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Abstract: This study aims to improve the design of scour protection around offshore wind turbine
monopiles, as well as future-proofing them against the impacts of climate change. A series of
large-scale experiments have been performed in the context of the European HYDRALAB-PLUS
PROTEUS (Protection of offshore wind turbine monopiles against scouring) project in the Fast Flow
Facility in HR Wallingford. These experiments make use of state of the art optical and acoustic
measurement techniques to assess the damage of scour protections under the combined action of
waves and currents. These novel PROTEUS tests focus on the study of the grading of the scour
protection material as a stabilizing parameter, which has never been done under the combined action
of waves and currents at a large scale. Scale effects are reduced and, thus, design risks are minimized.
Moreover, the generated data will support the development of future scour protection designs and
the validation of numerical models used by researchers worldwide. The testing program objectives
are: (i) to compare the performance of single-layer wide-graded material used against scouring with
current design practices; (ii) to verify the stability of the scour protection designs under extreme flow
conditions; (iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to
investigate the scale effects on scour protection stability.

Keywords: offshore wind turbines; large scale experiments; scour protection damage; wide-
graded materials; climate change conditions; optical measurements; acoustic measurements; waves-
current interaction
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1. Introduction

This study aims to improve the design of scour protection around offshore wind turbine monopiles,
as well as future-proofing them against the impacts of climate change. Offshore wind energy conversion
units (more commonly called offshore wind turbines) contribute significantly to the electric production
matrix and it is expected that their overall production will only increase in the near future. In fact,
several concessions have been granted, recently, by countries around the North Sea basin. This intensive
industrial development demands that strategic research covering every aspects influencing the useful
lifetime of offshore-based wind energy converters is undertaken. Currently, monopiles are the most
used support structure for offshore wind energy converters, which are usually arranged in large
numbers forming offshore wind farms. Offshore wind farms contribute significantly to the reduction
of greenhouse emissions by providing clean and renewable energy, contributing to efforts to deal
with climate change challenges. Monopile structures are large cylinders made of steel that are driven
into the seabed. The characteristics of the soil and the pile penetration depth provide the stability
needed for the monopile to withstand the harsh marine hydrodynamic loads (currents and waves).
The interaction between the monopile and the hydrodynamic loads produces an amplification of the
stresses applied to the seabed surrounding the monopile, leading to the development of a scour hole
which in turn reduces the bearing capacity of the monopile foundation. An overview of the studies
dealing with scouring processes can be found in [1,2].

Riprap material has successfully been used as a protective measure against scour and erosion
in river and coastal engineering. In river engineering, the study of scour protection made of riprap
material has been studied around bridge piers (see [3–5]). In the marine environment, breakwaters [6]
and cable protection are some of the specific examples where stone granular material is used as a
protective method against hydrodynamic action. In fact, Galay et al. [7] stated that “a stone riprap
layer has universal acceptance and proven performance under highly variable flow conditions”.
Scour protection around offshore monopile foundations, needs to consider different flow conditions
(currents and waves), larger water depths and a different density of the fluid (fresh water/sea water).

Five failure mechanisms of scour protection designs in the marine environments are enumerated
by Sumer and Fredsøe [2]: disintegration of the riprap layer (scour of the protective layer), winnowing
(removal of bed material from underneath the protection layer), edge scour, destabilization by bed-form
progression and, sinking of the protection material due to various factors (momentary liquefaction,
liquefaction due to build-up of pore pressure, scour below the individual stones, . . . ). Mainly, three of
these failure mechanisms have caught the attention of the coastal engineering community, namely,
disintegration, winnowing and edge scour.

The disintegration failure mode of an armor layer over a geotextile under different hydrodynamic
conditions was studied by De Vos et al. [8]. Static and dynamic stability of the armor layer were tested
in a model scale of 1:50 (all the scale factors consider a prototype monopile diameter of 5 m) under
different waves, currents and a combined action of both flows. Loosveldt and Vannieuwenhuyse [9]
extended the test dataset of De Vos et al. [8] by including larger grain sizes, by varying the water
depth and by performing a parametric analysis of the pile diameter (scales of 1:100, 1:50 and 1:40)
on the scour protection damage. Nielsen [10] focused on the winnowing of scour protection under
different waves and currents. The testing scales used for the unidirectional flow (current) experiments
were 1:35, 1:9 and 1:5. Nielsen [10] provided an explanation to the sinking of the scour protections in
the “Horns Rev 1” wind farm and gave improved guidelines for the design of filter layers through
the mobility parameter. Whitehouse et al. [11] evoked an optimization of scour protection design
taking into account rock size, density, number of layers and width of the cover. Finally, [12] performed
experiments using physical models with a scale ranging from 1:100 to 1:50 for the study of edge scour
under waves and currents.

Schendel et al. [13,14] presented large scale experiments of scour protection design under waves
and currents. The scale used for wave tests which included a monopile was 1:5, whereas the scale for
current tests without a monopile was 1:1. In the latter case, the material tested as scour protection was
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the actual prototype material. This work introduced a single armor layer composed of a wide-graded
material. ‘Wide-graded’ refers to a large gradation (ratio D85/D15, where D85 and D15 account for the
diameter larger than 85% and 15% of the mass of the material) of the granular material composing
the scour protection (D85/D15 > 1.5, for wide graded material and D85/D15 > 2.5 for very wide graded
material, see [15] Table 3.4). The usage of this novel technique could reveal itself to be easier to install,
as well as cost effective compared to a traditional two-layer scour protection design (filter and armor).
Nevertheless, it is concluded that more experiments should be carried out to fully understand the
stabilizing process of using wide-graded materials as scour protection. In this direction, [16] studied
different compositions of scour protection material in small scale experiments (scales ranging from
1:100 to 1:45) under a unidirectional current.

Deterministic design criteria exist for the classic narrow graded two-layer scour protection ([8,10])
but none has been established for wide-graded materials. Fazeres-Ferradosa et al. [17] proposed a
reliability analysis of the scour protection failure and a probabilistic design, without considering the
gradation of the scour protection material.

It is clear that there is a lack of (public) data for large-scale experiments of classically designed
scour protection solutions under the combined action of waves and current. Furthermore, to the
authors’ knowledge, the study of the grading of the scour protection material as a stabilizing parameter
has never been done under the combined action of waves and currents at large scale. By operating at a
large scale, model effects are reduced. This allows design uncertainty during the early stages of wind
farm projects to be reduced. To cover this data and knowledge gaps, large scale experiments have been
carried out in the fast flow facility (abbreviated as FFF) of HR Wallingford in the United Kingdom.
The PROTEUS (Protection of offshore wind turbine monopiles against scouring) testing campaign is
a collaborative effort between the Department of Civil Engineering at Ghent University (Belgium),
HR Wallingford (UK), the Ludwig Franzius Institute for Hydraulic, Estuarine and Coastal Engineering
at the University of Hannover (Germany), the Faculty of Engineering at the University of Porto
(Portugal), the Geotechnics division of the Belgian Department of Mobility and Public Works (Belgium),
and the International Marine and Dredging Consultants (IMDC nv) (Belgium). PROTEUS is performed
in the context of the European HYDRALAB-PLUS program and funded by the European Union’s
Horizon 2020 Research and Innovation Program. The aim of this manuscript is to present the PROTEUS
project and, specifically, to present the experimental setup, the methodology followed throughout the
study and quality of the unique dataset acquired during the testing campaign, which addresses the
data and knowledge gaps in scour protection studies. The novel PROTEUS experiments, presented
further in this paper, test the static and dynamic stability of different scour protection designs including
monopiles at two different large scales 1:16 and 1:8, under the combined action of waves and currents.
Most importantly, the obtained experimental data will be available publically for the international
research community, under HYDRALAB rules. The target outcomes of the experimental campaign
include: (i) study of wide grade material performance with respect to narrow graded materials;
(ii) study of scale effects in scour protection around monopiles; (iii) analysis of bed shear stresses in
wave-current flows; (iv) formalization of methodologies for the assessment of the damage of scour
protection. These topics will be the basis of our future work within the PROTEUS project.

2. Stability of Scour Protection Around Monopiles: Governing Physics

2.1. Governing Physics at A Glance

In the marine environment, sea water flows take the form of waves or currents. Such flows
apply shear stresses to the seabed (in intermediate and shallow waters in the case of waves). In the
presence of a monopile, flows are accelerated in the circumferential direction of the monopile, due to
the contraction of flow lines. Furthermore, complex highly turbulent flow structures appear at the
base of the monopile and at its wake amplifying the shear stresses [10]. The amplification of the shear
stresses in turn increases the erodible potential of the flow. In the case of an unprotected monopile
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base, scour develops. In the case of a monopile protected by a scour protection, the scour protection
material can be removed, eventually leading to the failure of the scour protection. To quantify the
amount of material removed by the flow with respect to the pile section and the nominal mean stone
diameter, the damage number has been introduced by [8], defined as detailed in Section 5.2.

2.2. Scaling in Experimental Studies

Scaling principles for hydraulic experiments can be found in [18,19]. As stated in [8], the scaling
of waves and currents should preserve the Froude, Fr, and the Reynolds, Re, numbers in experimental
studies. The Froude and Reynolds number are defined as follows:

Fr =
U√
gL

(1)

Re =
UL
υ

(2)

where, U is the velocity, g is the acceleration due to gravity, L is a length and υ is the kinematic viscosity
of the water. Scale effects arise from the impossibility of achieving Froude and Reynolds similarity
between model and prototype when scaling geometric lengths. Such scale effect can be reduced by
increasing the scale of the model. In hydraulic experiments, Froude similarity is normally considered
(see [19]).

To deal with the above described scaling issues, the large-scale tests within the PROTEUS project
have been introduced, which are described in the next sections. In the present study, scour protection
material, monopile diameter, water depth and wave height are scaled geometrically. Wave period and
current velocity are scaled using Froude similarity.

3. Experimental Setup

3.1. Experimental Facility

The FFF experimental facility is a race-track shaped flume (illustrated in Figure 1). It comprises a
main working channel, 4.0 m wide and 57.0 m long, and a secondary channel, 2.6 m wide and 50.0 m
long. The hinge flat type multi-element wave generator with active wave absorption (located at the left
in Figure 1) can deliver significant wave heights up to 0.5 m and a maximum wave height up to 1.0 m,
depending on the water depth. The water depth can be set in the range of 0.85–2.00 m. At the opposite
side of the wave generator (at the right in Figure 1), a beach made of sponge material passively absorbs
the generated wave trains. The axial pumps (located in the secondary channel) can deliver a discharge
of up to 3.5 m3/s and their reversible nature can provide a current propagation following or opposing
the waves.

A local reference system was established with the origin being at the front of the wave maker, in the
middle of the channel on the flume floor. The positive x-axis points into the wave propagation direction
(from left to right in Figure 1), the positive y-axis points upwards in the top view in Figure 1 and the
positive z-axis follows the gravity vector (see Figure 2). In the sketch of the main channel (Figure 2),
the position of the resistive wave gauges (abbreviated as WGs), the acoustic doppler velocity meters
(ADVs) and the scale model of a monopile are indicated. Further information on the instrumentation
can be found in Section 4.
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3.2. Monopile Scale Models

There are two variants of monopile scale models with two different diameters, Dp = 0.3 m and Dp

= 0.6 m, which were constructed from thin-walled metal wrapped around wooden cylinders of limited
height (Figure 3b). Each monopile model is placed in the wave flume with its center at x = 30 m and y
= 0 m, following the local reference system presented in Figures 1 and 2. Each model is attached to a
mounting base fixed at the bottom of the sand pit (Figure 3a). Iron wedges provide additional support
to the model by fixing it to the facility’s concrete floor (Figure 3c).Energies 2019, 12, x FOR PEER REVIEW 6 of 25 
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Figure 3. (a) Monopile mounting base; (b) monopile scale model (scale 1:16) waiting to be installed;
(c) monopile scale model placed on its support structure and external iron edges installed at the base.

3.3. Scour Protection Models and Sand Pit Preparation

The location of the sand pit (details presented in Figure 3a,c) with respect to the wave generator is
shown in Figure 1. The sand pit consists of a 4.0 m long, 4.0 m wide and 1.0 m high box. This sand
pit size provides the necessary area for testing large-scale scour protection models over a sand bed,
which is composed of uniform sand, mean size diameter 0.21 mm, for all tests. The filling of the
sand pit was done after the installation of each of the monopile scale models (Figure 3c). First the
sand carrier drops its load on the absorption beach side of the sand pit. Then, every load is evenly
distributed along and across the sand pit using shovels. Every two loads (around 20 cm thickness)
the sand is compacted using a vibration compactor. This is done to prevent lowering of the sand
bed level during the test phase. Once the sand pit is filled, the sand bed is flattened, the geotextile
is placed (for the relevant tests), and finally, the installation of the scour protection layer takes place.
To ensure the uniformity of the distribution of mass and fraction, the material is mixed and installed
using templates as shown in Figure 4a–e. Each composition of scour protection material is prepared
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from weighting every fractions of the prepared sieved rock material. A portion of the scour protection
material around the monopile is painted red, following methodology principles introduced by [8].
The painting is done to allow a good visual assessment of the damage in the scour protection model,
as the painted material is placed strategically in the region where the highest hydrodynamic loads are
expected. The painted area has diameter of two times the monopile diameter (referred to as the ‘inner
ring’) and is presented in Figure 4.Energies 2019, 12, x FOR PEER REVIEW 7 of 25 
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Figure 4. Installation of a scour protection scale model scale (scale 1:16.7). (a) Inner ring templates
placed around the monopile; (b) outer ring placement using templates; (c) finalized scour protection
model; (d) scour protection model placement over a geotextile; (e) placement of a scale model (scale
1:8.3) using larger templates.

The painting procedure is performed in a manner that avoids: (a) (substantial) modification of the
specific density of the scour protection material; (b) aggregates of paint and rock material which might
appear during the drying process, especially for the smaller fractions; (c) interference of paint pigments
with the optical characteristics of the laser scanner during the topography scanning. To obtain this,
the looseness of the material is ensured by mixing the stones whilst drying, and the compatibility of
the paint and the laser scanner is checked.

3.4. Experiment Execution

After the installation of the scour protection model, pictures of its initial state (before filling the
flume with water and before wave or current generation) are taken. The flume is filled and the initial
topography is scanned before the initiation of a test. In Figure 5, a flow chart of the tasks that need to
be performed for each test is presented.



Energies 2019, 12, 1709 8 of 25

Energies 2019, 12, x FOR PEER REVIEW 8 of 25 

 

 
Figure 5. Flow chart of experiment execution. The loop indicated using orange arrows is performed 
three times for Test No. 14 and twice for the other damage development tests. 

4. Instrumentation Setup 

During the testing campaign data is recorded in both the main and the secondary flume 
channels. In the main flume channel, the free surface elevations and 3D flow velocities are recorded 
at ten and two (point velocity measurements) locations respectively (see Figure 2), to characterize the 
flow in the vicinity of the monopile. In the secondary channel, the profile of horizontal flow velocities 
and the free surface elevation are measured at one location to characterize the current characteristics 
in the facility. The data acquisition system, the free surface elevation measurements and the two point 
3D flow velocity measurements start recording with the start of the axial pumps. The profile 
horizontal flow velocity measurement was initiated manually in a synchronized manner with the 
initiation of the axial pumps.  

Before the onset of motion tests and after every damage development test, the topography of the 
scour protection model is measured. The topography measurements provide the initial, intermediary 
and final state of the scour protection model. Photographic material is produced before filling and 
after draining the flume. The summary of the measured parameters and instrumentation used is 
shown in Table 1. 
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4. Instrumentation Setup

During the testing campaign data is recorded in both the main and the secondary flume channels.
In the main flume channel, the free surface elevations and 3D flow velocities are recorded at ten and
two (point velocity measurements) locations respectively (see Figure 2), to characterize the flow in the
vicinity of the monopile. In the secondary channel, the profile of horizontal flow velocities and the
free surface elevation are measured at one location to characterize the current characteristics in the
facility. The data acquisition system, the free surface elevation measurements and the two point 3D
flow velocity measurements start recording with the start of the axial pumps. The profile horizontal
flow velocity measurement was initiated manually in a synchronized manner with the initiation of the
axial pumps.

Before the onset of motion tests and after every damage development test, the topography of the
scour protection model is measured. The topography measurements provide the initial, intermediary
and final state of the scour protection model. Photographic material is produced before filling and after
draining the flume. The summary of the measured parameters and instrumentation used is shown in
Table 1.
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Table 1. Measured parameters and instrumentation.

Measured Parameter Instrumentation

Free surface elevation Resistive wave gauges (WGs)

Flow velocities
3D point measurements Acoustic doppler velocity meters (ADVs)

Profile measurements of the
horizontal velocity Aquadopp profiler

Scour protection model topography ULS-200 laser scanner
Photographic material Cameras

4.1. Free Surface Elevation Measurements

Resistive wave gauges (abbreviated as WGs) are used to measure the free surface elevation at a
sampling frequency of 100 Hz. These 1.2 m long gauges (shown in Figure 6) are partially immersed in
water, and the output voltage is proportional to the immersed portion of the wave gauge. The locations
of the 10 WGs along the main flume channel in the (x, y) plane of the local reference system are
presented in Table 2. Four WGs are placed in front of the monopile (WG1–WG4), four downstream
the monopile (WG7–WG10) and two on each side of the monopile (WG5 and WG6). The vertical
positioning of the WGs depends on the water depth, and they are placed such that the middle of the
WG length lies at the still water level which is measured in the secondary channel. WGs record the
(incoming, reflected, transmitted and diffracted) wave field in the vicinity of the monopile.
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Figure 6. Example of resistive wave gauge used during the Protection of offshore wind turbine
monopiles against scouring (PROTEUS) project.

Table 2. Positions of the wave gauges following the local coordinate system indicated in Figures 1
and 2.

Wave Gauge No. Position in x-Direction (m) Position in y-Direction (m)

WG1 22.59 1.97
WG2 23.49 1.97
WG3 24.48 1.97
WG4 26.00 1.97
WG5 30.24 1.97
WG6 30.19 −1.95
WG7 34.60 1.97
WG8 35.50 1.97
WG9 36.53 1.97

WG10 38.91 1.97
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4.2. Velocity Measurements

Velocity measurements are performed using three devices; two Acoustic Doppler Velocity meters
(abbreviated as ADVs), Nortek Vectrino II type (Figure 7a) with a sampling frequency of 100 Hz, and an
Acoustic Doppler Velocity Profiler (abbreviated as Aquadopp), Nortek Aquadopp HR 2MHz profiler
type (Figure 7b), with a sampling frequency of 1.0 Hz. The ADVs measure the three dimensional
components of the flow velocity over 3.0 cm (it is considered in this case as a point measurement),
while the Aquadopp measures the magnitude of the velocity and its direction parallel to the x-axis.
During the calibration stage, the Aquadopp is positioned at x = 30.0 m and y = 0.0 m in the main
flume channel, at the planned position of the monopile. During the testing stage, the Aquadopp
was moved to the secondary flume channel in order to prevent any flow disturbance near the model.
The Aquadopp is placed facing downwards at a height of 0.86 m from the flume floor and provides a
measurement of the current undisturbed by the monopile or/and the waves. The spatial resolution
for the Aquadopp measurements is 1.0 cm starting from a distance of 11.0 cm from the device’s head,
which is the blanking distance of the instrument. The Aquadopp discretizes the water column in bins
with a size corresponding to the spatial resolution of 1.0 cm. For instance, for Test 04 the last bin,
number 73, is located at a distance of 83.0 cm from the Aquadopp head.
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Figure 7. Instrumentation used for velocity measurements: (a) two ADVs placed above the sand pit;
(b) down-facing Aquadopp profiler placed in the secondary flume channel. The Aquadopp vertical
position was z = −0.83 m for water depths 0.9 m and 1.2 m and z = −0.91 m for water depths 1.5 m and
1.8 m.

The ADVs are placed above the sand pit at the side of the main flume, just downstream the
monopile, outside the influence of its wake (Figure 2, Figure 7a). The ADVs aim to capture the resulting
3D velocity components of currents and the waves’ orbital velocity components in the vicinity of the
monopile. The housings of the ADVs (black casings in Figure 7a) are hollow and buoyant, and therefore
they were buried in the sand and weights were placed over them to ensure that they remain underneath
the seabed. Due to their placement, the positive direction in the x-axis is the inverse of the local
reference system. The Aquadopp’s and the ADVs’ locations are summarized in Table 3. The vertical
position (0.4d, where d is the water depth) of the ADVs was chosen in order to be outside the boundary
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layer, at this vertical position, the flow velocity is considered characteristic of the flow velocity in the
water column near the monopile.

Table 3. Positions of the Aquadopp profiler and the two ADVs following the local reference system,
as indicated in Figures 1 and 2.

Instrument Position in x-Direction (m) Position in y-Direction (m) Position in z-Direction (m)

Aquadopp 29.5 0 (middle of secondary flume) −0.86
ADV1 30.30 1.70 −0.4d
ADV2 31.60 1.70 −0.4d

4.3. Scour Protection Topography Measurements

The topography of the scour protection model is measured using an ULS-200 underwater laser
scanner which operates at 7 Hz (7 mm/s) mounted in a traverse system above the scour protection
model (Figure 8). The vertical resolution of the ULS-200 is 1 mm. A first topography scan is performed
after the placement of the scour protection model, with the flume filled with water, to provide the
initial state of the scour protection model. Damage development tests are composed of two or three
wave trains. After each wave train the topography of the scour protection model is measured using
the laser scanner. The damage is calculated by superimposing the laser scans.
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4.4. Optical Measurements Material

After the installation of the scour protection and before its removal, photographs are taken from
different optical angles using cameras. The visual analysis of the photographic material aims to
complete the laser scanner data in terms of patterns of stone motion and visual assessment of the scour
protection damage. Photos were taken at two different position heights at 7 different locations (C1–C7
in Figure 9). The first camera position (C1–C3) has an average height of 1.55 m above the sand pit,
while the second camera position (C4–C7) has a height taken at 2.13 m. The pictures are then merged
providing a complete view of the scour protection model.
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Figure 9. Camera position for photographic material recording.

5. Experimental Test Program

Two types of tests were carried out during this testing campaign, namely, onset of motion and
damage development tests for each of the scour protection models. The testing program objectives
were: (i) to compare the performance of single-layer wide-graded material used against scouring with
current design practices; (ii) to verify the stability of the scour protection designs under extreme flow
conditions; (iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to
investigate the scale effects on scour protection stability. The experimental conditions are summarized
in Tables 4–6. In Tables 4 and 5, the experiments’ basic hydrodynamic conditions and the hydrodynamic
variants are included. The variants of a test are performed successively. The variants of the onset of
motion tests test different wave heights and wave periods. The variants of the damage development
tests test different number of waves.

5.1. Onset of Motion Tests

During onset of motion tests, short regular wave trains (12 waves) were generated after reaching
a stable current velocity. The scour protection is observed throughout the propagation of the wave
train through the glass walls of the FFF, see Figure 1, in order to spot the motion of the scour protection
material. Motion of scour protection material (stones) refers to the displacement of a stone which size,
ds, is larger or equal to the mean stone diameter (ds > D50) for a distance at least equal to two times the
mean stone diameter [8]. Once it has been established that motion of the stones occurred, new wave
conditions are tested. The current generation is not interrupted in-between applying different wave
conditions. The test conditions for the onset of motion tests are shown in Table 4.
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Table 4. Onset of motion measured test conditions. The highlighted conditions are the ones where the
motion of scour protection material is spotted. S/N stands for the serial number.

Test
No.

Water
Depth

Monopile
Diameter

Current
Velocity

Test
Variant

Wave
Height Wave Period

S/N d (m) Dp (m) Uc (m/s) S/N H (m) T (s)

03 1.2 0.3 −0.25

A 0.22 2.94

B 0.28 2.94

C 0.27 2.94

D 0.33 2.47

E 0.39 2.47

05 1.5 0.3 0.27

A 0.20 2.91

B 0.22 2.93

C 0.28 2.98
D 0.32 2.94
E 0.35 2.94
F 0.32 2.51
G 0.37 2.48

07 1.2 0.3 −0.23

A 0.25 2.94

B 0.29 2.94

C 0.33 2.46
D 0.31 2.46

09 0.9 0.3 −0.23
A 0.20 2.46
B 0.22 2.06

C 0.26 2.08

11 1.8 0.6 −0.39

A 0.50 3.50
B 0.37 3.48

C 0.42 3.48
D 0.54 3.48
E 0.41 2.84

F 0.46 2.85

G 0.50 2.83
H 0.56 2.85

The onset of motion tests with clear motion of the scour protection material are highlighted.

The visibility in the flume was not good when the current was established due to suspended
sediment. Once the wave generation started, the sediment transport was enhanced and the turbidity
of the water increased substantially. Therefore, the results of the onset of motion test need to be
considered with care because of their qualitative nature.

5.2. Damage Development Tests

Damage development tests assess a dynamically stable design of scour protections. Such design
allows some motion of the scour protection material. From this perspective, failure is considered if
armoring material is removed over a minimum area of four armor units (4 × D50

2, D50 is the mean
stone diameter of the scour protection model). Such a design of the scour protection allows very little
motion of the scour protection material. The criteria for assessing the damage undertaken by the scour
protection is the global damage number, S3D. Following the methodology presented by [8], the scour
protection model is subdivided into subsections with an area equal to the area of the monopile as
shown in Figure 10.
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Figure 10. Sketch of the scour protection model around the monopile divided in subsections as
in [8], with the inner ring in red. The waves and current propagation directions are also indicated.
The decomposition in subsections is made depending on the direction of propagation of the current.
The present setup is for a current propagation opposing waves, the setup should be mirrored if the
current follows the waves.

The damage number of each of the subsections is calculated from the eroded volume, Ve,
the nominal mean diameter, Dn50, and the monopile diameter, Dp, using the formula:

S3D,sub =
Ve

Dn50π
Dp

2

4

(3)

The global damage number is obtained by considering the maximum damage number of
the subsections:

S3D = max
(
S3D,sub

)
(4)

According to [8], a conservative value for the maximum acceptable global damage number is 1.1.
This value is still debated as shown in [20]. Damage development tests are performed in a similar
way as the onset of motion test; when the current has reached the desired velocity, a long wave train
is generated (1000 irregular waves). The current is stopped when the wave train is completed and a
topography laser scan takes place. Then, the current is restarted and established, and a longer wave
train of 2000 irregular waves is generated and, finally, the last laser scan is performed. Test 14 had
an additional 2000-wave wave train, followed by a laser scan (Table 5). Ve will be determined by the
comparison of the topography laser scans. The (measured) test conditions for the damage development
tests are shown in Table 5. The acquisition, calculation and correlation of the quantities presented in
Table 5 are discussed in Section 6.
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Table 5. Damage development measured conditions.

Test
No. Variant

Significant
Wave

Height

Peak
Wave
Period

Main Channel
Computed

Average Flow
Velocity

Mean Flow
Velocity

Secondary
Channel

Mean
Flow

Velocity
ADV1

Mean
Flow

Velocity
ADV2

Number
of Waves

S/N S/N Hs (m) Tp (s) Ucomp (m/s) USC (m/s) UADV1
(m/s)

UADV2
(m/s) N (-)

04
A 0.25 2.45 −0.49 −0.70 −0.46 −0.46 1000
B 0.24 2.48 −0.50 −0.70 −0.46 −0.46 2000

06
A 0.28 2.20 −0.38 0.62 0.39 0.38 1000
B 0.28 2.20 −0.37 −0.59 0.39 0.38 2000

08
A 0.19 2.44 −0.50 −0.70 −0.46 −0.45 1000
B 0.19 2.44 −0.50 −0.70 −0.46 −0.45 2000

10
A 0.18 2.05 −0.33 −0.46 −0.30 −0.28 1000
B 0.16 2.05 −0.33 −0.46 −0.30 −0.29 2000

12
A 0.37 2.81 −0.50 −0.75 −0.51 - 1000
B 0.38 2.83 −0.51 −0.75 −0.52 - 2000

13
A 0.33 2.34 −0.57 −0.83 −0.63 - 1000
B 0.34 2.35 −0.57 −0.83 −0.63 - 2000

14
A 0.39 2.83 −0.51 −0.75 −0.49 - 1000
B 0.41 2.83 −0.51 −0.75 −0.49 - 2000
C 0.41 2.90 −0.51 −0.76 −0.49 - 2000

15
A 0.41 2.88 −0.49 −0.74 - - 1000
B 0.39 2.86 - - −0.49 - 2000

The intrinsic properties of the scour protection material, i.e., the mean stone diameter, D50, and the
gradation of the material composition, D85/D15, are stated in Table 6.

Table 6. Properties of scour protection composition and indication of usage.

Scour Protection Mixture No. Test No. Mean Diameter Gradation of the Material

S/N S/N D50 (mm) D85/D15 (-)

1 03/04 12.5 2.48
2 05/06 6.75 2.48
3 07/08/09/10 6.75 2.48
4 11/12/13 13.5 2.48
5 14 13.5 6
6 15 13.5 12

7 (Geotextile) 03/04/07/08 - -

Mixture 1 is the scale model of a grading 2–80 kg. A wide-graded material with a mean diameter
of 110 mm in prototype scale is studied at intermediate model scale by Mixture 2 and 3 and at large
scale model by Mixtures 4, 5 and 6. The variable between Mixtures 4, 5 and 6 is the gradation of the
material. Figure 11 presents the grain size distribution of the mixtures, as obtained from the fabrication
of the mixtures.
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The use of geotextile as a filter was studied in tests 03/04/07/08 at intermediate model scale.

6. Results and Discussion

Results from Test 04 are presented in the present manuscript. During Test 04, the hydrodynamic
conditions represent an extreme condition of a current with a velocity Uc = 2 m/s at prototype scale.
The scour protection model is subjected to considerable hydrodynamic loads. The visual assessment of
the damage is of “Level 2” (dynamically stable conditions) following the criteria presented in [11] used
for visual assessment of the damage levels:

• Level 1: Statically stable conditions (no or little movement of the stones);
• Level 2: Dynamically stable conditions (stone motion without failure of the scour protection);
• Level 3: failure of the scour protection.

This test results compared to the damage prediction formula presents the overestimation of
damage in scour protection material by current design practices.

Four testing phases are present during a damage development test. In order to depict these
testing phases, the free surface measurements of WG1 and the velocity measurements at bin 20 of the
Aquadopp are presented in Figure 12, throughout Test 04_B (i.e., variant B of Test 04). The initialization
of the tests refers to the phase of the current build up (indicated as “phase A” in Figure 12). In the
current stabilization phase, the discharge is maintained during 5–10 minutes, allowing the current’s
full establishment in the facility (indicated as “phase B” in Figure 12). The wave generation phase is
performed with a fully established, constant current (indicated as “phase C” in Figure 12). Finally,
during the finalization of the test, the current and wave generation are stopped (indicated as “phase D”
in Figure 12).

During “phase B”, it is assumed that the scour protection suffered did not suffer damage.
The fluctuations of the velocity measurements are due to the turbulent flow.
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Figure 12. Test 04_B measurement of WG1 (left vertical axis) and Aquadopp at bin 20 (right vertical axis)
with test phases: (“phase A”) Initialization of the test (time: 0–200 s); (“phase B”) Current stabilization
(time: 200–633 s); (“phase C”) Wave Generation (time: 633–5697 s); (“phase D”) Test finalization and
water level stabilization (time: 5691–6010 s).

6.1. Velocity Measurements Correlation

The four phases A–D, presented in Figure 12, are present in all the damage development tests.
The initialization phase A and the current stabilization phase are only performed for the variant A
(TestXX_A) of the onset of motion tests.

The current measurements are performed through means of the Aquadopp and the ADVs,
which allows the verification of the accuracy of the measurements. The starting point of the flow
analysis is the velocity profile measurements in the secondary channel, presented in Figure 13 during
the current stabilization phase B and during the wave generation phase C. From Figure 13, it is observed
that the mean velocity profiles of the flow do not differ significantly in the wave generation phase C
with respect to the mean velocity profile of the flow in the current stabilization phase B and, therefore,
the generated current can be considered constant in a test.
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The velocity profile measurements presented in Figure 13 were performed in the secondary channel
(Section 4). The main channel’s flow velocity can be acquired either by considering conservation of
discharge from the secondary channel, or by the point measurements of the flow’s velocity done by the
ADVs during the current stabilization phase B of Test 04_B. The discharge, Q, is expressed bellow as a
function of the section area of the flow, S, and the mean flow velocity, V.

Q = S·V (5)

In order to consider conservation of discharge, the section area of the flow must be computed, using
measurements of the secondary channel water level (SCWL) and the WG measurements (e.g., from
WG1), as presented in Figure 14 during the current stabilization phase B.
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Figure 14. Secondary channel water level (SCWL) and WG1 measurements during the current
stabilization phase B of Test 04_B.

In Table 7, the average water level measured in the main channel (MCWL) by the 10 WGs is
presented. The average water level in the main channel is found by averaging the mean water levels
measured by resistive wave gauges. It needs to be considered that, in the region where the WGs are
placed, the facility floor was raised by 6.5 cm (see Figure 1).

Table 7. Average main channel water level (MCWL), secondary channel water level (SCWL) and WG
water level measurements for test 04_B.

Avg.
SCWL (m)

WG1
(m)

WG2
(m)

WG3
(m)

WG4
(m)

WG5
(m)

WG6
(m)

WG7
(m)

WG8
(m)

WG9
(m)

WG10
(m)

Avg.
MCWL (m)

1.312 1.247 1.244 1.244 1.246 1.247 1.246 1.248 1.248 1.246 1.25 1.247

Using the ADVs, the average flow velocity in the main flume can be calculated by averaging
the measurements of the velocity x-components over the current stabilization phase B. The mean
velocity of the flow measured by the ADVs in the main channel and by the Aquadopp, and the velocity
of the flow, in the main channel, computed from the conservation of discharge and the Aquadopp
measurements in the secondary channel are presented in Table 8.

Table 8. Average velocity of the flow in the main and secondary channel acquired by different methods
and the computed velocity of the flow for Test 04_B in phase B.

Mean Flow
Velocity ADV1

Mean Flow Velocity
ADV2

Mean Flow Velocity
Secondary Channel

Main Channel Computed
Average Flow Velocity

UADV1 (m/s) UADV2 (m/s) USC (m/s) Ucomp (m/s)
0.46 0.46 0.70 0.50
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It is observed that the flow velocity in phase B presents a good correlation with the computed
flow velocity. The ADV measured average flow velocity presents a deviation of 8% with respect to the
computed flow velocity in the main channel. This deviation between the ADV measurements and the
computed flow velocity can be accounted for by the hydrodynamic action of the wave absorbing beach
or the monopile itself. This effect will be further studied using numerical modelling or a more in-depth
analysis of the measurements of the other tests performed during PROTEUS.

6.2. Free Surface Elevation Spectra

In Figure 15 the spectral densities of the free surface measurements from WG1, WG10 and the
target JONSWAP spectrum are presented. The comparison between the measured and the target
spectra show good agreement.
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The characteristic values of the free surface measurements carried out for irregular waves are
calculated and compared to the target wave characteristic values. The significant wave height
(Hm0 = Hs) is calculated by:

Hm0 = 4
√

m0 (6)

Tm−1,0 =
m−1

m0
(7)

Tm0,1 =
m0

m1
(8)

Tm0,2 =

√
m0

m2
(9)

where, m0, m−1 and m2 are spectral moments and Tm−1,0, Tm0,1 and Tm0,2 are characteristic spectral
wave period, respectively, wave energy period, first moment wave period, mean zero up-crossing
period. The n-th spectral moment is calculated from:

mn =

∫
∞

0
Sx( f )· f nd f (10)

where Sx(f ) is the spectral density function of the frequency, f the frequency and the infinitesimal
quantity, df. The peak wave period, Tp, is determined from the frequency bin at which the maximum
spectral density, Sx(f )max, occurs. The wave characteristics obtained from the spectral analysis are
presented in Table 9. From the wave characteristics, it is observed that the difference in Hm0 between
the target and the mean Hm0 measured value is of 6%. In terms of Tp this difference is 0.8%. It can be
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concluded that there is a good agreement between the generated spectrum and the target JONSWAP
(Joint North Sea Wave Project) spectrum.

Table 9. Wave characteristics from spectral analysis of the WGs measurements and mean values for
Test 04_B.

Parameter Significant
Wave Height

Peak
Period

Wave Energy
Period

First Moment
Wave Period

Mean Zero
Up-Crossing Period

Symbol Hm0 Tp Tm−1,0 (Te) Tm0,1 Tm0,2 (Tz)
Unit (m) (s) (s) (s) (s)

Target
value 0.225 2.46 - - -

WG1 0.255 2.40 2.49 2.21 2.04
WG2 0.258 2.40 2.50 2.19 1.83
WG3 0.257 2.56 2.50 2.18 1.77
WG4 0.249 2.40 2.50 2.21 1.89
WG5 0.226 2.40 2.53 2.24 2.08
WG6 0.273 2.40 2.47 2.21 1.91
WG7 0.215 2.56 2.54 2.25 2.03
WG8 0.219 2.56 2.52 2.22 1.79
WG9 0.222 2.56 2.51 2.22 1.79
WG10 0.222 2.56 2.57 2.249 1.98

Mean value 0.240 2.48 2.51 2.22 1.91

6.3. Wave Orbital Velocity Spectra

The same spectral treatment is performed to the point velocity measurements provided by ADV1.
The normalized spectra acquired from the point velocity measurements in the x- and z-direction,
WG1 and the normalized JONSWAP spectrum are presented in Figure 16. It is observed that fluctuations
of the point flow velocity measurements follow the same fluctuations in the wave measurements and
the target wave JONSWAP spectrum. Even if this result was expected, it is presented here to show that
further analysis on the velocity point measurements could provide valuable information on the wave
orbital velocity when waves propagate on a unidirectional flow.
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6.4. Scour Protection Damage Development Results

The results presented so far aim to show the accuracy in generating hydrodynamic conditions.
Here, the study of the dynamic and static stability of the tested scour protection models is introduced.
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Scour protection damage development tests, such as Test 04, are composed of at least two wave trains.
In Section 4, it has been stated that photographs were taken before and after the tests. In Figure 17,
the merged photographs are shown for Test 04. The initial state of the scour protection model can be
seen in the left panel (Figure 17a), and the final state after 3000 waves on the right panel (Figure 17b).
In Figure 17b the displacement of the scour protection material of the inner ring (red stones) can be
clearly observed in the direction of the current propagation. Furthermore, deposition of sediment
material is seen on top of the scour protection, outside the inner ring region.
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This initial visual assessment of the damage of the scour protection is corroborated by the
topographic laser scans shown in Figure 18. In Figure 18, the topography of the scour protection
material at the initial state, after 1000 waves (Test 04_A) and after 3000 waves (Test 04_B) are shown.
Regions with higher elevation are shown in red color, while the lower elevation regions are shown in
blue color. Through Test 04, in Figure 18, the development of two symmetrically eroded zones can
be observed in the wake of the monopile, in the direction of the current. Upstream, just in front of
the monopile in Figure 18, the development of scour is clear and shown by an increasing dark blue
region. Furthermore, upstream of the monopile, the sedimentation outside the inner ring is clearly
progressing from the scan after 1000 waves (Figure 18b) to the scan after 3000 waves (Figure 18c).
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characterise the scour protection material damage. The predicted damage of the scour protection 
material is obtained from the damage prediction formula (Equation (11)) presented by [8]: 
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Where,  is the damage number;  is the number of waves;  is the horizontal orbital wave 
velocity near the bottom; ,  is the wave energy period;  is the gravitational acceleration;  is 
the water depth;  is the relative stone density;  is the nominal stone diameter;  is the 
current velocity averaged over the water depth and  is the fall velocity.	 , ,  and  are 
non-dimensional parameters determined through fitting and take the value 0.00076, −0.022, 0.0079 

Figure 18. Topography of the scour protection material and of the sand pit measured by the laser
scanner before Test 03 (a), after the first 1000 waves of Test 04_A (b) and after 3000 waves at the end of
Test 04_B (c). The current propagation in this set of figures is from right to left.

From Figures 17 and 18 it is clear that the scour protection material has undergone damage caused
by the hydrodynamic action of the flow. This damage development becomes even clearer when each
subsection is considered separately, as in Figure 19.
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From the tested hydrodynamic conditions, the measured damage and the predicted damage of the
scour protection material are presented in Table 10. The S3D number is the indicator that characterise
the scour protection material damage. The predicted damage of the scour protection material is
obtained from the damage prediction formula (Equation (11)) presented by [8]:

S3D

Nb0
= a0

U3
mT2

m−1,0√
gd(s− 1)

3
2 D2

n50

+ a1

a2 + a3

(
Uc
ws

)2
(Uc + a4Um)

2√d

gD3/2
n50

 (11)

where, S3D is the damage number; N is the number of waves; Um is the horizontal orbital wave
velocity near the bottom; Tm−1,0 is the wave energy period; g is the gravitational acceleration; d is
the water depth; s is the relative stone density; Dn50 is the nominal stone diameter; Uc is the current
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velocity averaged over the water depth and ws is the fall velocity.a0, a2, a3 and b0 are non-dimensional
parameters determined through fitting and take the value 0.00076, −0.022, 0.0079 and 0.243, respectively.
a1 and a4 are adimensional parameters as well, they are both dependent on both the current velocity,
stone diameter ratio and the current direction:

a1 = 0 for Uc√
gDn50

< 0.92 and waves following current

a1 = 1 for Uc√
gDn50

≥ 0.92 and waves opposing current

 (12)

a4 = 1 waves following current
a4 = UR

6.4 waves opposing current

}
(13)

Table 10. Measured and predicted S3D number for Test 04_A and 4_B.

Test
No.

Mean
Grain
Size

Gradation Number
of Waves

Pile
Diameter

Water
Depth

Significant
Wave

Height

Peak
Period

Horizontal
Wave Orbital

Velocity

Mean
Current
Velocity

Predicted
Damage
Number

Measured
Damage
Number

D50 (mm) D85/D15
(-) N (-) Dp (m) d (m) Hs (m) Tp (m) Um (m/s) Uc (m/s) Predicted

S3D

Measured
S3D

Test
04_A 12.5 2.48 1000 0.3 1.2 0.25 2.45 0.177 −0.46 1.834 0.465

Test
04_B 12.5 2.48 2000 0.3 1.2 0.24 2.48 0.166 −0.46 2.141 0.675

More information on Equations (11)–(13) can be found in [8]. A significant deviation in magnitude
of the predicted and the measured S3D for the scour protection material can be seen from Table 10. It is
important to note that the damage prediction formula, Equation (11), was established for a monopole
scale model 1:50 while the monopole model scale of Test 04 is 1:16.7. This deviation could be due to
scale effects introduced by the model tests. In Table 10, UADV1 is considered as Uc. The horizontal
orbital wave velocity, Um, is determined from the orbital velocity spectrum as is [2].

Um =
√

2 σU (14)

σ2
U =

∫
∞

0
SU( f )d f (15)

SU( f ) is the power spectrum of the bottom velocity, computed from the spectral analysis of the
recordings of the ADVs, in Table 10, Um is computed from the measurements of ADV1.

7. Conclusions

The PROTEUS experiments performed at the FFF at HR Wallingford within the European
Hydralab-PLUS program have yielded a large dataset that provide a benchmark for large scale
experiments of scour protection designs around monopiles. The testing program objectives are (i) to
compare the performance of single-layer wide-graded material used against scouring with current
design practices; (ii) to verify the stability of the scour protection designs under extreme flow conditions;
(iii) to provide a benchmark dataset for scour protection stability at large scale; and (iv) to investigate
the scale effects on scour protection stability. The results will be made available in future studies
that will focus in more detail on the impact of specific parameters and methodologies of damage
assessment. This first presentation of the dataset obtained highlights the quality of the measurements
of hydrodynamic quantities and the scour protection model damage. There is a good agreement of the
tested hydrodynamic conditions with respect to the target hydrodynamic conditions. The comparison
of the basic analysis of the damage development results and the predicted damage shows that scale
effects are not accounted for by the considered prediction formula. Further analysis of the acquired
data will provide valuable insight into scale effects and the performance of wide-graded materials.
These experiments make use of state of the art optical and acoustic measurement techniques to assess
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the damage of scour protections under the combined action of waves and currents. These novel
PROTEUS tests focus on the study of the grading of the scour protection material as a stabilizing
parameter, which has never been done under the combined action of waves and currents at large
scale. Scale effects are reduced and thus design uncertainties are minimized. Moreover, the generated
data will support the development of future scour protection designs and the validation of numerical
models used by researchers worldwide. The target outcomes of the experimental campaign include:
(i) study of wide grade material performance with respect to narrow graded materials; (ii) study of
scale effects in scour protection around monopiles; (iii) analysis of bed shear stresses in wave-current
flows; and (iv) formalization of methodologies for the assessment of the damage of scour protection.
These topics will be the basis of our future work within the PROTEUS project. The PROTEUS project
will provide unique insight into the behavior of scour protections, improving the design of offshore
wind farms, securing the provision of clean and renewable energy, and contributing to deal with
climate change challenges.
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