by Eq. (2.46) with Uc being the time averaged cur-
rent velocity near the bed determined in pretests. The Shields param-
eter θ is calculated based on the bed shear stress approach by Soulsby
and Clarke (2005). While for all tests depicting “waves-only” condi-
tions a laminar flow regime was found, indicated by wave Reynolds
numbers Rew ≤ 1.5x105, the flow was turbulent in the case of com-
bined wave and current conditions. The definition of Rew is given by
Eq. (2.22).

To reduce the increasing influence of wave reflection over time, in
particular during tests with larger peak wave period and thus longer
wave lengths, the generated JONSWAP spectra were limited to ap-
proximately 600 waves. These spectra were repeated up to 10 times,
including breaks for wave motion damping, until either an equilib-
rium scour depth was achieved or at least 6000 waves were applied.
As it was intended to keep the number of waves between tests compa-
rable, the duration of a test increased with larger peak wave periods.

The procedure for each series of tests can be described as follows:

1. Run a test with wave only conditions until the scouring process
reaches an equilibrium stage.

2. Superimpose the current with the smallest flow velocity to the
waves and run the combined wave and current test until a new
equilibrium stage is reached (or 6000 waves were generated).

3. Increase the current velocity a second and subsequently a third
time and run each test until a new equilibrium stage is achieved.

4. Level the bed and repeat this procedure for new wave parame-
ters.

This procedure is in general agreement with that from Sumer and
Fredsøe (2001a), allowing a direct comparison of results.

During the tests the scour development was recorded visually by
the camera placed inside the pile, with a set of pictures taken every
3 min. A set of pictures consisted of eight pictures successively taken
in radial intervals of 45° around the pile. The maximum scour depth
at a time was defined as the absolute maximal scour depth within the
eight depths in a single set of pictures.

3.2.2 Generation and analysis of multidirectional (short-crested) waves

The directional spectrum S ( f , Θ) required for the generation of mul-
tidirectional waves is obtained by extending the unidirectional fre-
quency spectrum S ( f ) with a directional spreading function D ( f , Θ):

S ( f , Θ) = S ( f ) D ( f , Θ) (3.1)
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Integrated over the complete range of directional distribution, the
total wave energy inhered in the directional spectrum has to be iden-
tical to that of the frequency spectrum, given that:

∫ Θmax

Θmin

D ( f , Θ) dΘ = 1 (3.2)

where Θmin and Θmax represent the minimum and maximum angle
of wave spreading, respectively.

In this study, the directional spreading was limited to a range of
Θrange± 60° with respect to the main wave direction (90°), as waves
propagating beyond that range were not able to approach the pile
directly.

Focusing on the influence of wave spreading on the scouring pro-
cess, the same JONSWAP spectra were applied for the multidirec-
tional as for the unidirectional tests, ensuring identical total wave en-
ergy between both cases. The test conditions for the multidirectional
tests are summarized in Table 3.2.

Following Eq. (2.18) and given that the total wave energy of the
directional spectrum is independent from wave spreading, similar
values of Uw for unidirectional and multidirectional spectra should
be expected. However, for the multidirectional tests, Urms had to be
extracted as the resultant of the orbital velocity components in stream-
wise (x) and lateral direction (y) of wave propagation. The amplitude
of the resulting maximum orbital velocity Uw well agreed with those
from the unidirectional wave tests.

Two different target spreading parameters, s = 10 and s = 50, were
selected, representing a wide and narrow spreading sea, respectively.
The spreading parameter s is defined by a Mitsuyasu-type directional
spreading function as:

D ( f , Θ) = cos2s
{

Θ−Θ0 ( f )
2

}
(3.3)

in which Θ0 is the main wave direction, i.e. 90° in this study.
The analysis of the multidirectional waves was carried out with

the WaveLab3 software package (available from Aalborg University),
applying the Bayesian Direct Method (BDM) with 90 discrete direc-
tions in the spreading function for each individual generated spec-
trum (600 waves).

In the following, the analysed wave spectra, unidirectional (2D) and
multidirectional (3D), are compared with target spectra to allow for
an assessment of accuracy and performance of wave generation. In-
dicated by Fig. 3.3, the frequency spectra agreed well with the target
values, although slight differences in wave energy for the peak wave
period were present, particularly for spectra with larger peak period
(Tp = 3.5 s und Tp =4.5 s). Considering only the generated waves, the
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Figure 3.3: Comparison of analyzed frequency spectra of multidirectional
(3D) and unidirectional (2D) waves with target spectra. Target
values for the JONSWAP spectra are given by the figure title.

frequency spectra of unidirectional and multidirectional waves were
almost identical.

The juxtaposition of directional spreading distributions in Fig. 3.4
revealed a good agreement with the target distribution for an in-
tended wider spreading parameter of s = 10, but also a too large
wave spreading for a narrower value of s = 50. As presented in Ta-
ble 3.2, the analysis yielded spreading parameters in the range of
s = 31− 44 instead, despite thoroughly calibration of wave genera-
tion. However, it has to be noted, that the generated waves with peak
wave periods of up to 4.5 s depict the specified limits in terms of wave
maker performance.

Ultimately, Fig. 3.5 shows the radial distribution of frequency spec-
tra to provide visual reference to wave spreading in the wave basin
and to further illustrate the differences between a wide (s = 10) and
a narrow (s = 50) wave spreading.

3.2.3 Scour depths in unidirectional waves combined with current

Equilibrium scour depths obtained in the present study are presented
in Fig. 3.6 as a function of Ucw. The measured data are plotted against
results from Sumer and Fredsøe (2001a) and Rudolph and Bos (2006)
for similar KC numbers (cp. chapter 2.3.4). Current only scour depths
are extracted from previous studies described in Schendel, Hilde-
brandt, and Schlurmann (2016) and in chapter 3.1, contributing a
scour depth of S/D = 1.43 for a current velocity of Uc = 0.46 m/s.
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Figure 3.4: Comparison of analyzed directional spreading distributions of
multidirectional (3D) waves with target spectra. Target values for
the JONSWAP spectra are given by the figure title.

Figure 3.5: Directional wave spreading for multidirectional waves. Incident
waves are coming from 90°.
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Figure 3.6: Equilibrium scour depths for unidirectional waves combined
with current against dimensionless flow velocity Ucw. Dashed
lines indicate trends of identical KC number.

While some scattering of scour depths was obvious, which was
expected given the prevailing uncertainties coming from model and
scale effects, the results were in general agreement with those from
Sumer and Fredsøe (2001a) and Rudolph and Bos (2006). Conse-
quently, similar conclusions can be drawn regarding the scouring
process in combined waves and current conditions. In current dom-
inated conditions, i.e. Ucw → 1, scour depths approached values
similar to those obtained for current only conditions, whereas in
wave dominated situations, i.e. Ucw → 0, scour depths close to those
in “waves-only” conditions were observed. While scour depths gen-
erally increased with KC number over the whole range of Ucw, the
influence of KC on the scour depths was significantly larger in the
wave dominated than in the current dominated regime. Furthermore,
the dependency of scour depths on Ucw became more pronounced
for small KC numbers. As pointed out by Sumer and Fredsøe (2001a),
this indicates that for small KC numbers only a small superimposed
current can considerably increase the wave induced scour depths.

The prediction of scour depth in combined wave and current con-
dition is often carried out by referring to the approach proposed by
Sumer and Fredsøe (2001a), which reads:

S
D

=
Sc

D
[1− exp {−A (KC− B)}] ; f or KC ≥ B (3.4)

with Sc as the scour depth in the case of “current-only” conditions
and:

A = 0.03 + 0.75U2.6
cw (3.5)
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B = 6 exp (−4.7Ucw) (3.6)

Fig. 3.7 evaluates the accuracy of this approach for the prediction
of scour depths obtained in the present study and for those given
in Sumer and Fredsøe (2001a) by comparing the measured scour
depths to predicted values. The scour depths measured in the present
study are predicted as good as those from Sumer and Fredsøe (2001a).
While most scour depths are predicted with an accuracy of ±20%, the
approach fails to accurately estimate smaller scour depths, implying
the need for an improvement for that particular range of scour depths.
Given this consistency with results from literature, the obtained scour
depths can thus serve as reliable reference for future tests in the 3D
wave and current basin and for the upcoming analysis of multidirec-
tional wave induced scour.

Figure 3.7: Comparison of measured and predicted equilibrium scour
depths. Predicted scour depths are estimated by the approach
of Sumer and Fredsøe (2002).

3.2.4 Scour depths in multidirectional waves combined with current

Exemplarily, Fig. 3.8 presents the scour development over time for
a wave spreading (s = 10) with a constant value of KC = 3.6 and
successively increasing current velocity. In Fig. 3.8, the upper panel
visualizes the scouring process by interpolating the measured scour
depths to a scour pattern, that consists of the scour depths at all posi-
tions around the pile at every time step of measurement. In addition,
the lower panel of Fig. 3.8 illustrates the scour development over time
for the stream-wise (0° and 180°) and lateral (90° and 270°) positions
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Figure 3.8: Test A13-A16: Scour progression over time. Upper panel: Pat-
tern of occurring displacement processes around the pile. Lower
panel: Scour development at the stream-wise and lateral posi-
tions around the pile, referring to the direction of current.

at the pile, referring to the direction of the current. As depicted in
Fig. 3.8, the position of the maximum scour depth at the pile relo-
cated to the upstream side of the pile, similar to the behaviour in
unidirectional waves, once an additional current was superimposed
to the waves. From that moment on, the position of maximum scour
depth around the pile was thus determined by the direction of the
unidirectional current.

Furthermore, for comparable KC numbers and values of Ucw, the
imbalance of scour depth between the upstream and downstream
side of the pile was more pronounced for multidirectional than for
unidirectional wave conditions. As a distinct characteristic of unidi-
rectional current induced scour around a pile, this imbalance implies
a more current dominated scour behaviour for multidirectional than
for unidirectional wave conditions, if superimposed with a current of
similar magnitude.

As expected, the scour depths increased immediately with every
step-wise increase of current flow velocity, and subsequently, fol-
lowed a steady and logarithmic growth towards an equilibrium stage.
Additionally, to elucidate the dependency of the scouring process on
the KC number, Fig. 3.9 contrasts the progression of maximum scour
depth over time for tests with similar values of Ucw but different KC
numbers. The depicted scour depths are related to the initial scour
depth at the start of each test, allowing the evaluation of scour pro-
gression as the explicit result of a superimposed current. The scour



64 wave-current-induced scouring processes around a pile

Figure 3.9: Progression of maximum scour depth S/D over dimensionless
time t/tend, where S/D refers to the increase of scour depth dur-
ing the considered test.

depths further represent the maximum scour depths around the pile
for each time step of measurement.

For smaller values of Ucw, i.e. in wave dominated regime, the in-
crease of maximum scour depth as well as the scouring rate corre-
late positively with increasing KC number. However, for values of
Ucw > 0.5, the influence of waves on the scouring process did not
only diminish, but instead, even reversed. As the flow condition be-
came current dominated, the increase of scour depths and the scour-
ing rates lessened with increasing KC number. Considering the test
procedure with successively increasing current velocity, this caused
an equalization of absolute scour depths towards the equilibrium
scour depth in “current-only” conditions. In addition to the increase
of scour depths, the smaller the KC number, the more resembled the
scour progression over time that in unidirectional current.

Regarding the influence of wave spreading on the scour depth, Fig.
3.10 presents the maximum scour depths obtained in wave only con-
ditions as a function of KC number and spreading parameter s. While
the general influence of wave spreading on the scour depths appeared
to be relatively small, a clear tendency for scour depths to decrease
with increasing wave spreading was still evident. The dependency of
scour depth on wave spreading was particularly prominent for small
KC numbers. However, given the limited number of data points com-
bined with the general uncertainties naturally coming with hydraulic
model tests, especially if they are dealing with the stochastic nature
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Figure 3.10: Comparison of maximal scour depths over KC for multidirec-
tional “wave-only” condition.

of sediment entrainment, further tests are required to validate these
findings.

Comparison to unidirectional waves

While the findings on the scour development in multidirectional
waves alone provide already valuable insights in the scour processes
in complex flow conditions, the direct comparison to scour induced
by unidirectional waves might additionally allow the definition of
application-oriented reference values for present scour prediction
approaches. Typically, these approaches (cp. chapter 2.3.4 and 2.3.5)
do not account for directional waves, let alone directional waves
superimposed with a current. The comparison might thus provide
useful indications on whether and to what extend wave directionality
should be considered in engineering practice.

In case of small values of Ucw, i.e. in wave dominated regime, the re-
sults indicated a slightly faster progression of scour depth towards an
equilibrium value for multidirectional waves than for unidirectional
waves, regardless of applied KC number. As expected, the differences
in scouring rate declined for higher values of Ucw, once the current
flow velocity was sufficient, so that the time progression resembled
that in unidirectional current conditions and the individual character-
istics of wave-induced scour were suppressed.

Compared to “wave-only” conditions, the time scale, as representa-
tive quantification of the scouring rate (cp. Eq. (2.43)), increased sig-
nificantly once a current was superimposed on the waves. However,
with further increasing current flow velocity, the time scale decreased
again, similar to the behaviour in “current-only” conditions, indicat-
ing a faster scour progression for larger values of Ucw. For the given
range of Ucw the results regarding the time development in combined
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Figure 3.11: Comparison of final scour depths for multidirectional (3D, s =
10) and unidirectional (2D) waves against KC number.

current and wave conditions are thus in agreement with those from
Petersen, Sumer, and Fredsøe (2012). While these trends apply re-
gardless of wave directionality, the time scale in unidirectional waves
was generally slightly more dependent on Ucw than that in multidi-
rectional waves, particularly for large KC numbers. However, it has
to be noted, that the determination of time scales could be influenced
by the successive load conditions coming with the test procedure.

Fig. 3.11 compares the maximum scour depths for uni- and multi-
directional waves as a function of the KC number and Ucw. The scour
depths followed the same trend for multidirectional (3D) and unidi-
rectional (2D) waves, namely that the influence of the KC number on
the scour depths declined with increasing value of Ucw. For values of
Ucw > 0.65, scour depths even remained almost constant regardless
of the KC number. Obviously, only slight differences in maximum
scour depth between multidirectional and unidirectional waves have
been measured.

While the scour depths were larger by a factor of 1.33 (averaged
over KC) for unidirectional compared to multidirectional waves in
case of “waves-only” conditions, they were smaller by a factor of 0.88
for values of Ucw in the range of 0.34− 0.44 and smaller by a factor of
0.85 for values of Ucw in the range of 0.50− 0.62. In current dominated
conditions with values of Ucw > 0.65, and thus, diminishing influence
of waves, the differences in scour depths were negligible.
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This finding is in agreement with results obtained with the stochas-
tic prediction method by Ong, Myrhaug, and Hesten (2013) and
Myrhaug and Ong (2013), who also found decreasing differences be-
tween two and three-dimensional wave induced scour depths with in-
creasing current. However, regardless of the considered value of Ucw,
the stochastic model showed larger scour depths in three-dimensional
than in two-dimensional wave conditions for values of KC > 2. In the
study presented herein, overall larger scour depths are found in uni-
directional than in multidirectional waves for wave only conditions
(cp. Fig. 3.11). Although a trend towards similar scour depths with
increasing KC number is evident, this contradicts the results given by
the stochastic model.

3.2.5 Conclusions & Discussion

Findings regarding the scouring process induced by multidirectional
waves and its differences to scouring in unidirectional, long-crested
waves can be summarized as follows:

• In “wave-only” conditions, scour depths have been measured in
unidirectional waves that were on average 33% larger than those
in multidirectional waves for comparable values of KC number.
Furthermore, the scour depths displayed a growing dependency
on KC numbers with increasing wave spreading.

• For combined wave and current conditions that were still wave
dominated (Ucw < 0.5), scour progressed faster over time when
exposed to multidirectional than to unidirectional waves. The
time scale was, however, less depending on Ucw for multidirec-
tional than for unidirectional waves. In combined current and
wave conditions, wave directionality led to slightly larger scour
depths, reversing the ratio of scour depths found for “wave-
only” conditions.

• With flow conditions further approaching current dominated
regime (Ucw → 1), differences regarding the scouring rates and
depths resulting from the wave directionality were declining
and the scour characteristics resembled more and more those in
unidirectional currents.

Concluding, the results thus indicate a reduction of scour depths as
a consequence of directional distributed wave energy. By definition,
the total energy of the directional wave spectrum has to be identi-
cal to the wave energy inherent to the underlying unidirectional fre-
quency spectrum. As the wave energy distributes over several direc-
tions, the amount of energy and consequently the erosive potential
in main wave direction must be smaller than that in a comparable
unidirectional spectrum. In addition, given the short-crested nature,
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waves approach the pile simultaneously from more than one direc-
tion and are unsymmetrical on two sides of the pile at any time. This
minimizes the accumulating effects of a constantly recurring, bidirec-
tional vortex system around the pile on the scour development. In
combined current and wave conditions, the wave directionality thus
leads in turn to larger scour depths compared to long-crested waves,
as the influence of the unidirectional current on the scour process is
relatively increased.

However, differences in scour depth between uni- and multidirec-
tional waves remain relatively small, even more so considering the
still limited number of data points and the general uncertainties inher-
ent to hydraulic testing, not least attributed to disproportionally sed-
iment scaling. Therefore, scaling the result to prototype dimensions
could be subject to uncertainties and a design process for offshore
structures based solely on the results of this study is thus not rec-
ommended without additional scrutiny. From engineering perspec-
tive, and for current dominated regimes, a conservative prediction of
maximum scour depths for combined current and wave conditions
might consider values obtained for current only conditions. However,
it is important to note, that the critical thresholds for the expected
scour depth and the required stone size for a granular scour protec-
tion are not induced by the same flow condition. While the develop-
ment of critical scour depths is a time-dependent transport process,
the initiation of stone movement is an instantaneous incipient mo-
tion problem instead. The design of scour protection is thus much
more determined by wave-induced bed shear stresses. Consequently,
despite relatively small predicted scour depths in “wave-only” condi-
tions compared to current flow conditions, the size of required stone
sizes for a stable scour protection might be rather large.

While the effects of short-crested waves on the scour development
around a pile have been demonstrated, the direct influence of short-
crested waves on the flow and vortex system around the pile and
its interaction with the scour development has yet to be investigated
systematically. Future model tests should incorporate a wider range
of wave spreading and wave parameter. Large scale tests could also
be rewarding by enabling the detailed analysis of the flow field, but
could be difficult to accomplish because multidirectional wave basins
are usually limited with respect to available wave heights and peri-
ods.
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A series of experiments was carried out to elucidate the erosive be-
haviour and stability-affecting processes of widely graded quarry-
stone material subjected to coastal and marine flow conditions. By
deepening the understanding of armoring processes in oscillating
flow conditions, providing a quantification of bed stability and assess-
ing the performance as scour protection, the results lay out a sound
basis for the inherent characteristics of widely graded material to be
considered in scour protection design, and potentially progressing it
towards an even more efficient process.

To account for a wide range of marine and coastal flow condi-
tions, the multi-phase test program included experiments with spec-
tral wave load (Schendel, Goseberg, and Schlurmann, 2015), unidirec-
tional flow (Schendel, Goseberg, and Schlurmann, 2016) and reversed
flow conditions (Schendel, Goseberg, and Schlurmann, 2017) as sub-
stitution for tidal currents. The grain material used in all of these
experiments was a widely graded quarry-stone mixture composed of
granodiorite (Jelsa quarry in Norway) with a homogenous grain size
distribution in the range of 0.063 mm - 200 mm, a median grain diam-
eter d50 ≈ 30 mm and a geometric standard deviation of σg ≈ 6− 7
(cp. Fig. 4.1). The material was provided by an industry partner, and
thus, its properties resembled the actual composition intended to be
applied as scour and bed protection around coastal and marine struc-
tures. Fabricated as broken stone material with sharp edges, the par-
ticle shape distinguished clearly from the water-worked surfaces of
natural sediments in rivers, from which most current bed stability
approaches are derived.

In the following, the author’s publications dealing with the erosion
stability of this granular material under various flow situations are
summarized and evaluated with respect to the overall objective of
this thesis and especially towards possible implications regarding the
design of scour and bed protection. An extended critical discussion
on how the characteristic material properties can be considered in
current scour protection design, and moreover, explicit, application-
oriented recommendations for the design of scour protection with
widely graded are then given in the following chapter 5.
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Figure 4.1: Representative grain size distribution of widely graded broken
stone material as applied as scour and bed protection.

4.1 erosion stability of widely graded material under

waves

Schendel, A., Goseberg, N., and Schlurmann, T. (2015). Experimental study
on the erosion stability of coarse grain materials under waves. Journal of
Marine Science and Technology, Vol. 23(6), pp. 937-942.

This publication describes large-scale hydraulic model tests carried
out to assess the general suitability and performance of a widely
graded granular scour protection under random wave load. To min-
imize possible scaling effects, particularly with respect to the char-
acteristics of the granular material, the hydraulic model tests were
performed at a length scale of 1:4 in the Large Wave Flume (GWK)
of the Forschungszentrum Küste (FZK) in Hannover, Germany. How-
ever, from Figure 1 in Schendel, Goseberg, and Schlurmann (2015) it
is evident that the scaling of the granular material from the prototype
material was not evenly for all grain fractions. As it was technical not
feasible to produced the required amont of fine grains (over 200 t of
granular material were used), finer fractions in model became rela-
tively larger compared to the prototype material.

With the focus on the stability against shear failure, an experimen-
tal setup consisting of a monopile foundation surrounded by a single
layer scour protection was chosen, preventing winnowing effects or a
destabilisation due to bed form migration. In addition to commonly
applied scour measurement techniques, i.e. underwater cameras and
echo sounder, a state-of-the-art high-resolution 3D laser scanner was
used to measure the spatially distributed damage after a certain num-
ber of waves. Spectral wave loads (JONSWAP) were based on typical



4.1 erosion stability of widely graded material under waves 71

North Sea wave conditions with subsequently increasing significant
wave heights, substantiating the application-oriented approach of the
tests.

The results provided insights in the behaviour of widely graded
material under wave load, which differs decisively from unidirec-
tional flows in river channels by the presence of horizontally and ver-
tically oscillating flow components. Two additional stability-affecting
aspects that might need to be considered in the scour protections
design with widely graded grain material were revealed: the devel-
opment of a protective armor layer under spectral wave load and the
possibility of material segregation in the vicinity of the monopile.

Taking into account that the number of waves was insufficient to
reach equilibrium state, only relative small scour depths could be
measured. The scour development however did at least converge to-
wards a constant depth, indicating a declining damage over time in-
stead of a progressive failure mechanism for which damage increases
exponentially. This allows the definition of a threshold criterion in
form of an acceptable damage for a dynamically stable scour protec-
tion design (De Vos et al., 2012).

In addition to the analysis given in Schendel, Goseberg, and Schlur-
mann (2015), further information on applied load conditions are pre-
sented in Table 4.1 to provide reference for an extended damage as-
sessment. The flow parameters in Table 4.1 are based on acoustic
doppler velocimeter (ADV) measurements, which were carried out
34 m upstream of the monopile but whose analysis initially was not
part of Schendel, Goseberg, and Schlurmann (2015).

Table 4.1: Test conditions, where the maximum horizontal flow velocity Uw
is based on measurements at 10 cm above the bed, and τw the
wave induced bed shear stress is based on Eq. (2.21) and Eq (2.22).
The damage number SD is given by Eq. (2.57).

Spectrum Hs Uw KC τw |min(SD)|

[m] [m/s] [-] [N/m²] [-]

1 0.7 0.30 2.3 2.75 0.298

2 1.0 0.43 3.4 4.65 0.899

3 1.3 0.56 4.5 6.67 1.962

Following the concept of De Vos et al. (2012) for the damage as-
sessment of a dynamic scour protection design, the volume of eroded
material Ve can be related to a specified sub area times the dmax diam-
eter of the granular material, allowing the quantification of damage
by a non-dimensional number:

SD =
Ve

dmax
πD2

4

(4.1)
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In accordance with the approach of De Vos et al. (2012), the sub area
is chosen to resemble the cross-sectional surface of the pile. However,
dmax as reference grain diameter is assumed to better represent the
stability characteristics of the widely graded material than the dn,50

diameter used by De Vos et al. (2012). The distribution of damage
numbers in the vicinity of the monopile at the end of the tests is de-
picted in Fig. 4.2. The elicitation of scour in terms of defined damage
numbers helps quantifying the residual stability as a performance in-
dex of the widely graded scour protection, and thus, can provide a
decision-making tool for the scour protection maintenance manage-
ment over the life-time of the structure.

Figure 4.2: Distribution of damage at the end of the tests, where negative
values of SD refer to scour and positive values to accumulation
of material. Arrow indicates direction of wave propagation.

Fig. 4.3 correlates the damage at the end of each wave spectrum
to the wave induced bed shear stress. Here, |min (SD) | resembles the
maximum damage number over all sub areas at the end of a wave
spectrum.
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Figure 4.3: Development of maximum damage over the surface of the scour
protection versus the applied maximum wave induced bed shear
stresses.

The final value of |min (SD) | = 1.96 implies a maximum damage
equal to the height of two times the dmax diameter of the widely
graded material. As this material is intended to be used mainly in
a single-layer scour protection a layer thickness considerable larger
than two times the dmax stone diameter can be assumed. Eventually,
for the investigated conditions, no overall failure of the protective
function could thus be observed.

4.2 erosion stability of widely graded material under

unidirectional current

Schendel, A., Goseberg, N., and Schlurmann, T. (2016). Erosion stability of
wide-graded quarry-stone material under unidirectional current. Journal of
Waterway, Port, Coastal, and Ocean Engineering, Vol. 142(3).

In this paper, experimental model tests are presented that addressed
the erosional behaviour and the bed stability of widely graded bro-
ken stone material subjected to unidirectional currents. The experi-
ments were carried out in a close-circuit flume, in which the granu-
lar material was built-in at ground level and subsequently exposed
to incrementally increasing unidirectional flow. For each incremen-
tal velocity step, the flow velocity was maintained until an equilib-
rium state was reached and sediment transport could no longer be
observed. Eroded bed load was collected and detailed near-bed flow
field measurements were performed, allowing the determination of
critical threshold values for the initiation of motion as basis for a
quantified assessment of bed stability. High-resolution digital eleva-
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tion models (DEMs) derived from 3D laser scans helped to assess the
flow-induced changes of the bed surface and their effect on the bed
roughness. While the model tests were performed in a scale of 1:1
with respect to rock sizes, flow velocities and shear stresses, the wa-
ter depth was much smaller compared to that in offshore conditions.
The distorted scale of the water depth might lead to significant scale
effects. The scale of the largest turbulence structures in the flow might
be different, which could influence the winnowing processes. More-
over, as the gradient of flow velocities is more pronounced obtained
bed shear stresses might be larger. This might give extra destabilizing
forces on the bed material, as discussed in (Steenstra et al., 2016).

Indicated by a strong dependency of critical bed shear stresses to
individual grain sizes, a highly selective mobility of finer grain frac-
tions was found. Shvidchenko, Pender, and Hoey (2001) attributed
this behaviour to the effect of sediment gradation on the hiding pro-
cess, which they assumed becomes less effective with increasing gra-
dation due to the relatively large amount of finer particles in the sedi-
ment mixture. In this study, however, the analysis of the DEMs clearly
demonstrated the occurrence of hiding and exposure processes dur-
ing the experiments. For the design of a scour protection with widely
graded material, this finding is of major importance as it implies the
necessity to account for a wide range of critical shear stresses be-
tween individual grain sizes, and thus, stresses the role of selecting a
suitable reference grain size to represent the stability behaviour of the
material. Therefore, the suitability of several reference grain sizes was
assessed by providing a comparison with available hiding functions.
While the usage of d50 and da as reference size failed to represent
the material characteristics adequately, the use of dσ (based on σg)
as reference size performed well when compared with results from
previous studies. Consequently, given the formulation of hiding func-
tions (Eq. (2.38)), the critical shear stress of all fractions finer than dσ

will be increased relatively to that of dσ. Because dσ resembles a much
larger grain size than d50 or da, the increase of critical shear stresses
will apply to wider range of grain fractions.

At the end of each incremental increase of flow velocity, a stable
and immobile static armor layer formed, indicated by observed down-
stream winnowing processes and the composition of the eroded bed
load, which remained finer than that of the parent material through-
out the experiments. The armor layer demonstrated a very compact
grain structure, so that the coarsened bed was able to provide the
required resistance against the applied hydraulic loading. This be-
haviour might thus add to the potential of the widely graded mate-
rial to be used in a dynamic design of scour protection, which allows
the limited movement of stones to reduce the required stone size and
decrease the cost. Following the erosion of finer fractions and the for-
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mation of an armor layer, the remaining coarse bed could assure the
protective function of the cover layer.

4.3 erosion stability of widely graded material in re-
versed currents

Schendel, A., Goseberg, N., and Schlurmann, T. (2017). Influence of revers-
ing currents on the erosion stability and bed degradation of widely graded
grain material. International Journal of Sediment Research, Vol. 33(1), pp.
68-83.

As a subsequent investigation to Schendel, Goseberg, and Schlur-
mann (2015, 2016), this paper focuses on the response of a widely
graded material bed to reversing flow conditions as found in tidal
currents and expands the knowledge on its erosive behaviour by the
quantification of local bed degradation processes. For this purpose,
complex tidal currents were initially substituted by bidirectional and
periodically reversing currents with incrementally increasing flow ve-
locity every tidal cycle. The applied flow velocities and the experimen-
tal setup were identical to those presented in Schendel, Goseberg, and
Schlurmann (2016), allowing the comparison of processes involved
with armor layer development and revealing differences regarding
the bed stability against shear failure.

Given the rough and inhomogeneous bed surface, dissimilar lo-
cal near-bed flow velocities and turbulence intensities depending on
the flow direction were measured. Thus, despite identical approach
flow velocity, exerted bed shear stresses did not only vary spatially
over the bed surface but were also strongly dependent on the flow
direction, causing anisotropic erosion potentials between flow direc-
tions. For the design of scour and bed protection in environments
with changing flow directions, this additionally raises the question of
how to account for the anisotropic bed roughness and flow resistance.

Furthermore, a rearrangement of the formerly established static ar-
mor layer occurred with changing flow direction, indicated by the
resumption of sediment transport. Following the re-allocation of shel-
tered and exposed areas within the bed surface as a result of recip-
rocal effects between flow and the bed, previously protected grain
fractions became exposed again and were thus re-entrained despite
being exposed to the same flow velocity as before. It might therefore
be concluded that with an increasing number of periodically chang-
ing flow direction an even coarser static armor layer will form than
under unidirectional flow, in case no additional sediment is supplied.

The anisotropic behaviour was also found to affect the erosion sta-
bility in a way that the bed load composition was slightly coarser in
the succeeding reverse flow direction than in the initial direction, lead-
ing to a higher bed stability in the initial flow direction. In compar-
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ison to the stability of widely graded material under unidirectional
current, larger critical bed shear stresses were determined for the re-
versing current case and consequently a higher stability can be as-
sumed. The increased stability was attributed to the formation of a
more compact and dense surface structure, stemming from the con-
tinuous repositioning and subsequent interlocking of stones. A quan-
tification of bed degradation by adapting the approach and failure
criterion of De Vos et al. (2012) was applied to further assess the bed
stability and to provide insights in the progression of damage as ba-
sis for a definition of acceptable damage threshold. The progression
of bed degradation with increasing bed shear stresses was found to
be a function of the median grain diameter d50 of the parent material.

In conclusion, the obtained insights in the erosion behaviour of
widely graded broken stone material under reversing current con-
ditions as well as the evaluation of bed stability contribute to the
derivation of a holistic design approach for a widely graded scour
protection system.
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S C O U R P R O T E C T I O N D E S I G N W I T H W I D E LY
G R A D E D M AT E R I A L

5.1 design recommendations

The small amount of bed degradation, which additionally was very
heterogeneously distributed over the bed surface, indicates an nor-
mal bed resistance to shear failure of widely graded quarry-stone
material against unamplified current load (Schendel, Goseberg, and
Schlurmann, 2016). In oscillating flow conditions (Schendel, Gose-
berg, and Schlurmann, 2017), first results suggest a complex fluid-
bed-interaction, due to a relocation and balancing of sheltered and
exposed areas, leading to bidirectional displacement processes. The
selective wash out of fine sediment fractions, as a result of down-
stream winnowing processes, leads to the development of a static ar-
mor layer, which is characterized by a coarser grain size distribution
than that of the subsurface material. As coarser grains are inherently
harder to mobilize, the overall bed stability is further enhanced.

By proving effective resistance against hydraulic load conditions
found in marine and estuarine environment, the potential as bed and
scour protection system for offshore structures seems promising with
respect to the shear failure mechanism. However, with the erosional
behaviour of graded sediment significantly differing from that of uni-
formly sized sediments, traditional stability approaches like Shields
(1936) and even improved hiding functions based on mean grain di-
ameters (see chapter 2.2.2) do not adequately reflect the material be-
haviour.

With expected effects on required stone sizes and connected costs
for installation and maintenance, it seems only reasonable to consider
the self-stabilising features of graded sediments within the stability
assessment of scour protection design. The material of interest, as
described in chapter 4, is characterized by a grading of σg ≈ 6− 7
and a ratio of d85/d15 larger than 30. This is considerably wider than
the grading of usually applied rock protection, which can be classified
according to CIRIA (2007) as wide graded if 1.5 < d85/d15 < 2.5 and
very wide graded if 2.5 < d85/d15 < 5. Consequently, several design
aspects need to be re-examined to account for the extremely wide
graded material composition and to ensure a stable scour protection.

Thus, this chapter intends to provide application-oriented recom-
mendations for the design of scour protection with widely graded
material by discussing the feasibility of linking available (chapter 2.2)
and newly gained (chapter 4) knowledge on the erosional behaviour
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of graded sediments to present design methods for scour protection
around offshore foundations. Instead of aiming at the definition of a
complete new and customized design process for widely graded ma-
terials, the given recommendations follow a practical approach of ex-
panding available design concepts at this point. Until further studies
provide sufficient data for the derivation of a holistic design concept,
these recommendations might already improve the scour protection
design by highlighting interfaces within the design, at which the in-
fluence of sediment gradation is particularly crucial.

In addition, while the recommendations focus on the determina-
tion of required stone sizes for a statically stable protection against
shear failure as part of the actual design stage, other failure modes
(e.g. filter stability) are not considered at this point. Furthermore, this
section does not intend to answer unresolved but not less important
questions regarding the economical and ecological footprint of widely
graded materials applied as scour protection in marine environment
compared to other protection systems. In particular, the following as-
pects regarding the influence on the scour protection design will be
discussed:

• Identification of interfaces within present scour protection de-
sign, which are crucial for the implementation of graded mate-
rial characteristics.

• Discussion and recommendations on suitable adjustments to
identified interfaces regarding graded material characteristics.

• Implementation into present scour protection design and as-
sessment of influences on required stone size based on a case
study.

• Limitations of the extended design approach.

5.1.1 Identification of interfaces

The stability assessment, as integral part of scour protection design,
is traditionally based on the determination of a certain stone size
with a resistance large enough to withstand the given hydraulic loads.
The integration of graded sediments into the scour protection design
might thus be directly linked to this dependency on a single stone
size. Obviously, a re-evaluation of the fixation on a single represen-
tative stone size would be reasonable, considering the differences in
material composition and erosional behaviour between uniform and
graded sediments. In a first step, before additional model tests can
deliver a more comprehensive stability criterion suited for graded
materials in the future, preferably obtained in large-scale tests with a
scour protection setup, a more adequate representation of graded ma-
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terial properties than the often-applied median diameter d50 should
be used.

In this context, options of expanding the typically scour protec-
tion design for graded materials are presented for both parts of the
resistance-load comparison, including the modification of bed rough-
ness, effective and critical shear stresses. Fig. 5.1 gives an overview
over possible interfaces for the calculation of required stoned sizes
within a static scour protection design based on the critical shear
stress concept by Shields, which should be adjusted to account for
graded materials characteristics.

Figure 5.1: Identification of interfaces for the consideration of graded ma-
terial properties within the determination process of required
stone size for a static scour protection.

Since graded sediments develop a stabilising armor layer over time,
several phases with different stability should be considered through-
out the design process. While the material will be loose during the
installation, a varying stability with developing armor layer might oc-
cur once the material is installed and exposed to flow. In addition, the
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composition of the armor layer might be repeatedly changing with
varying sediment supply coming from the surrounding sea bed. Thus,
the presented options for implementing graded material behaviour in
recent scour protection design include stability approaches for an al-
ready armored bed, in addition to approaches for loose material beds.

Selection of bed roughness parameter

An accurate description of bed roughness is essential for the estima-
tion of acting shear stresses, which in turn determine the required
stone sizes in a scour protection design. Here, the selected bed rough-
ness effects the shear stress through the definition of a dimensionless
friction (or drag) factor (cp. Eq. (2.15)). As pointed out in chapter 2.1,
numerous definitions for wave and current induced friction factors
(including the well-known Darcy-Weisbach, Chezy or Manning coeffi-
cients) are available, in which the bed roughness is usually expressed
by values of the equivalent sand roughness ks after Nikuradse (1933)
or by the roughness length z0, the height above the bed at which the
logarithmic velocity profile tends to zero. Based on the work of Niku-
radse (1933), the dependency between z0 and ks for a hydraulically
rough flow regime is given by z0 = ks/30, which should be almost
always the case due to the coarse stone size used in scour protection
applications. A comparison of several approaches for the wave fric-
tion factor and a discussion on their influence on the scour protection
design is given in De Vos (2008). As much smaller boundary layers
develop under waves than in tidal currents, due to the substantially
shorter flow periods of waves, significantly larger bed shear stresses
can be expected for waves than for currents for a comparable free
stream velocity (Nielsen, 1992). The influence of the current friction
formulation on the overall bed shear stress and the required stone
diameter might thus be of minor importance for design-relevant ma-
rine conditions. Nevertheless, a summary of logarithmic and power
law based friction factors for high and low relative submergence is
given by Powell (2014).

Traditionally, the equivalent sand roughness ks is described by mul-
tiples of a characteristic grain size, e.g. d50, d65, d84 or d90. With regard
to different hydraulic conditions (relative submerge height) and bed
material properties, empirical approaches are available in literature
that vary in a wide range between 2.5 d50 (Engelund and Hansen
(1967) for a flat sand bed) to 3.5 d90 (Charlton, Brown, and Benson
(1978) for gravel bed rivers). Reviews and summaries on the rela-
tion between grain size and equivalent sand roughness are given
in Van Rijn (1982), Dittrich (1998) and López and Barragán (2008).
For coarser beds, which are characterized by an inhomogeneous bed
structure, packing and the protrusion of large stones into the flow, a
grain size coarser than the average grain size, i.e. d84 or d90, is usually
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selected as being representative for the bed roughness (Powell, 2014),
although the selected grain size seems quite arbitrary. Recently, by
assuming a lognormal grain size distribution, Cheng (2015) derived
that the representative grain size diameter is increasing with the grad-
ing, which is expressed by the geometric standard deviation σg. For
a selected representative grain size, his analysis also suggested an in-
creasing bed roughness ks with increasing σg. Exemplary, for a value
of σg = 3, the bed roughness ks would be best represented by a factor
of 4.3 d84 or 3.2 d90. Assuming a very widely graded sediment with a
geometric standard deviation of σg > 5, as it is the case for the scour
protection material at the basis for this evaluation, the results would
even suggest a representative grain size d99 and value for ks > 5 d90.
However, the grain size distributions reported for the widely graded
scour protection material can hardly be expressed by a lognormal
distribution .

With recent advances in photogrammetric techniques and access to
laser scanning technology, the description of bed roughness in terms
of statistical parameters of the random bed surface elevations became
more popular (e.g. Aberle and Nikora, 2006; Aberle and Smart, 2003;
Bertin, Groom, and Friedrich, 2017; Mao, Cooper, and Frostick, 2011;
Marion, Tait, and McEwan, 2003). In particular, the standard devi-
ation of bed surface elevations has to be emphasized as promising
parameter. Smart, Duncan, and Walsh (2002) and Aberle and Smart
(2003) proposed a flow resistance equation by introducing the stan-
dard deviation of the bed elevations as roughness parameter. They
found, that using the standard deviation as roughness parameter im-
proves the flow resistance estimation compared to a bed roughness
characterization based on a single grain size. While these models can
account for the irregularity of the bed surface, they require detailed
measurements of the bed surface elevation, preferable obtained by
digital elevation models, to yield reliable estimates of bed roughness.
Thus, at this state, a bed roughness estimation based on statistical
parameters seems rather unpractical for the initial stage of scour pro-
tection design.

With the abundance of available roughness definitions and friction
factor approaches, it is evident, that there is no consensus on a uni-
versal description, suitable for a wide variety of bed characteristics.
Furthermore, friction factor approaches and bed roughness param-
eters are usually derived for natural river beds consisting of water-
worked sediments with round edges. As broken quarry-stone mate-
rial is used for scour protection, the applicability of those approaches
might be questionable. Studies on the influence of artificial broken
material on the bed roughness as well as on bed stability, given by
a potential increase of grain interlocking, are still limited. Maynord
(1991) evaluated resistance equations of logarithmic and power law
form for riprap beds made of gravel or crushed stone particles. For
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small scale roughness (high relative submergence), which should be
the case under offshore conditions, flow resistance was correctly de-
termined by using a standard logarithmic approach and a bed rough-
ness of ks = 2 d90. Overall, a power law approach based on d90 is
recommended for small scale and intermediate scale roughness. How-
ever, the considered riprap materials are characterized by a relatively
small geometric standard deviation of σg > 2.2, compared to the
wide-graded material used in Schendel, Goseberg, and Schlurmann
(2015, 2016, 2017).

Gessler (1990) re-evaluated tests of Little and Mayer (1976), who
conducted a study on armoring with crushed materials, to obtain
friction factors for armored river beds. Based on the calculated con-
trolling roughness, Gessler (1990) derived Shields parameters for the
tests of Little and Mayer (1976) and compared them to those for
tests of Gessler (1965) and Proffitt (1980). He found a 33 % smaller
Shields parameter for beds with crushed materials compared to beds
with rounded material. While this difference might be explained by
the different grain shape, Gessler (1990) found the difference to be
based on the grain weight instead, which is for the same sieve size
systematically lower for crushed than for rounded materials. Never-
theless, the results of Gessler (1990) were adopted by DVWK (1997)
with a recommended increase of roughness for crushed materials of
ks,crushed = 1.3 ks,round.

The definition of an appropriate roughness parameter is further
complicated by the fact that graded sediments tend to develop a
coarse armor layer over time (cp. chapter 2.2) if σg > 1.3 (Little and
Mayer, 1976). Assuming a dependency of roughness to armor layer
composition (Gomez, 1993), the roughness becomes a temporally vari-
able quantity depending on sediment supply and flow regime and
direction. Given the common approach of relating the bed roughness
to a certain grain size, one might try to estimate the roughness of
an armored bed based on its grain size composition. The approach
of Günter (1971) allows an estimation of the grain size distribution
of a maximum coarse static armor layer based on the composition of
the initial sediment bed. However, exposed to similar flow conditions,
the composition of static armor layers is coarser than that of mobile
armor layers. Furthermore, Mao, Cooper, and Frostick (2011) found,
that due to a more complex particle arrangement and poorer inter-
locking, mobile armor layers exhibit a larger vertical roughness than
static armor layers, which feature a more coherent surface structure.
As the random surface of armored beds is additionally strongly char-
acterized by the formation of irregular bed structures, a bed rough-
ness description only by means of grain size composition would be
subject to significant inaccuracies.

The aforementioned approaches provide valuable information on
the range of expected roughness and on the influences, that have to be
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considered when dealing with graded sediments. The applicability of
those approaches for the exceptional characteristics of the considered
widely graded quarry-stone material remains arguable, especially if
they are derived on empirical basis. Thus, additional information on
the roughness of this very material might be obtained from the results
of the tests presented in Schendel, Goseberg, and Schlurmann (2016).
Here, based on velocity measurements conducted over the statically
stable armor layer at the end of the tests and by assuming a logarith-
mic velocity profile, roughness lengths were determined. Averaged
over all measurement positions and applied loads, values of ks be-
tween 81 mm and 153 mm were found for the individual experiments.
Following the single grain size approach, these values resemble fac-
tors of ks = 0.8− 1.5 d84 or ks = 0.7− 1.3 d90. No increase of roughness
with increasing load could be found, which might be attributed to the
fact, that exerted flow velocities were not large enough to entrain the
larger fractions, which in turn are responsible for the roughness as
derived before. It should also be noted, that these roughness values
are based on selective velocity measurements over a very irregular
bed with high spacious variability of surface elevations.

Recommendation: The very complex fluid-sediment interactions
of graded sediments, expressed by hiding and exposure processes, ar-
mor layer development and particle arrangement (clustering), which
are also very depending on sediment composition and hydraulic
regime, render an recommendation for the bed roughness difficult.

At present, and despite the fact that the bed roughness of gravel
beds is obviously not only dependent on their grain size composi-
tion, a roughness assessment based on a single representative grain
size might be the most practical approach. Based on the variety of ap-
proaches, a bed roughness formulation based on d90 seems reasonable
for a widely graded quarry-stone material. As a conservative value,
which considers the exceptional sediment grading, the influence of
particle shape and a possible increase of roughness with developing
armor layer, a bed roughness in the range of ks = 2− 3 d90 is thus
recommended. A value of ks = 3 d90 is in agreement with the value
proposed by Van Rijn (1982) and later adopted by CIRIA (2007) for
graded sediments. The difference in obtained roughness, and thus
bed shear stress, compared to the usually applied approaches based
on d50 (De Vos et al., 2011, 2012; den Boon et al., 2004; Soulsby, 1997)
will get larger with increasing material grading, as d90 and d50 are
diverging more and more.

Selection of design stone size

The design process, first and foremost, requires the definition of a
suitable stone size for which the stability of the scour protection is
designed for, and of which the critical Shields parameter in Eq. (2.52)
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is dependent. It goes without saying, that this stone size should rep-
resent the overall stability behaviour of the applied material. As men-
tioned before, the erosion stability of gravel beds in rivers and streams
is usually assumed to be controlled by a mean grain size of the bed
surface (cp. chapter 2.2.2). Similarly, the design of required stone sizes
for armor stones or riprap is typically related to the d50 diameter or
to the nominal dimension of an equivalent cube dn,50 (CIRIA, 2007).

While the selection of an appropriate reference stone size might be
trivial for uniform sediments, it becomes more and more important
with increasing grading as the critical shear stresses between individ-
ual fractions can vary significantly according to the stability concept
of Shields (1936). On one hand, a design towards a stable d50 diame-
ter for a widely graded material would result in uneconomically large
maximum stone sizes dmax. On the other hand, choosing dmax as rep-
resentative stone size could lead to an unmanageable large amount
of erosion of finer grain material and might also prevent the develop-
ment of the protective armor layer.

In addition, as graded sediments are subjected to a transient armor-
ing process, the grain size composition of the bed surface changes
over time. The relative size of the grain fraction considered for the de-
sign might thus considerably coarsen over time, along with the grain
size distribution of the surface material, until an equilibrium state
with maximum bed stability is reached. Therefore, it might be nec-
essary to consider at least two distinct states of bed stability for the
design: (a) stability shortly after the installation of the material, tak-
ing into account the composition of the parent material and (b) max-
imum stability under the expected design load, considering a fully
developed armor layer with a composition significantly coarser than
that of the parent material. For production purposes, the correspond-
ing stone size of the parent material then needs to be re-calculated, if
the required stone size is designed towards maximum bed stability.

The differences in grain size distribution between a fully developed
armor layer and the parent material can be estimated by approaches
proposed by Günter (1971) or Schöberl (1979). Alternatively, as will
be shown in the following section, stability approaches for fully de-
veloped armor layer can be used that are based on the composition
of the parent material. If designed against the same hydraulic load,
the coarsening of graded materials over time thus entails smaller re-
quired stone sizes for widely than for uniformly graded materials,
regarding the production relevant initial material composition.

Despite that the stability of armored beds is most often only related
to mean grain diameters, a considerably influence of the coarser frac-
tions on the armor layer development and thus stability may be as-
sumed. Chin, Melville, and Raudkivi (1994) found that the formation
of the armor layer is strongly dependent on the coarser 16 % of the
initial grain size distribution. They defined a stability approach that
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makes use of the ratio dmax/d50, with d50 as the median grain diame-
ter of the parent material. Recently, MacKenzie and Eaton (2017) com-
pared the stability and morphodynamical implications of two nearly
identical sediments, slightly differing only regarding their d90 grain
size. The results suggest that channel stability is controlled mainly
by the coarsest grains on the bed surface instead of the median sur-
face grain size. As mentioned earlier, Little and Mayer (1976) found
the d95 diameter of the parent material to mark the upper limit of
potential critical shear stresses, meaning that as long as the applied
shear stress is smaller than the critical shear stress of the d95, a stabil-
ising armor layer will form eventually. With the intention to design
the required stone size for the state of maximum bed stability, i.e. a
fully developed armor layer, the d95 diameter might thus prove to be
a reasonable choice for a representative grain size. To account for a
sediment gradation that is typical for well-graded riprap protection,
Breusers and Raudkivi (1991) suggested a representative grain size
that is approximately equal to the d67 diameter of the mixture. This
diameter was later adopted by De Vos et al. (2011) for their proposed
static design approach.

Yet again, those studies can only provide a first indication regard-
ing the definition of a representative stone size and their applica-
bility for the extremely widely graded material of interest remains
questionable. The comparison conducted by Schendel, Goseberg, and
Schlurmann (2016) of critical shear stresses with several available sta-
bility approaches revealed that the stability of widely graded material
might be best represented by the dσ diameter of the parent material
composition. This representative diameter was introduced by Patel
and Ranga Raju (1999) as the product of the geometric mean size
and the geometric standard deviation of the material. For the widely
graded material in Schendel, Goseberg, and Schlurmann (2016) this
diameter resembled values that were approximately equal to the d95

diameter of the parent material. However, it has to be noted, that the
exerted shear stresses were insufficient to entrain grain sizes larger
than the d50 diameter, so that the state of maximum bed stability of
the tested material was not reached.

Recommendations: Although still limited in amount and consid-
ered sediment gradings, available studies generally acknowledge the
importance of coarser fractions for the armor layer development and
stability behaviour of widely graded grain material. The usage of d90

of the parent, production-relevant grain size distribution as the rep-
resentative stone size might depict a good compromise between a
design value that allows the development of an armor layer and, at
the same time, ensures economical sized maximum stone sizes. If
needed, e.g. for a comparison with required stone for a more uni-
formly graded granular scour protection, further relevant grain di-
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ameter can be calculated by assuming a Rosin-Rammler distributed
grain size composition.

Modification of critical and effective shear stress

According to the stability concept of Shields (Eq. (2.52)), the design
of a required stone size involves the definition of a critical Shields
parameter depicting the critical condition for incipient motion of the
considered grain fraction. For rough turbulent flow, commonly a
value of θcr = 0.055 is quoted as critical Shields parameter, reflect-
ing the critical condition for the median grain size d50 in a nearly
uniformly graded sediment. Although this value has been constantly
revaluated over the years and generally found to overpredict the
grain stability (Buffington and Montgomery, 1997), it was adopted in
many scour protection approaches including Soulsby (1997) and den
Boon et al. (2004). Given the uncertainty related to the definition of a
universally valid value for θcr, CIRIA (2007) recommended the usage
of more conservative values of θcr for the design of armor stones and
riprap, i.e. θcr = 0.030− 0.035 as criterion for initiation of motion and
θcr = 0.050− 0.055 if limited stone movement is allowed. To account
for the effects of material gradation, De Vos et al. (2011) applied a
value of θcr = 0.035 combined with a d67 diameter as reference grain
size instead of a d50 diameter, probably assuming a grain indepen-
dent mobility and consequently a constant critical Shields parameter
for all grain sizes.

However, in a sediment bed consisting of differently sized grains,
the stability of any individual grain size considerably differs from
that in a uniform bed of this very grain size (cp. chapter 2.2.2). As
pointed out by Buscombe and Conley (2012), due to hiding and ex-
posure effects, graded sediments are more equally mobile than that
predicted by determination of the critical Shields parameter for each
grain size, so that the behaviour of graded sediments cannot be as-
sessed by just applying knowledge obtained from the uniform case.
To account for the effects of sediment grading, hiding functions in
the form of Eq. (2.38) are used that adjust the critical Shields param-
eter for the considered grain size by relating it to the critical Shields
parameter of a reference grain size.

As derived in the previous section, the d90 diameter of the parent
material composition might be most suitable to represent the stability
characteristics of the widely graded material of interest. Therefore, a
hiding function should be selected that preferably considers the d90

diameter as reference value. Hiding functions based on a different
reference grain diameter will entail an additional step in the design
of the required stone size as the initially unknown value of the ref-
erence diameter has to be calculated based on the d90 diameter and
the given grain size distribution first. The selection of an appropri-
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ate hiding function should also account for the state of armor layer
development the hiding function was derived for, i.e. state of maxi-
mum bed stability or not, and if a static or mobile armor layer was
considered. It goes without saying, that the hiding function should
also be derived for material characteristics close to the intended ma-
terial composition. For a comprehensive overview of available hiding
functions, it is again referred to Buffington and Montgomery (1997).

A comparison of hiding functions that are empirically derived
for sediments with similar grading or median grain diameter to the
widely graded material of interest is given in Schendel, Goseberg,
and Schlurmann (2016). Averaged over the three experiments con-
ducted by Schendel, Goseberg, and Schlurmann (2016) with widely
graded broken stone material, hiding functions related to either the
d50 or the dσ diameter of the parent material can be obtained:

θcr,i = 0.020
(

di

d50

)−0.389

(5.1)

θcr,i = 0.013
(

di

dσ

)−0.389

(5.2)

While the critical Shields parameter for a reference grain size d50 is
considerably smaller than the commonly used values of θcr = 0.055
or θcr = 0.030 as suggested by CIRIA (2007), its value θcr = 0.020 still
lies within the boundary spanned by the approaches reported in Buff-
ington and Montgomery (1997). The critical Shields parameter for a
reference diameter dσ reaches those of Patel, Patel, and Porey (2014)
and Wilcock, Kenworthy, and Crowe (2001). The small exponent in
Eq. (5.1) and (5.2), however, implies a higher selective, grain indepen-
dent mobility than in most other studies (e.g. Parker and Klingeman
(1982)), meaning that critical shear stresses will vary significantly be-
tween considered grain fractions, but still less than implied by the
Shields curve. Additionally, the results of Schendel, Goseberg, and
Schlurmann (2017) indicate slightly larger critical reference Shields
parameter under reversed flow conditions, while maintaining a simi-
lar grain independent mobility as under unidirectional current.

As alternative to the correction of critical shear stresses by a hiding
function, the effects of hiding and expose on the stability of individ-
ual stones in a nonuniform sediment bed can also be considered by
correcting the effective shear stress acting on the stones. According
to the findings of Day (1980), the effective shear stress should be ad-
justed because the individual stones are exposed to a different form
drag as the larger stones are more exposed to the flow and the smaller
stones are sheltered behind the larger ones. In contrast to the modi-
fication of the critical Shields parameter θcr by hiding functions, the
modification of the effective Shields parameter θ implies reducing its
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value for smaller stone sizes and increasing it for larger ones. Stem-
ming from the description of bed load transport of nonuniform sed-
iments, several approaches incorporating a modification of the effec-
tive Shields parameter are available, including those proposed by Day
(1980), Van Rijn (2007) and Buscombe and Conley (2012). A modifica-
tion of the effective Shields parameter might be particularly crucial in
high shear stress regimes such as sheet flows (Hassan, Kroekenstoel,
and Ribberink, 2001), where the effective Shields parameter is several
times larger than its critical counterpart. For issues related to incipi-
ent motion conditions, such as the design of required stone sizes for
scour protection, the adjustment of critical shear stress might be more
suitable, also because most hiding function recognise the armor layer
development as additional stabilising factor. As it has been shown by
Schendel, Goseberg, and Schlurmann (2015, 2016, 2017), the develop-
ment of an armor layer can be assumed under most flow conditions
inherent to estuarine and coastal environments.

Recommendations: For the moment, until more sophisticated, em-
pirically supported design approaches are available, the design of re-
quired stones sizes based on Eq. (5.1) and (5.2) should allow a more
appropriate stability assessment for a widely graded scour protection
than by applying a constant, grain independent critical Shields value
of θcr = 0.030 or even θcr = 0.055, that does not take the stabilis-
ing characteristics inherent to widely graded materials into account.
Nevertheless, the utilization of Eq. (5.1) and (5.2) for the design of
required stone sizes of a widely graded grain material comes along
with several uncertainties. In the experiments of Schendel, Goseberg,
and Schlurmann (2016) only grain sizes smaller than the d50 diameter
of the parent material were eroded, restricting the validity of Eq. (5.1)
and (5.2) to ratios di/d50 < 1. An application of those equations for a
d90 diameter thus assumes the extrapolation of their validity to ratios
di/d50 > 1, which might be a reasonable assumption considering the
trends of other hiding functions, but cannot be proven with concrete
data at this point. Furthermore, as the given assessment of bed stabil-
ity was empirically derived for a very specific material composition,
it should not be universally applied for materials with characteristics
significantly deviating from those used in Schendel, Goseberg, and
Schlurmann (2015, 2016, 2017). Instead, additional scrutiny in form of
systematic tests for the specific material of interest should be sought.

5.1.2 Implementation & Application

Based on an exemplary case study, the implementation of the recom-
mendations outlined above into the design process of required stone
sizes for a static scour protection system is described. To assess the in-
fluence of the resulting, novel design approach on the required stone
size for a widely graded grain material, a comparison to traditional,
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grain independent approaches, which are based on the mobility de-
scription of uniformly graded sediments, is added.

For the case study, a scour protection around a monopile (D =
6m) situated in typical North Sea wave and flow conditions is con-
sidered. Hydraulic conditions are based on a 50-year extreme event
hindcasted by DHI (2007) for the location of the FINO 1 research
platform. The water depth at this location is approximately 30 m. A
widely graded grain material is intended to be applied as statically
stable, single layer scour protection around the monopile. In accor-
dance with the material characteristics outlined in Schendel, Gose-
berg, and Schlurmann (2016), the grading of the widely graded ma-
terial is given by σg = 6, and the grain size ratio d90/d50 is specified
with d90/d50 = 2.5. The knowledge of the ratio d90/d50 is required
for the application of Eq. (5.1) as design approach, which is given the
preference over Eq. (5.2) for this case study as it simplifies the compar-
ison to traditional approaches using d50 as the reference grain diame-
ter. If the grain size ratio is unknown, it can be determined assuming
a Rosin-Rammler shaped grain size distribution. The required design
values are summarized in Table 5.1.

Table 5.1: Design values for a 50-year extreme event at FINO 1 platform. Hy-
draulic conditions are based on hindcast modeling by DHI (2007).

Hydraulic conditions:

JONSWAP wave spectrum

Significant wave height Hs 8.5 m

Wave period Tp 12.3 s

Orbital flow velocity Uw
a) 1.14 m/s

Tidal flow velocity U 1.3 m/s

Water depth h 30 m

Water density ρ 1030 kg/m³

Kinematic viscosity ν 10−6 m²/s

Wave-current misalignment α 0 °

Graded material properties:

Stone density ρs 2650 kg/m³

Ratio d90/d50 2.5

Grading σg 6
a) Calculated with Eq. (2.20).

The improved design process for the calculation of the required
stone size of a widely graded scour protection is depicted in Fig. 5.2.
Here, Step 1 involves the definition of the considered design stone
size that is assumed to be representative for the material stability.
Following the recommendation for widely graded material given in
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the previous section, a value of dcr,i = dcr,90 is selected. In addition, a
suitable roughness description as well as friction factor definition has
to be specified. Again, in line with the suggested description given
in the previous section, the bed roughness is defined as ks = 3 d90.
To allow a dedicated assessment regarding the influence of the bed
roughness on the required stone size, stone sizes were also calculated
for a bed roughness of ks = 2.5 d50.

Figure 5.2: Design process for calculation of required stone sizes for stati-
cally stable scour protection composed of widely graded grain
material.

The current friction factor is calculated based on Eq. (2.15) and
the wave friction factor determined using the approach proposed by
Soulsby (1997) given by Eq. (2.24). However, similar to the approach
of Swart (1974) the wave friction factor is limited to a maximum value
of fw = 0.3 for values of A/z0 ≤ 1.57. This limitation becomes nec-
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essary as the wave friction factor would otherwise rapidly increase
with every iteration, leading to extremely large bed shear stresses
and consequently unrealistically large required stone sizes.

Based on the friction factors, the load in form of acting bed shear
stresses is calculated in Step 2. The decisive bed shear stress for com-
bined wave and current conditions τmax is determined based on the
approach of Soulsby (1995), and further amplified using an amplifi-
cation factor of αamp = 2.2, which was obtained by experiments by
Sumer, Fredsøe, and Christiansen (1992) for a wave load with a KC
number of around 10. For the load in this case study, the selected
amplification factor should be on the safe side as the chosen wave
conditions result in a KC of only approx. 2.5. The critical shear stress
in Step 3 is either calculated by applying a traditional stability ap-
proach or by using the hiding function given by Eq. (5.1), and thus,
accounting for the equalization of grain mobility due to hiding and
exposure processes inherent to widely graded materials. For the tra-
ditional approach, one of two constant critical Shields parameters is
used, i.e. θcr = 0.035 or θcr = 0.055 as recommended by CIRIA (2007)
for the initiation of motion and limited stone movement, respectively.

Eventually, the required stone size can be calculated using the
Shields concept given in Eq. (2.52). The design of the required stone
size is an iterative process, as the calculated acting bed shear stress
is dependent on the bed roughness, which in turn is a function of
the required stone size. Consequently, the design process depicted in
Fig. 5.2 has to be repeated until a stone size is obtained for which the
critical conditions τcr ≥ τamp is fulfilled. In Table 5.2, the comparison
is made between the required stone sizes dcr,90 calculated with the
traditional approach and with the hiding function in Eq. (5.1).

Table 5.2: Comparison of required stone sizes dcr,90 in [m] for a considered
design stone size di = d90. For the traditional approach, a) corre-
sponds to a constant θcr = 0.055 and b) to θcr = 0.035.

Traditional
approach

with ks = 2.5 d50

Traditional
approach

with ks = 3 d90

Approach based
on Eq. (5.1)

a) b) a) b) ks = 2.5 d50 ks = 3 d90

0.57 1.41 1.44 2.32 1.41 2.32

The generally large stone sizes depicted in Table 5.2 are attributed
to the fact that the d90 grain diameter is considered as design value,
instead of the usually considered median diameter d50. Furthermore,
the critical Shields parameter of θcr = 0.035 as well as the hiding func-
tion in Eq. (5.1) conservatively assume incipient motion conditions,
and thus, the complete absence of stone movement. In engineering
practice, the required stone sizes would be reduced by tolerating a
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limited movement of stones or by increasing the thickness of the scour
protection.

As expected, the required stone size also correlates to the defini-
tion of bed roughness, regardless of the applied stability approach.
A bed roughness parameter defined as ks = 3 d90 leads inevitable to
larger stone sizes than a bed roughness parameter ks = 2.5 d50. At
first glance, the required stone size seems to remain independent of
the applied stability approach, as stone sizes calculated by the tra-
ditional (θcr = 0.035) and the new approach (Eq. (5.1)) are identical.
However, this is a remarkable coincidence caused by the initially de-
fined grain size ratio d90/d50 = 2.5. For this ratio, Eq. (5.1) results in
a critical Shields parameter of θcr = 0.014, which happens to be 2.5
times smaller than θcr = 0.035 used for the traditional approach, com-
pensating the influence of the stability approach on the stone size.
For a material gradation deviating from this specific ratio, there is
however a distinct difference in required stone size.

Figure 5.3: Comparison of calculated required stone sizes dcr,90 as a func-
tion of the ratio d90/d50 and based on design conditions given in
Table 5.1.

To illustrate the different effect of material gradation on required
stone sizes depending on whether the traditional (θcr = 0.035) or the
extended approach (Eq. (5.1)) is used, Fig. 5.3 shows calculated re-
quired stone sizes dcr,90 as a function of the grain size ratio d90/d50.
For grain size ratios d90/d50 < 2.5, the traditional approach underpre-
dicts the required stone sizes, while for grain size ratios d90/d50 > 2.5,
it significantly overpredicts the required stone sizes compared to the
extended approach given by Eq. (5.1). Following similar trends as de-
picted in Fig. 2.2, the comparison therefore confirms a less selective
grain mobility than would be predicted by a traditional approach
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based on uniformly graded material. As an application-relevant con-
sequence, Fig. 5.3 indicates that the larger the intended material gra-
dation the more economical the scour protection can be designed us-
ing the extended approach in Eq. (5.1), as required stone sizes can be
reduced significantly compared to the traditional approach.

5.1.3 Limitations

In this chapter, sensitive points within the design process of a stat-
ically stable granular scour protection are revealed, that are particu-
larly critical regarding the influence of material gradation on required
stone sizes. For scour protection made of widely graded materials,
these interfaces need to be modified to account for the stability be-
haviour inherent to widely graded materials exposed to flow. Based
on the insights gained in the experimental studies described in chap-
ter 4, explicit recommendations are given on how to integrate the
characteristics of widely graded materials in the current design pro-
cess, eventually leading to an improved design approach. However,
this also implies that the application of the extended design approach
is limited to material properties and hydraulic conditions investigated
in those studies. In addition, the given recommendations solely fo-
cus on the aspects of shear failure as critical failure mechanism for
the scour protection, excluding other possible failure modes like win-
nowing caused by insufficient filter stability. Widely graded grain ma-
terials contain very small grain size fractions that might reduce the
permeability and consequently could lead to an increased pressure
build-up particularly under vertical wave motion. The wide sediment
gradation could also affect the internal stability of the grain structure
in a way that segregation effects could occur. Without further tests
aimed directly at those failure mechanisms, it therefore cannot be
ruled out, that other failure mechanisms yield to be more decisive
regarding the scour protection stability than the considered shear
failure. Apart from technical aspects, the design process of a scour
protection does also involve the consideration of economical, logisti-
cal, and ecological factors. It would just not be plausible to design the
stability of a scour protection, whilst the economic viability of widely
graded material is not proven or as long as an ecological impact of
the inevitable erosion of finer grain particles on the surrounding en-
vironment cannot be dismissed.

Furthermore, as already pointed out, the hiding functions given in
Eq. (5.1) and (5.2) are derived from tests in which only grain sizes
smaller than the d50 diameter were entrained and the state of maxi-
mum bed stability could not be reached. The experiments were also
conducted without additional upstream sediment supply, allowing
the formation of a static armor layer, but at the same time represent-
ing unrealistic marine and coastal morphodynamic conditions. While



94 scour protection design with widely graded material

the results of Schendel, Goseberg, and Schlurmann (2015) revealed
a scour pattern around the monopile similar to that in sand, the ac-
tual influence of the structure on the flow characteristics, and thus,
on the load exerted to the scour protection was not determined. In-
stead, until a direct correlation between bed shear stress and failure
of the scour protection can be derived from further tests, the increase
of shear stresses near the pile has to be estimated by an amplification
factor, following common engineering practice.

Anisotropic erosion potentials between flow directions as a result
of a rough and inhomogeneous bed surface were demonstrated by
Schendel, Goseberg, and Schlurmann (2017) for reversed current sit-
uations. As this point, it is still unclear how to account for diverse
bed resistance within the design of a stable bed and scour protec-
tion. A first approach might involve the usage of a mean bed rough-
ness value derived from the statistical description of spatial-temporal
roughness attributes. This approach however would require a sub-
stantial database for a wide variety of material compositions and flow
conditions in order to provide values that can be used in the design
process of scour protections, where the actual bed surface structure
is not known.

Although the potential for a dynamically stable scour protection
has been proven, as the limited erosion of finer grain fractions results
in a stabilization of the bed surface, the improved design approach
only considers a statically stable system defined by a critical threshold
for the initiation of movement. The formulation of a design approach
for a dynamically stable protection additionally requires the defini-
tion of suitable damage criteria and stability thresholds. No critical
failure of the protective function (Schendel, Goseberg, and Schlur-
mann, 2015) or critical amount of bed degradation (Schendel, Gose-
berg, and Schlurmann, 2017) has been found, rendering the definition
of those values difficult. Again, further tests are needed, incorporat-
ing higher load conditions beyond the state of maximum bed stability
for the widely graded material. Further limitations stemming from
the experimental procedure are discussed in the publications intro-
duced in chapter 4.
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S U M M A RY & O U T L O O K

This thesis concerns the design of offshore foundation structures agai-
nst the structural deteriorating effects of scour. It was aimed at reduc-
ing uncertainties in the dimensioning process of those structures by
providing insights in previously neglected aspects of scour predic-
tion and scour protection design. In the context of the progressing
expansion of offshore wind energy towards unexploited waters and
considering the already showing consequences of climate change on
extreme weather events, more severe and complex hydraulic condi-
tions have to be taken into account for an accurate prediction of scour
development. Concurrently, a flexible but also economic scour protec-
tion system is needed that provides sufficient resilience against those
loads and is easily applicable independently from site-specific condi-
tions.

Thus, a series of novel experimental studies was carried out to
systematically investigate (a) the morphodynamical seabed response
around a foundation structure to complex marine flows and (b) the
stability of widely graded broken stone material and its potential as
alternative bed and scour protection system.

6.1 wave-current-induced scouring processes

As tidal currents decisively depict a determining factor for scour
in marine conditions, laboratory experiments were conducted that
focused on the emergence and development of scour around a
monopile structure in tidal flow conditions. To achieve a more re-
alistically representation of tidal currents than by previous studies,
tidal signals were appropriately scaled from field measurements,
resulting in bidirectionally reversing flow with continuously chang-
ing velocities. Novel insights on the intrinsic progression of sedi-
ment displacement and time scale of the scouring process around
a monopile were presented as a function of flow intensity. Because
of constantly varying sediment infilling and displacement processes,
the time development of the maximum depth under tidal flow was
found to be unsteady and was characterized by periods of stagnating
and decreasing scour depth. Following the oscillating velocities of
a tidal current, the development of scour depths depicted a return-
ing, distinct scheme with every tidal half cycle, especially in live-bed
conditions.

It can be assumed that the variability of scouring rates within the
course of a tidal half cycle cannot be represented appropriately by

95



96 summary & outlook

modelling techniques that considerably simplify unsteady tidal cur-
rents; for example, a square tide or a step-wise adjustment of flow
velocities. Accordingly, it is impossible to describe the characteristic
morphodynamical processes by using a constant and unidirectional
velocity value, as it is often required as many hydraulic test facili-
ties are restricted to unidirectional current generation. However, max-
imum scour depths in tidal currents might be estimated by a unidi-
rectional current within a reasonable degree of certainty, if a suitable
reference velocity is selected. A good approximation of scour depth
and rate with unidirectional currents was found by applying a veloc-
ity close to umax/

√
2 of the tidal signal, i.e. it’s true RMS value.

Furthermore, to account for typical offshore sea states, novel labo-
ratory experiments regarding the influence of wave directionality on
the scouring process at a monopile foundation were carried out. The
test program included experiments with multidirectional waves as
well as superimposed with oblique currents and were complemented
by tests with unidirectional waves to provide additional reference for
comparison. For all tests JONSWAP wave spectra were generated and
a transparent pile was used as substitute for an offshore monopile
foundation. Despite identical total wave energy between the multi-
and unidirectional wave spectra, distinct differences in scour depth
and rate could be observed, which inevitably can only be attributed
to the influence of wave spreading on morphodynamical processes
around the pile. In general, smaller scour depths have been found
due to multidirectional than induced by unidirectional waves. The
reduction of scour depths might be ascribed to the combining ef-
fects of energy dispersion, leading to reduced erosive potential in
the main wave direction, and to the asymmetrical and simultaneous
approach of waves towards the pile, hindering the formation of a
recurring, bidirectional vortex system around the pile. Nevertheless,
further tests have to be carried out that focus on the flow regime
around the pile to fully uncover responsible morphodynamical pro-
cesses leading to the differences in scour depth and rate.

The experiments on tidal and multidirectional wave induced scour
advance the knowledge of scouring processes in the marine environ-
ment. In addition, with respect to the scour prediction for offshore
structures, the following conclusions can be drawn:

• Flow directionality stemming from tidal currents or multidi-
rectional waves should be considered for the assessment of
scour progression over time, as scouring rates are significantly
affected in both cases compared to a unidirectional flow. The
accurate assessment of scour rates becomes important for the
estimation of time windows available for the installation of
offshore structures and its scour protection systems. Further-
more, the accuracy of numerical and hydraulic models greatly
depends on a precise description of expected scouring rates.
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• In tidal currents, maximum scour depths will be vastly overes-
timated if they are predicted based on peak tidal flow velocities
alone, possible leading to an uneconomic structural design of
offshore foundations. Instead, a flow velocity close to the true
RMS value of the tidal signal is found to represent maximum
scour depth best. Due to its simplicity, this approach provides
application-oriented relevance.

• A reduced scour potential due to wave directionality has been
been found in wave only conditions, which in turn lead to larger
scour depths in combined current and wave conditions. The
largest scour depths, however, were measured in conditions ap-
proaching the current only case, regardless of the amount of
wave directionality. Thus, in a current dominated regime, su-
perposition with waves reduces the scour depths that would be
obtained in current only conditions.

6.2 bed stability and scour protection design

As imperative for a reasonable assessment of its scour protection ca-
pabilities for offshore foundation structures, the erosive behaviour of
widely graded material subjected to marine flow conditions has to
be understood. Therefore, a coherent series of hydraulic experiments
was carried out to shed light on the material’s stability response to a
wide range of marine flow conditions, including unidirectional and
bidirectionally reversed current as well as spectral wave load.

• Under successively increasing current load the widely graded
material showed a highly selective mobility of finer grain frac-
tions, as opposed to the concept of equal mobility. As each grain
fraction will be entrained by a different shear stress, this find-
ing implies a wide range of potential critical conditions for the
bed stability, depending on the selected representative grain
size. The suitability of several representative reference grain
sizes was evaluated by comparing the results to different hid-
ing functions. It was found that hiding functions, which use the
dσ (approximately equal to d95 in this study) as reference size,
represent the material behaviour well.

• In oscillating currents, the assessment of bed stability is addi-
tionally complicated because exerted bed shear stresses were
found to be strongly dependent on the flow direction, causing
anisotropic flow resistance and erosion potentials. As a conse-
quence, larger critical bed shear stresses were measured for the
oscillating than for the unidirectional current case. In addition,
the progression of bed degradation with increasing flow veloc-
ity was determined and was found to be dependent on the size
of the median grain diameter.
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• Eventually, the material behaviour was tested under spectral
wave load. As under current flow conditions, the development
of a protective armor layer was observed, but also the possibil-
ity of material segregation in the direct vicinity of the monopile
structure. Induced by the vortex system, an inhomogeneous
level of armor layer development and consequently bed stabil-
ity around the monopile structure was thus given. The scour
development approached an equilibrium state over time, which
indicates the possibility to define threshold criteria for accept-
able damages for a dynamically stable scour protection system
in future studies.

These findings help setting a sound basis for the inherent characteris-
tics of widely graded material to be considered in scour protection de-
sign for marine and offshore structures. First application-oriented rec-
ommendations are given by incorporating those findings into present
scour protection design methods. The recommendations involve the
identification of sensitive interfaces within the design process of re-
quired stone sizes for granular scour protection systems, that are par-
ticularly critical regarding the influence of material gradation. Subse-
quently, suitable adjustments to the definition of bed roughness, the
selection of a representative stone size and eventually a modification
of critical shear stresses by means of hiding functions are discussed in
detail. The application of the proposed stability approach was demon-
strated by a case study, in which the required stone size for a gran-
ular scour protection at an offshore structure situated in the North
Sea was exemplary designed. If determined by the proposed stability
approach, required stone sizes significantly differed from those cal-
culated with traditional stability criteria, depending on the selected
material gradation.

6.3 future work

As facilities and numerical models are getting more and more sophis-
ticated, the justification for a simplified representation of hydraulic
flow conditions is not valid anymore. To fully understand scouring
processes at foundation structures and to further minimize uncertain-
ties regarding the scour prediction, future experiments should thus
strive towards the most realistic representation of flow conditions
given in the field. Regarding the scouring process in tidal currents,
this involves the consideration of rotary flow aspects, tidal range and
the oscillating boundary layer. To further elaborate the influence of
wave spreading, experiments incorporating a wider range of spread-
ing parameters should be sought. Eventually, for the assessment of
the scour development over the life-time of the foundation structure,
tests combining the directional aspects of tidal currents and short-
crested waves should be aimed for. In these long-term tests, scour
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depth and rate affecting backfilling processes can be reproduced by
subsequently changing flow regimes. Given the restrictions set by
model and scaling effects and the great effort generally coming with
laboratory experiments that deal with scouring, the synergy of physi-
cal and numerical experiments as well as in-situ monitoring is of par-
ticular importance and should continue to be pursued in the future.
Here, an easier and less restricted access to monitoring data would
be desirable.

While the erosion behaviour of widely graded broken stone ma-
terial has been investigated for several different load conditions, the
state of maximum bed stability was never reached. To define defi-
nite critical conditions and to provide information on the material be-
haviour after initial damage occurred, the material has to be exposed
to more severe hydraulic conditions in future tests. Furthermore, the
role of material composition on the bed stability must be further eluci-
dated by testing a wider variety of material gradation. Eventually, this
will allow the determination of a representative grain size as basis for
a specific stability criterion in form of a hiding function. Furthermore,
a suitable description of bed roughness and friction factors is neces-
sary for the calculation of acting bed shear stresses. As indicated in
this thesis, the bed roughness is depending on the flow direction and
the stage of armor layer development. Therefore, a detailed analysis
of the near-bed flow field induced by marine flow conditions should
be carried out.

Given that large turbulence intensities and nonuniform flow fields
are induced by the very rough structure of the bed surface, a sta-
bility assessment based on the Shields concept might involve great
uncertainties. The Shields parameter is derived for uniform flow con-
ditions and is based on time- and spatially-averaged shear stresses,
neglecting a locally increase of load due to turbulence. Alternatively,
the stone stability can be assessed by parameters that take the effects
of turbulence (Hoffmans, 2010; Hofland, 2005), pressure gradients
due to flow acceleration (Dessens, 2004) or of both aspects combined
(Steenstra et al., 2016) into account. Further detailed measurements of
near-bed turbulence are however required, in particular in the direct
vicinity to the structure the scour protection is intended for.

Regarding the stability of widely graded material and its perfor-
mance as a scour protection system, the experiments presented in
this thesis focused on shear failure. Other failure modes, particularly
insufficient filter stability, could however prove to be more critical to
the design of scour protection. Experiments addressing the internal
erosion and interface stability for different layer thicknesses under
horizontally and vertically oscillating flow are thus required.

Considering the proven potential of the widely graded material
to be used as scour protection, two follow-up research projects have
already been granted to further expand the knowledge on the ma-
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terial’s stability and allow the definition of a comprehensive design
approach. Funded by the EU’s Horizon 2020 Research and Innova-
tion Programme, the first project will involve large scale laboratory
experiments with combined wave and current loading. These experi-
ments focus on the derivation of a design approach for a dynamically
stable scour protection, but are also intended to provide data on vis-
cous scale effects inside the porous scour protection as well. In the
second project, which is part of marTech, a research project funded by
the Federal Ministry for Economic Affairs and Energy (BWMi), the in-
fluence of extreme hydrodynamic conditions, as they are expected to
come with climate change, will be investigated. Also, tests with var-
ious stone sizes and gradings are planned to optimise the material
composition of scour protection for practical applications.
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