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summary

The expanding offshore wind industry is facing challenges with excessive movement of the power
cables that connect offshore turbines to the grid. The casings that surround the exposed parts of
cables near structures, known as cable protection systems (CPS), show damage before the end of
their expected service life, requiring costly repair and maintenance. A potential solution is to stabilise
the CPS by placing one or more rock-filled mesh bag (rock bag) on top of it. There are multiple rock
bag manufacturers and distributors. The bags are made of polyester netting that is relatively flexible.
The sizes considered for this study are 4 and 8 ton (4000 and 8000 kg), but smaller and larger sizes are
available. Manufacturers recommend fill material with median diameters of 50 and 75 mm respectively.
Currently, little is known about the behaviour and stability of these rock bags in offshore environments.
The goal of this study is to expand the knowledge through empirical testing. The primary research
guestion is: What is the hydraulic stability of rock bags under wave loading in offshore application for
the stabilisation of CPS?

To answer this question, 480 experiments were conducted in a flume, measuring 36 metres in length
by 0.9 metres high and 0.76 metres wide, in the hydraulic engineering laboratory of Delft University
of Technology. Two set-ups were used, one with a flat rough bed, to test two or three rock bags side
by side and grouped formations of bags. The other is a realistic halved model of a monopile, scour
protection and CPS. Regular wave, irregular wave and combined wave-current conditions have been
tested. The scales used in the experiments are 1:40 and 1:30. Two scales are used to be able to detect
possible scaling effects. Scaling is principally done according to Froudeis law. A single monopile and
CPS are used for both scales, which represent different prototype sizes. The rough bed and scour
protection used are made of glued rocks.

The Froude scaling is adjusted for the fill material size, to account for differences in critical mobility and
density between model and prototype fill materials. To compensate for the difference in permeability
of the fill material between prototype and model scales, narrow-graded fill material is used to increase
porosity. Two bags are included with wide-graded fill material to determine the influence of the porosity
of fill material. The mesh material used for the model bags is tulle, which attempts to represent the
flexible prototype mesh. As the internal friction of the fill material might lead to the model bags moving
too much as a rigid body with smaller deformations as a result, several tests with glass spheres as
fill material are performed. In this way, a limit case for very low internal friction is made to be able to
determine the influence of a very deformable bag.

Due to the large influence of reflections for the high regular waves, an analysis method is developed
to account for the influence of these reflections on near bed orbital velocity. The orbital velocity for the
incoming wave is determined by fitting the 5th-order Stokes wave to the leading waves of the measure-
ment. The reflection was determined by subtracting this signal from the total wave signal. Next, the
spatial and temporal interference pattern of the final standing wave can be reconstructed. This method
was compared with velocity measurements that were performed at two locations between the set-up
and wave gauges. For the tests with increased constructive interference at the set-up, the increased
velocities were taken into account in the analysis. For the others the largest velocities of the leading
waves are used.

Analysis of before and after top images of the tests is used to establish a failure criterion. Bags that are
displaced by more than 1/6th of their diameter, approximately equal to a CPS diameter, are classified
as failed; those with less displacement classified as rocking; and with only local changes of the shape
or no differences are classified as stable. This corresponds to the four levels of movement observed
during the flat bed tests. These are: local internal material movement, partial bag uplift, rocking of the
entire bag, and overturning.
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The test results are compared to the empirical stability limit defined by Jacobsen et al. (2023). They
found a dependence of the stability on the ratio of inertia-drag forces expressed by the Keulegan-
Carpenter number KC = uT/Dy,. Where u is the amplitude of wave orbital velocity, T is the period of
the osculation and Drb is the diameter of the rock bag. From their results, the limit could be defined
up to KC = 15, but they hypothesised an extended limit for larger values, where the limit is constant.
Using the newly defined failure criterion, the results of the present study validate this extended limit as
a lower bound for the occurrence of failure in regular waves for KC < 25.

Based on the results, a comparison can be made between the stability in regular and irregular wave
fields. When orbital velocities are calculated with linear wave theory from the 2% exceedance proba-
bility wave height uz., wt and the peak period T, the stability limit seems to be a good predictor for
the occurrence of failure.

In regular wave tests, the bags filled with glass spheres were considerably less stable. Therefore,
internal friction is a relevant parameter that should be considered in physical model studies and designs
based on the outcome these studies. Itis suggested to include a factor in the stability limit to account for
the uncertainty about the scale effect of internal friction. With a minimum value equal to the difference
between the stability limit of low friction glass fill material and rock fill: 0:75 K¢ 1.

The size of fill material was varied in regular wave tests this did not result in large differences in stability
for the tested range. For irregular waves, there was a difference. In conditions that exceeded the
stability limit, bags that were filled with larger material were more likely to fail. This is unexpected, as
larger materials are generally expected to be less mobile.

Two bags were also made with wide-graded fill material to determine the effect of the narrow-graded
fill material. In regular wave tests there was little difference. In irregular wave tests the wide-graded
fill material bags were less likely to fail above the limit compared to the large fill material bags. There
were slight differences with the small narrow-graded material as well. Thus, it is recommended to use
narrow-graded fill material in further model tests, as these represent the porous flow mechanism much
better.

For grouped bags, the four bag diamond formation performed best. It is considerably more stable
compared to a single bag in the flat bed and full model set-up. An increase in stability of up to 1.5 was
observed. This can be represented in the stability equation by a factor of 1 Ky  1:5.

For the tested conditions, the addition of a steady current with magnitudes of up to 45% of the 2%
exceedance probability orbital velocity amplitude, did not alter the stability of the rock bags.

Bags placed close to a monopile for CPS stabilisation have a decrease in stability. This decrease is
proportional to the expected level of flow amplification near a monopile based on potential flow and
turbulence. The CPS appears to effect the failure mechanism by applying force to the bag. The loss
of stability can be accounted for with a factor in the stability equation Ky :

8
2%) if KC < 8:2

K, = - 0:122 KC if82 KC<15 Q)
- 1:35 if KC 15

The answer to the main question can be summarized in the following way: The extended Jacobsen et al.
(2023) limit can be used to describe the stability of rock bags. This limit is based on the orbital velocity
calculated from linear wave theory using the 2% wave height and peak period. Flow amplification,
grouping and loads transferred by the CPS need to be considered. The stability limit:

8
(Ko Uzsg)? =0:04 if KC < 2:67
VP < KyKer or;  or = _0:0156 KC if2:67 KC <15 (2)
(s 1)gDyp = .

- 0:225 ifl5 KC 25

For KC = ”,"‘3%:" with Tp the peak period, Dy, the diameter of the rock bag and the ratio of rock
and water densities s = —=. Due to the limited number of combined grouped formation tests with the
monopile and CPS the combmed use of the grouping factor Ky and the flow amplification factor K
carries considerable uncertainty.
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Abbreviation Definition
Rock Bag A rock-filled mesh bag; also known as rock net and
filter unit (FU)
CPS Cable protection system
EMS Electromagnetic flow velocity sensor
ARC Active reflection compensation
LWT Linear wave theory
JONSWAP Joint North Sea Wave Observation Project (Hassel-
mann et al. 1973)
O0Ooood
Symbol Definition Unit
Hrp Height of the rock bag; height of the top of the rock [m]
layer
Dy Diameter of the of part of the rock bag in contact with  [m]
the bed
Flift Hydrodynamic lift force [N]
Fdrag Hydrodynamic drag force [N]
Finternal Internal friction force [N]
Wiy Effective self weight of the rock bag [N]
Re Reynolds number Re = ul/ [-]
KC Keulegan-Carpenter number KC = uT/D []
u Velocity in the x direction [m/s]
| Characteristic length [m]
w Density of water [kg/m?3]
rock Density of rock [kg/m?3]
s Effective density = o/ w [-]
Arp Frontal area rock bag [m?]
Vib Volume rock bag [m?3]
dso The diameter exceeded by 50% of the material mea- [m]
sured by mass
Ks Characteristic grain roughness [m]
Ciift Coefficient of lift [-]
Cdrag Coefficient of drag [-]
Cm Coefficient of added mass [-]
cr Critical stability parameter [-]
g Gravitational acceleration = 9:81 [m/s?]
T Oscillation period [s]
I Hydrodynamic pressure gradient [-]
Ufilter Filter velocity in porous granular material [m/s]
a Laminar flow drag coefficient [s/m]
b Turbulent flow drag coefficient [s2/m?]
Laminar flow material drag coefficient []

v



Symbol Definition Unit
Turbulent flow material drag coefficient []
n Porosity [-]
KCp Keulegan-Carpenter number of porous flow KC, = [-]
Ufr;:jt:(;-T
H Wave height [m]
T Wave period [s]
L Wave length [m]
k Wave number, defined as Zf [rad/m]
d Water depth [m]
Hmo Significant wave height [m]
Tp peak wave period [s]
Hoo, 2% Exceedance probability wave height [m]
Dpile Diameter of monopile [m]
KCpile Keulegan-Carpenter number of near monopile flow [-]
KC = UT/Dp“e
Ky Flow amplification factor []
Kg Grouping factor [-]
Ker Internal friction uncertainty factor []
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In the global energy transition, offshore wind energy will play an important role. Recent initiatives such
as the European Green Deal, by the European Union and its member states, are massively speeding
up investment in renewable energy, such as offshore wind (The North Seas Energy Cooperation, n.d.).
For example, the Netherlands aims to achieve 21 gigawatts of offshore wind capacity by 2031, up from
2.5 gigawatts in 2023 (RVO, n.d.).

To transmit these gigawatts onshore, subsea power cables connect each turbine to offshore high volt-
age stations within the wind parks. The energy is then transported to the onshore users. Close to the
structure, the cable is exposed as it exits the monopile and runs over the scour protection before being
buried in the seabed. To prevent excessive loads in the cable during installation a casing is used that
remains around the cable post installation. These casings are called Cable Protection Systems (CPS).
They can have a diameter of up to half a metre (Topsector Energie Projecten, n.d.).

Figure 1.1: A rock bag is deployed near a monopile foundation (Ridgeway, 2024)

At the moment the wind energy industry is facing challenges with these systems. As many CPSi show
significant damage well before reaching the end of their intended service life (Tramontanaengineering,
n.d.). The costs associated with repairing the damaged CPS and cables can be substantial (Durakovic
and Offshorewind.biz, 2022). Expansion into higher-energy areas will result in increased loads, so sta-
bilisation may become required for the structural strength of the CPS.

The wear on these systems indicates that the present design does not appear sufficient and measures
need to be taken to stabilise and protect the cables. One proposed solution is to stabilise the CPS by
placing a rock-filled mesh bag (rock bag) on exposed sections as cover. Damage to CPSj is mostly
seen in wind farms where no cover was placed. This suggests stabilisation has a beneficial impact on
overall performance of the CPS (Topsector Energie Projecten, n.d.).
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The challenge when applying these rock bags is that there are no adequate design rules or equations
for hydraulic stability in offshore conditions, nor for the combination with a CPS and monopile. As a
result, an iterative design approach must be used, with empirical testing necessary for each situation.
This is a costly and time-consuming process. This project aims to expand the knowledge of hydraulic
stability for rock bags in various conditions given the following constraints:

A As the aim of the research is to expand the knowledge on rock bags, no comparison to other
methods for CPS stabilisation is made. Stabilisation of the CPS with one or more rock bags is
assumed to be effective in preventing damage. The effect of the remaining stresses in the CPS
or cable is not considered;

A The research is focused on bags of flexible mesh material filled with relatively small granular
material;

A The types considered are 4 and 8 tonnes rock-filled mesh bags, with diameters of 2.4 and 3
meters based on the manufactureris specifications (Ridgeway, 2024, Bluemont, 2024 and Cirtex,
2023);

A The strength, integrity or durability of the bag material itself is not investigated and the filling
material is not allowed to escape the bag;

A Only stability near monopile foundations is evaluated, as these account for 80% of the market
share (Gupta and Basu, 2020). Monopile foundations with a diameter of 7.5-10 meters are con-
sidered,;

A Monopiles are generally used in water depths from 20-40 metres. At these depths a scour pro-
tection is needed;

A Because rock bags are typically placed on the amour layer of the scour protection around a
monopile, this research focuses stability on rough beds, so no tests for smooth beds are per-
formed;

A Research from design studies indicates that the critical conditions for rock bag and CPS combi-
nations occur when rock bags are positioned on the side of the monopile relative to the wave
direction. So, these are the angles considered for this study;

A The hydraulic conditions considered for this study are wave dominated conditions, with wave
fields based on North Sea waves;

000 O0oooooL Uooogoo

The aim of this project is to determine the hydraulic stability of rock bags in offshore conditions, with
a focus on the loading due to waves and the stabilisation of cpsis near monopile wind turbines. The
objective is to derive a stability relation and validate the parameters. The empirically found relation can
be used to determine the required dimensions of rock bags in early design stages. The main research
guestion for this project is:What is the hydraulic stability of rock bags under wave loading in offshore
application for the stabilisation of CPS. The answer to this question will be built up with the following
sub-questions:

1. How do rock bags respond in offshore wave loading, what are the observed motions and failure
mechanisms?

2. Which properties of rock bags influence stability, and how can their influence be quantified?

3. What is the limit for stability that can be derived from the experiments, and how does this compare
to the literature?

4. What is the stability in an irregular wave field, and which wave statistic most accurately quantifies
it?

5. Whatis the influence of grouping or stacking multiple rock bags on stability, considering formations
applicable to CPS stabilization?

6. What is the stability of rock bags when applied in a CPS stabilization application near a monopile
foundation and what is their performance in stabilizing the CPS?
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To answer the questions, a two-pronged approach is chosen. A theoretical framework is constructed
based on a literature study and analysis of the underlying mechanisms for rock bag mobility. The goal
of this part of the study is to find a relation that can be used to express the stability of rock bags. This
relation contains a number of unknown values that have to be filled in.

The second part of the research consists of physical model testing. These tests are done to be able
to fill in the unknowns in the constructed equation. Because many tests are needed in a controlled
environment, laboratory model tests are the best approach. The drawback of this method is the need
to scale from prototype to model scale. Since there is very little data available at the moment and the
failure mechanism of rock bags is uncertain, numerical models are not feasible as those have to be
calibrated.



Theoretical framework

This chapter provides three theoretical analyses of the processes that govern the stability of one or
more rock bags. The mechanisms of mobility are discussed in two parts in the first section, based first
on the mechanisms mentioned in literature and then on a further analysis of stability.

The next section discusses the impact of rock bag porosity. This is based on literature on porous flow
in large granular materials, such as those used to fill rock bags.

The final section discusses how a monopile influences the surrounding flow. This has the potential to
significantly impact the stability of rock bags and CPS in the zone of influence.

Ol boboooiodo 0o Dooioo 00o tooo oot

In literature, a number of mobility mechanisms for rock bags are described for different bed types and
configurations. An overview is presented in table 2.1.

Instantaneous displacement is likely to occur due to the lift force exceeding the weight of the rock bag,
possibly due to turbulent vortexes in the vicinity of a structure. This was described for a rock bag scour
protection around a monopile. For a single rock bag or small formation an overturning mechanism
should be more critical due to the added drag force on the frontal area of the rock bag. In a rock bag
scour protection the bags are shielded by each other reducing this drag force. On the edges of the
scour protection the overturning mechanism is predicted to be be critical (Riezebos et al., 2021). This
mechanism is shown in figure 2.1.

In this study a rough fixed bed is considered, hence failure mechanisms associated with other bed
types are out of scope of this study and not considered. This includes sliding and undermining of rock
bags.

Mobility mechanism | Jacobsen et al., 2023 | Riezebos et al., 2021 | Bed type | Responsible process
Instantaneous displacement X Rough Lift, turbulence
Reshaping X Rough Drag, internal mobility
Rocking / Rolling X X Rough Drag, lift, turbulence
Sliding X Smooth Drag, lift
Undermining of rock bag X Active reshaping | Drag, reshaping bed

Table 2.1: Failure mechanisms of rock bags as described in two works of literature, along with the type of bed on which the
bags were placed and the process suspected to be responsible.

For the rocking, rolling and reshaping failure mechanisms the overturning moment by various hydraulic
forces is important. By assuming the rock bag as a rigid body a moment balance can be made for
overturning around the rear end of the rock bag. In figure 2.1 the free body diagram is shown. Jacobsen
et al. (2023) developed an Izbash type stability equation based on the moment balance of the lift force
Fiift, drag force Fgrag and weight of the rock bag Wiy:

Hrb D

D
Flift? + FdragT =Wpp— (2.1)
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The drag force is determined by the ratio of inertial and viscous forces described by the Reynolds
number Re = ul/ . With u the flow velocity, the kinematic viscosity and the characteristic length
is equal to the diameter for rock bags | = D,,. For rock bags to fail, substantial flow velocities are
required, so the flow regime will be turbulent Re > O(10%). In turbulent flows the skin drag becomes
negligible and the drag force can be defined as (Hofland, 2005):

1
Fdrag = Ecdrag wArU (2.2)

Velocity differences over the rock bag can result in a lift force, defined as (Hofland, 2005):

1
Fliee = §Clift wArpU (2.3)
The moment balance can now be rewritten to:

1 D 1
ECnft wArbUZE + ECdrag wArbU

2Hrb

D
> (2.4)

= Whrockbag

Wrockbag = ( rock w)Vrockd (2.5)

The diameter can be defined as a shape parameter multiplied by the ratio of rock volume V ok and
frontal surface area A,y

Vrock
= Jrox 2.6
Arb ( )
The equation can be rewritten, with the ratio of rock and water densities s = —resk:
2 2
! 2.7)

(S 1)gD B CdragHrb/D + CIift oo

Since the right hand side of equation 2.7 only contains constants it can be expressed with a single
empirical value . The ratio of height over diameter and can differ between different types of rock
bag. Since this difference is small it is not taken in to account (four ton bag H/D = 0:25, eight ton bag
H/D = 0:233).

A Fiq

> Fdrag

L J w
Figure 2.1: Free body diagram of rigid body overturning mechanism

The presented definition for the stability number lacks an inertia force term. The accelerating mass of
water in oscillatory flow causes a force on the rock bag, whose magnitude is determined by the added
mass coefficient C,. The pressure gradient also applies a force on the rock bag, so the force consists
of two parts (Hofland, 2005, Maxey and Riley, 1983). Due to the dependence on the acceleration %—‘t’
the inclusion of such a term adds complexity to the definition. The inertia force for a stable rock bag
can be written as:

@u

Finertia = (1 +Cm) wV @ (2.8)
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Because of the lack of an inertia term in the equation Jacobsen et al. (2023) found the stability limit
depends on the Keulegani Carpenter (KC) number (eq. 2.9). This describes the ratio of drag to inertial
forces on an object. For larger KC, with higher relative importance of drag force, the stability increases.

Uwave T

KC D, (2.9)
Jacobsen et al. (2023) defined the limit based on experiments in the range 0 < KC < 15. It was
hypothesised that as KC further increased, the dependence of stability on KC islost. So ¢, is constant
for KC > 15.
In their experimental campaign they also found a similarly defined limit for stability in steady currents,
that could be described as a limit for KC ¥ 1. This empirical value is larger compared to the maxi-
mum value found for waves, indicating a major influence of the inertia force.

Contrary to what is suggested by Jacobsen et al. (2023), the limit cannot be applied for wave-current
conditions. Adding the current velocity to the wave velocity amplitude would include it in the magnitude
of inertial forces assumed in the empirical value. Since steady current has no acceleration, such a
summation would diminish the physical basis of the limit.

For the assessment of loose rock bed protection in combined wave and current conditions, the addition
of shear stresses in Shields type mobility numbers is commonly used (Soulsby, 1997, Van Rijn, 2019,
Vos et al., 2011). A friction factor is calculated for both wave and current velocity (Dixen et al., 2008,
Roulund et al., 2016). The factors are based on the materialis characteristic grain roughness, which is
commonly defined as ks = 2:5 dsg for a layer of loose rock. Because rock bags are solitary elements
that protrude above the bed level, the friction factors could be different. The magnitude of these factors
must be determined through empirical research.

In this research the Jacobsen et al. (2023) stability equation is used due to its simplicity and inclusion
of only one empirical constant. In the next section the applicability of this equation for more realistic
non-rigid mobility is discussed.

010000 OOO00000 0o 00oooooood oooooo

The rigid body assumption is unrealistic because rock bags reshape under loading. As a result, a non-
rigid failure analysis is conducted. The analysis is based on the observation of a portion of the bag
being lifted. This is possible because the bag is flexible. Such partial lift can occur at lower drag and

lift forces.
U /
>

Fdrag

Finternal

Figure 2.2: Free body diagram of realistic non-rigid partial uplift mechanism

Figure 2.2 shows a more realistic movement of the rock bag based on the mechanism described in the
present study, see section 5.1. As the same balance of forces is responsible for the movement, this
will be taken into account in the empirical value. When a large enough part of the bag is lifted in this
manner the added frontal surface area and inertia of the moving part of the bag will cause complete
overturning failure of the bag. Internal friction of the fill material is thought to have an influence on this
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failure mechanism. The internal friction determines the rigidity of the bag. This is schematised as a
counteracting force against the partial overturning of the bag Finternal- Thus, it is reasonable to apply
the Jacobsen et al. (2023) limit to bags which fail in a non-rigid manner.

Oi0i01 10000000 0o 0hontttooo booddtotoo 0O 0ohoonon

In theory, smaller material has a higher mobility. In hydraulic conditions exceeding stability, the transport
rate of smaller material will also be greater. This suggests a possible influence of the size of fill material
on the stability of the rock bag.

More complex environments are also tested in this study, such as grouped bag formations and CPS
stabilisation near a monopile. Shielding and turbulence create more complicated hydraulic forces in
these grouped formations. A diagram of rock bags in a formation can be seen in figure 2.3. In grouped
formations, the support of other bags can provide a counteracting force. The CPS can apply force
on the rock bag Fcps ,as can be seen in figure 2.4. The fundamental moment balance for the rock
bags remains unchanged for these failure mechanisms, it is proposed to use the stability limit with a
correction factor based on the test results.

Fiie
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Figure 2.3: Diagram of rock bags in a grouped formation Figure 2.4: Free body diagram of a rock bag and CPS

combination
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For the interaction of a rock bag with water it is important to consider that it is not a solid structure, but
rather a porous object. A hydrodynamic pressure gradient will cause a current in the voids between
the rocks in the bag, ufiiter- This will change the flow of water over the rock bag affecting the drag
and lift force (Riezebos et al., 2021). The velocity is determined by the magnitude of the pressure
gradient and the drag force. The pressure loss due to drag forces in porous media is described by the
Forchheimer equation for the expected filter velocities in large granular material, such as the filling of
rock bags (Ehlers, 2022):

| = aufiiter + bU%mer (2.10)

With a the laminar flow drag coefficient and b the turbulent flow drag coefficient. Van Gent (1995) devel-
oped a model based on the Navier-Stokes equations and empirical experiments for these coefficients
in oscillatory flow:

@ ny

= — 2.11
2 nd gdf—,o ( )

dso of the granular material is the diameter exceeded by 50% of the material measured by mass. n is
the porosity of the bulk material.

7;5)(1 n 1
KCp n3 gdso

The porous Keulegani Carpenter number KC, is defined by the filter velocity, oscillation period T,
porosity n and the diameter of the rock material dsg:

h = (]_+

(2.12)

Ufilter T
KCp = ——— 2.13
P nd50 ( )
Van Gent (1995) found the material coefficients = 1000 and = 1:1. In more recent numerical

simulations these coefficients vary depending on research methodology and conditions (Jensen et al.,
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2014, Losada et al., 2016). Lara et al. (2011) developed a calculation method based on flow over a
porous bed, also based on the optimal results in a numerical simulation. For this study the empirical
coefficient values by Van Gent (1995) are used to calculate the filter velocity in the rock bag usijter-

Ol00or 0odooooo Loooodo
The magnitude of the hydrodynamic pressure gradient is difficult to determine for a complex submerged
structure like arock bag. An upper and lower bound for the amplitude of the gradient can be determined.
The lower bound is the amplitude of the pressure gradient in a wave field. For linear wave theory this
is defined as (Holthuijsen, 2007:
| = kj cosh ktrockbag
2 coshkd

Where trocknag is the height of the centre of the rock bag above the bed, k the wave number d the water
level and H the wave height.

For the upper bound of the pressure, complete dissipation of the wave orbital velocity is assumed. This
means that the velocity at the upstream end of the bag is equal to the amplitude of the orbital velocity,

while at the downstream end, it is zero. With the dynamic pressure q = % u? the pressure gradient is:

(2.14)

U2 pital
= 2Dlla 2.15
2Dbagg ( )

In the scaling calculations for the rock bags the upper bound value is used.

0ol 0004 bobooo 0 bodoio boo tootintbood

This section presents a discussion based on literature of the flow around a monopile and the effect on a
rock bag placed to stabilise the CPS. The flow regime around a monopile consists of four components:
streamline contraction, upstream down-flow, the horseshoe vortex and lee-wake vortexes (Schendel,
2018).

Streamline contraction causes acceleration of the flow near the monopile. In the horizontal plane,
without considering vertical differences in velocity the flow amplification can be expressed analytically
with a potential flow model (Miles et al., 2017):

RZ
ur=uq (1 ?) cos (2.16)

For the radial flow component u,. With R = %Dp“e the radius of the pile, r the distance from the pileis
centre and the angle around the pile from the upstream direction. u; is the original flow velocity far
from the pile. The amplified velocity tangential to the pile:

R?
Utangent = Uz (1+ TT) sin (2.17)
Finally, the total velocity: a
Uamp = U% + u%angent (2.18)

For the considered test set-up with half a monopile with a radius of 0.125 metre on one side of the
flume of 0.76 metre wide. The maximum amplification is 3% at the opposite wall of the flume.

Rock bags are placed at the touchdown point of the CPS on the scour protection. In this study this
is assumed to be at approximately half a pile diameter from the edge of the monopile R = Dyijje, the
amplification there is  1:25. This does not include the effects of vortexes and turbulence that may
further increase the amplification. Schiereck and Verhagen, 2019 give a figure based on the work by
Melville and Raudkivi (1977), from this the approximate flow amplification factor near the rock bags is in
the range 1.2-1.5. The height step of the scour protection can also influence the flow near the monopile
and might further increase the turbulence (Petersen et al., 2015).

The horseshoe vortex forms close to the bed due to the down flow on the upstream side of the pile.
It follows the pile downstream, mostly effecting the area close to the perimeter. The development of
the the horseshoe vortex and lee-wake vortexes depends on the characteristics of the flow. These
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can be described by the ratio of drag forces over inertial forces expressed with the KC number for the
monopile:

With the amplitude of the velocity signal u, and the period T. Sumer and FredsRRe (1997) have deter-
mined that in wave only conditions, a horseshoe vortex will only form when the velocity causes larger
values than KC = 6.

Shedding of the lee-wake vortex can be observed for flow Reynolds numbers where Re > 40 (Schendel,
2018) and in wave only conditions for KC > 6 (Sumer and FredsRe, 1997). It is not certain how well
the half pile will represent the lee-wake vortexes. Shedding is caused by the mixing of flows from both
sides of a cylinder, so the wake of half a cylinder could be different. As a result, rock bags are not
placed close to the side walls or the wake area in this study.

Further observations from literature include an increase in the turbidity in the wake region in a combined
wave-current condition (Roy et al., 2018) and the monopile effecting the surface elevations in a wave
field around the pile (Herdayanditya et al., 2024).

In conclusion, at the location of a rock bag placed for CPS stabilisation there is flow amplification due
to acceleration of the flow around the monopile and turbulence. The amount of amplification depends
on the exact location, flow characteristics and turbulence. The CPS is forced by a variety of sources of
turbulent flow around the monopile (Miles et al., 2017). This means the load on the CPS and especially
the load transferred by the CPS on a rock bag placed for stabilisation is difficult to determine.



Scaling

Two distinct scales are used to detect potential scaling effects. Primarily, to detect a loss of stability at
one of the scales. That could indicate that the used stability calculation is not valid regardless of the
dimensions. For practical purposes, 1:40 and 1:30 are used as scales in the experiments. The larger
scale is limited by the ability to generate failure conditions using the available facilities. The lower scale
is determined by the available fill material and mesh material for the bag. These scales also provide
practical dimensions for other scaled models, such as the monopile and CPS.

For scaling in model experiments it must be demonstrated that the model provides a conservative es-
timate for the prototype stability. Thus, conservative scaling means that scaling effects at model scale
are unlikely to overestimate stability at prototype scale.

Scaling is done by Froudeis law; this method ensures that dynamic forces are consistent at prototype
and model scales. Spatial dimensions are scaled linearly: a 3 metre diameter rock bag becomes
3/40 = 0:075 metre. At model scale the viscous force of the water is not scaled down. So, the ratio
of inertial and viscous forces decreases, which can be accepted as long as viscous forces remain
negligible compared to the inertial force. The ratio is expressed by the Reynolds number, that predicts
the turbulence of the flow. For the considered orbital velocities, rock bags and monopile dimensions,
the Reynolds numbers are > O(10°). Although two orders of magnitude smaller than at prototype
scale, this is deemed sufficiently turbulent (Riezebos et al., 2021). In figure 3.1 the main dimensions
considered for scaling can be seen.

Stiffness
Internal friction

32 D monopile ™™

dsofill Material @ b

1 . . DCF‘S
Grading fill material
Mesh width 35 £ \ IH
t 1 rb
-~
/ ™ D rb_" tscnur protection
- DSEDUF protection L

Figure 3.1: Schematized overview of the model of rock bag, monopile and CPS, with the main parameters for scaling.
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The parameters that determine the dimensions of the rock bag are the diameter, height and shape.
Manufacturers schematize the rock bags as an fice hockey pucki, or tsjoelschijfi, cylinders with straight
vertical sides. Alternatively, as with slightly elliptical sides (Ridgeway, 2024, Cirtex, 2023). In all pic-
tures of prototype rock bags the edges seem to be more elliptical than straight. The prototype scale
dimensions of the two types of considered rock bag can be seen in in table 3.1.

rock bags | Diameter [m] | Height [m] | Volume [mq]
4 ton 2,4 0,6 2,7
8 ton 3 0,7 5

Table 3.1: Manufactures specified dimensions of the considered rock bags

Examining the dimensions of the model bags, such as their weight, shape, and height-to-diameter ratio,
is an important way to determine whether or not similarity in scaling has been achieved. In this case,
the model bags should have similar properties to those at prototype scale. For a description of the
fabrication process see appendix A. In general, the smaller rock bags are harder to have matching
shapes, so for the desired diameter the height matches better for the larger bags. The diameter is
made such that the outer line of the bags just overlaps the target diameter when looking from above,
but when the point of view is slightly changed the line is visible.

Lt

Figure 3.2: Top view of bag L1 Figure 3.3: Side view of bag L1
Rock bag Type Weight [g] | Diameter [mm] | Height [mm] | Target height [mm] | dso/D [-] | dso/H [-]
S1 1to 40; 4 ton 62.5 60 15 15 3.2 0.13
L1 1to 40; 4 ton 62.5 60 15 15 4.7 0.19
S2 11to 30; 4 ton 148 80 20 20 2.9 0.12
L2 1to 30; 4 ton 148 80 20 20 4.1 0.17
N1 1to 40; 4 ton 62.5 60 15 15 3.2 0.13
N2 1to 30; 4 ton 148 80 20 20 29 0.12
S3 1to 40; 8 ton 125 75 20 17.5 3.1 0.12
L3 1 to 40; 8 ton 125 75 20 17.5 4.4 0.17
S4 1to 30; 8 ton 296 100 25 23 4.1 0.12

Table 3.2: Overview of normal density rock bag dimensions

0ol o000 dooooooo

At prototype scale, bags are made from polyester lines with a mesh of 25 mm for the four ton bag
and 50 mm for the eight ton bag. Some of the specification sheets show two parallel lines (Ridgeway,
2024). The diameter of the lines and the elasticity of the material are unknown. Cirtex (2023) specify
a maximum tensile strength of the net and a deformation at maximum load for fa single neti. It is not
clear if the deformation of the mesh is taken into account or how many lines make up a single net.
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If it were possible to perfectly scale the mesh material, this still would not mean that such a material is
available. So, an as-flexible as possible material is chosen, with a mesh size that is just small enough
to hold the smallest fill material fraction without leakage. The material chosen is Thule also known as
wedding veil. A flexible mesh material made from nylon, similar to what Coghlan et al. (2024) used.
On average, nylon has smaller elasticity compared to polyester. But, for all polymer materials, this
value can fall in a wide range. Some experiments were conducted with a bag made of slightly different
material with a larger mesh; this did not result in any different behaviour.

Qioiol Oool Jooooood

To assess the influence of fill material size on the stability of rock bags, the fill material size is varied.
Two sizes of fill material are used for both bag types: the manufactureris specified dso and a larger size.
For the four-ton bag, the larger size is double the specified dsg. For the eight-ton bag it is 5/3 of the
specified dsg. This smaller increase ensures the diameter-to-height ratio of the bag does not exceed 1
to 5, maintaining the integrity of the rock bag. The tested range of fill material diameter relative to bag
diameter at prototype scale is 2:1% < dso/Dpag < 4:2%. The ratio of dsg to bag height ranges from
8:3% < dso/Hpag < 17:9%. Table 3.2 presents the scaled rock bag ratios.

For a valid comparison, the behaviour at model scale has to be similar to prototype scale. The fill
material is scaled as proposed by Riezebos et al. (2021). The theoretical mobility of the fill material
at model and prototype scale is kept equal using to the mobility definition by Dixen et al. (2008) and
the critical Shields parameter - by Soulsby (1997). This results in particle diameters that are up
to 30 to 50% larger compared to length scaling, due to the slightly lower density of gravel in the lab
(= 2500kg/m3), the lower density of fresh water compared to salt water and a lower critical Shields
parameter for the model fill material. Figure 3.4 shows the positions of the model and prototype scale
material on the Shields curve. Dixen et al. (2008) proposes a maximum ., = 0; 045 for material with
d > 10mm compared to . = 0;055 in the original formulation. This reduces the difference between
the length-scaled and mobility-scaled sizes for larger material.

For practical purposes the dsgis of the bags differ slightly to reduce the number of different fill materials
needed and account for the available sieve sizes. See table 3.3 for a comparison of the length-scaled
and mobility-scaled fill material. The gradings of the designed fill material can be found in appendix
A.2.

Critical hydraulic conditions for the rock bags are used in all scaling computations: a near-bed velocity
amplitude of 3.4 m/s and a period of 13 seconds at prototype scale. The velocity is based on the
steady current limit for a four-ton bag (Ridgeway, 2024), and the period is selected for a wave that
could generate such a velocity amplitude.

Model- and prototype scale filling material on the Shields curve for the threshold of motion

—-= 6,=0.3/(1 +D*) +0.055* (1 —exp(—0.02 ¥D¥))
Onset of motion
Model scale filling material
Dsg =1.9mm
Dsg =3.3mm
Prototype filling material
Dsg =50mm

e
=
o

Dsg =75mim

Shields parameter 8
e

0.01

T T T
10° 10! 102 10°
Dimensionless particle diameter D*

Figure 3.4: Model and prototype scale fill material placed on the diagram for the critical Shields parameter for mobility
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Bag number | Scale | Dso [mm] | Dso Froude scale [nm] | Porosity migeéerla /tlgrototype 1 ;3%'3; H turbulent resistance
S1 1to 40 1.9 1.25 0.46 0.18 45
L1 1to 40 2.8 2.5 0.46 0.36 17
S2 1to 30 2.36 1.67 0.46 0.23 30
L2 1to 30 3.35 3.3 0.46 0.30 12
N1 1to 40 1.9 1.25 0.40 0.09 76
N2 1to 30 2.36 1.67 0.40 0.12 50
S3 1to 40 2.36 1.88 0.46 0.24 28
L3 1to 40 3.35 3.1 0.46 0.44 11
S4 1to 30 2.8 2.5 0.46 0.29 20

Table 3.3: Overview of the normal density rock bags used in the experiments. S indicates small fill material, L large fill material,
and the bags indicated with N have a porosity comparable to the prototype bag. The second to last column shows the
percentage of the maximum filter velocity at model scale of the Froude scaled prototype filter velocity.

0ioiol 0000000O

The goal of this part of the research is to find a correct representation at scale of the part of the forces
exerted on the bag by the current and waves, within the bag. The current and pressure gradient drive a
flow through the porous rock bag. When this filter velocity at model scale is equal to the Froude scaled
velocity at prototype scale, this would result in equal dynamic forces.

At model scale there is a large influence of the size of the fill material on the magnitude of the filter
velocities. If the size of the fill material is chosen in order to achieve filter velocities that are equal to
the Froude scaled filter velocities at prototype scale, this results in unacceptably large fill material.
There are two possible explanations for the effect of too low filter velocities. It may result in conservative
force on the model bag due to increased dynamic pressure against the bagis frontal area, as there is
less transmission into the bag. According to Coghlan et al. (2024), lower filter velocities at model
scale reduce the force exerted by this current on internal material. In this case, model bags with low
permeability would not be not conservative.

The porosity of the fill material can be adjusted by grading the particle sizes. A narrowly graded material
will have higher porosity. This is intuitive because when size differences are small, smaller particles do
not fill the gaps between larger particles. This adaptation is made to ensure that the ratio of model filter
velocities to Froude scaled prototype filter velocities is not too small. A very narrowly graded material
has a porosity of 0.46. Because, the laminar resistance is much higher at the model scale, complete
similarity with the prototype scale is impossible. Calculation for the theoretical porosity is based on the
Rock Manual (CIRIA, 2007), with eg = 0;94. Using a ratio for dgs/d;s = 1;2 the porosity of material
is 0,46. This is close to the maximum porosity for heterogeneous material. The filter velocities are
calculated with the method outlined in section 2.2.

In theory, the bulk density is lower for higher porosity material.To achieve the same rock bag weight,
more volume is needed. Since the rock bag diameter is important for the stability this is not changed
nor is the height of the rock bag. The additional volume will be achieved through a change in the shape
of the bag. Volume can be gained by shaping the bag more like an ellipsoid, though the impact is
unclear as the drag coefficient can be influenced by shape. The lower bulk density of the bag might
also impact the stability. In the original derivation of the limit by Jacobsen et al. (2023) the porosity is a
factor, but this was disregarded by them due to the low variance of the porosity in their study.

To investigate the effect of the adapted porosity, two 4 ton bags with mobility scaled fill material are
tested with grading and porosity values similar to prototype bags, N1 and N2. These have the same
mobility, according to the limit by Jacobsen et al. (2023). Table 3.3 summarises the chosen bags and
the ratios of filter velocities and laminar to viscous resistance.

0 A Y
The ratio of volume and thus weight compared to the surface area is determined by the diameter:

v D3
— = A
A D2 (3.1)
And the inter patrticle friction force is dependent on the area of contact:

Ftriction D? (3.2)



3.2. Full model 14

This means that as fill material of rock bags is scaled down, the relative friction force to particle weight
increases. As a result, inner particle drag is reduced. Furthermore, the material strength of protruding
parts of rock will be insufficient to withstand movement at prototype scale, and such features will break.
At model scale, using as round materials as feasible could mitigate part of this effect, as more circular
particles have less surface area and protruding elements. Internal friction is especially important for
rock bags because it impacts reshaping of the bag caused by fill material movement during loading.
This determines how rigid the rock bag responds to overturning forces.

In order to test the hypothesis that the internal friction of the filling material has an important role in the
stability and failure mechanism of rock bags a limit case was sought. Four bags were made filled with
perfectly round glass spheres. These have very limited internal friction. Glass has a similar density
to the rocks used in these experiments = 2500kg/m?®. The theoretical porosity of randomly placed
equal rigid spheres n=0.365 (Wu et al., 2003), lower compared to wide graded rock fill material. Binary
particle material have a lower porosity, that can go to n=0.32 for larger ratios between particle sizes
(Brouwers, 2023). An overview of the glass filled bags is shown in table 3.4. Figure 3.5 compares the
shape of prototype and model bags while suspended. Internal friction is clearly affecting the suspended
shape of the bags.

Bags | dso [mm] | Weight [g] | Diameter [mm] | Height | dso/D [%] | n[-]
Gl 1.9 62.6 60 15 3.2 0.365
G2 4 62.4 60 15 6.7 0.365
G3 50% 1.9 /50% 4 62.6 60 15 4.7 0.32
G4 55% 1.9/45% 4 125 75 18 3.8 0.32

Table 3.4: Overview of glass spheres filled bags used for testing.

Figure 3.6: Suspended Figure 3.7: Suspended Figure 3.8: Suspended
Figure 3.5: Suspended 1 to 40 narrow graded 1t0 40 1,9 mm glass 1to 40 4 mm glass
prototype scale rock bag rock bag S1 spheres filled bag G1 spheres filled bag G2

0000 0ot o000

The scaling of other components in the model has been done considering the length scale and practical
limitations.

Qiol oOooood

Constricted by available sizes in piping, chosen for the more easy to get PVC pipe instead of transpar-
ent acrylic pipes seen often in hydraulic engineering labs. This was possible because of the camera
positions. The opaque pile also makes the position of the bags relative to the pile more visible and
increases contrast in the video recordings. A 250 mm diameter pipe is chosen. At 1to 40 scale,a10m
prototype foundation is modelled and for 1:30 scale the prototype diameter is 7,5 m. This diameter also
is small enough so flow amplification is low, max 3 % at the opposite flume wall and similarly limited
influence of the wall on the flow pattern around the pile
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The model of the cable protection system is designed based on limited information about dimensions
on prototype scale. These systems are highly variable per wind park and structure, as they are not
standard products but designed specifically for each project. In the context of this research, the most
important parameters of the CPS are the diameter, weight and stiffness. The diameter depends on
diameter of the power cable that is protected. The stiffness of the CPS depends on the location and is
also different for each project. For example, the cps is made less stiff further away from the monopile in
order not to cause unnecessary loads on the cable. At model scale the stiffness of materials is usually
too large, because the moment of inertia scales with O(10%). So an as flexible as possible cable is
used.

The CPS is modelled by a rubber-coated electrical wire. The properties of the model CPS and the
translation to prototype depending on the scale are shown in table 3.5. The stiffness of the cable was
not measured, but it had no problem getting into the desired shape.

Scale | Diameter [mm] | Weight [kg/m] | Density [kg/m3]
model 8.6 0.1125 1936
1 to 30 prototype | 258 101 1936
1 to 40 prototype | 344 108 1936

Table 3.5: Comparison of model and represented prototype prototype CPS

00l OO0t 0oobinioon

For the design of the hydraulic conditions, 50-year design conditions at four wind parks built by Van
Oord in the North Sea and Northern Atlantic have been consulted. They are in water depths between 23
and 38 metres. In the lab, a distorted depth will be used in order to generate as large as possible orbital
velocities to be able to achieve mobility of the rock bags. As a result, the waves are longer compared
to the water depth then at prototype scale. This could mean the waves are more non-linear, increasing
the influence of second order effects. In many physical model studies only the linear orbital velocity
is taken into account. If the Ursell number in the lab is greater than at prototype scale, this might be
conservative, because the actual peak orbital velocity in the lab will be larger due to the higher order
effects, although the period of this peak flow is shorter.

Especially for the North Sea wind parks, wind waves are thought to be dominant, with periods that are
relatively short compared to the wave height. An overview of the design wave conditions can be seen
in table 3.6. Locally, depth induced wave breaking can occur in some of the wind parks.

Allirregular wave spectra are with 1:4 < T,, < 3:7 and Hs < 0; 21m. This is within the limits of the wave
maker, but not all expected wave heights are exactly reached, due to depth and steepness induced
breaking. The average JONSWAP setting of the wave maker is used for the shape of the spectra. The
peak periods used are the scaled periods of the wind park conditions: 1.8, 1.9, 2.2, 2.1, 2.5, 2.9, 3.4.
Some periods in between are also used and for the tests during the conference a few additional periods
outside the range of these scaled wind park periods were used.

) . U2 linear orbital | Maximum steady current
Wind parks | Water depth [m] | Peak period [s] | Hmo [M] ‘ Ur Hmo [-] | Hae [M] ‘ Ur Hao, [-] velocity [m/s] near bed velocity [m/s]
1 22 12.2 7.5 18.3 11.0 26.8 2.94 0.8
2 23 11.5 7.3 14.0 10.7 20.4 2.67 0.9
3 38 18.5 8.8 17.5 12.9 25.6 2.78 1.5
4 28 15.6 9.4 24.4 13.7 35.6 3.42 1

Table 3.6: Wave conditions and corresponding Ursell numbers at prototype scale

The scaled 1 to 40 Hoy, linear orbital velocities of the wind park conditions are in the range 0:42 < ujjn, <
0:54 m/s, for scale 1 to 30 the Hyq, orbital velocities are the range 0:48 < u)in, < 0:62 m/s. In the model
tests with a monopile on 1 to 40 scale the Hyy, orbital velocities are in the range 0:19 < uji, < 0:56
m/s. For tests on 1 to 30 scale the range of Hyq, orbital velocities was 0:39 < u;j, < 0:63. For most
tests with waves combined with steady current a current of  0:14 m/s was used. Representative for
three of the four wind parks. Slightly higher steady currents were possible, but caused distortion of the
waves. In appendix A.3 the used irregular conditions are shown. The range of Keulegani Carpenter
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number for the linear orbital velocity of the 2% wave and the monopile 1 < KC < 8:4. This KC number
per condition can be found in the appendix.

An overview of the range of regular waves used in the tests is shown in table 3.7. Regular wave tests
last about 85 seconds and for 20 to 55 waves depending on period and exact duration. As the bags
could gain stability due them settling in the bed or getting more compact, they are lifted and slightly
moved between each test, also the positions of the two or three bags are varied between the tests.
Test conditions are stopped for regular and irregular waves at catastrophic failure. When all bags in
the flume roll out of frame of the cameras.

For the combined wave-current tests in this study only wave dominated conditions were used. The
limit for this is chosen to be Ucyrrent/Uw:1in < 0; 6. This means the steady current velocities are small
compared to the velocity needed for failure due to only steady current. The used current velocities are
comparable to Froude scaled conditions at real wind parks, shown in table 3.6.

Model 1to 40 1to 30 Ursell number
TIs] | Him] | Tfs] | H[m] | T[s] | H[m] [
Minimum Ursell number | 1.49 | 0.189 | 9.42 | 7.56 | 8.16 | 5.67 7.68
Maximum wave height | 2.59 | 0.328 | 16.4 | 13.1 | 14.2 | 9.84 53.1
Maximum Ursell number | 2.99 | 0.295 | 189 | 11.8 | 16.4 | 8.85 65.5

Table 3.7: Overview of the range of used regular wave conditions at model and prototype scale with associated Ursell numbers.



Test set-up

The experiments are conducted in the hydraulic engineering laboratory of the faculty of civil engineering
and geosciences of the Delft University of Technology. Figure 4.1 shows the set-up in the wave flume.
The flume measures 36 metres in total length, 0.9 metres in height, and 0.76 metres in width. The
flume has glass walls on both sides that are approximately 75 centimetres high. Wooden planks are
placed on top of the flume to increase its height.

Waves are generated by a brand-new piston wave paddle, with active reflection compensation. A
parabolic dampener is paced at the end of the flume, that allows for transmission of current. The flume
is connected to a pipe circuit and a pump that can generate current in the direction of the waves. The
inflow of the current is in front of the wave maker through a vertical opening that is about 10 centimetres
high and 60 centimetres wide. The opening is created by raising the cover plate on one side.

Wave  Current Wave Test Parabolic wave Current
paddle inlet gauges EMS setup absorber outlet
—E _ 9D
079 - \F F - o—
—2—t 12.7 ‘?
. 10.14 fo2084-03054 3.87 +—1.91— |
Top view 21.2 -
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_ [ | |
0.6
011} [
‘ Pump ‘
Side view )

I 36

Figure 4.1: Top and side view of the experimental set-up in the flume distances in metres

For the experiments two model set-ups are used. The first is a flat rough bed that is 1.2 metres long,
the width of the flume, and 30 millimetres high. The rough bed is made with a steel plate and rocks
with a dsg of 8 mm glued to it with epoxy resin. A glued rough bed is chosen to ensure that there is no
movement of the bed to influence the test results and to allow for additional tests, as there is no delay
for bed repairs. The roughness is caused by the shape of the rocks, so the epoxy smoothing the rockis
surface is not an issue, almost no sliding failure of the bags was observed.

The tests are carried out with two or three rock bags placed side by side, with their centres 25.3 or 19
centimetres apart. The rough bed is the same length as the diameter of the scour protection in the other
model. The contrast between the black stones, white bag mesh, and grey stones of the fill material
was adequate for the used image processing method.

The full model set-up consists of a scour protection, CPS and half-monopile. In the field, the cable
is buried beyond the scour protection, the model CPS is taped to the bed to mimic this. The CPS is
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pulled through the pile and attached to the top of the flume. A screw through the cable at the entry point
prevents the cable from penetrating further into the pile and losing its desired shape. The monopile is
placed in the scour protection, where a space with the same diameter as the pile is left. The pile is
attached to the flume wall and held down by a cover plate on top. An additional clamping band is used
to secure the pile to the bottom of the flume wallis wooden planks.

The dimensions of the scour protection are based on practical examples and are in line with Vos et
al. (2011). The scour protection consists of a semicircle with a diameter of 5 times the monopile and
approximately 10 millimetres thick, the filter layer. On top the armour layer is placed with a diameter of
3 times the monopile and approximately 20 millimetres thick. For simplicity both layers are made with
the same rock material and the stones are glued together for the same reasons explained above. In
figure 4.2 the cross section of the model is shown.
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Figure 4.2: Detailed cross section of the full model set-up [mm]

On both the rough bed and scour protection the centre of the rock bags are at approximately 40 millime-
tres above the level of the floor of the flume. This height is used in all computations of orbital velocities
for the rock bags. Although, there is limited difference with the theoretical wave orbital velocity at the
bottom.

Wave height data is recorded with an array of three resistance type gauges 10 metres from the wave
maker. Velocity data is recorded by two electromagnetic fluid velocity meters (EMS). These are placed
at more than 10 metres from the outlet in order record the developed flow and there is a two metre gap
between the devices in order to be able to spot differences in flow that could indicate the flow not being
fully developed. The gap also reduces the effect of turbulence by the other measurement devices.



Results

The results of the tests are discussed in this chapter. An overview of all conducted tests and a descrip-
tion of the methodology can be found in appendix C. The observed failure mechanism of rock bags is
presented in the first section. In the second section, the analysis of before and after top pictures is ex-
plained. The observed movement in the top pictures is related to the analysis of the failure mechanism
to determine a failure criterion.

The sections that follow discuss the observations and results from the various types of tests, as well
as the influence of the most important parameters. The wave data analysis is summarised; however,
appendix D contains more detailed information about the used methodology.

0ior Doouon oooubiod

Based on the observed response to loading of rock bags in the tests four levels of movement of rock
bags are described. After a number of waves, one level of movement can escalate into the next. Move-
ment of internal material occurs on all levels of movement. An illustration of these levels of movement
is provided in Figure 5.1.

1. Movement of internal material, only local reshape of part of the bag;

2. Uplift of part of the bag, bag might be shifted or reshaped;

3. Rocking of the entire bag around its centre, this can lead to iwalking awayi of the bag;

4. Overturning of the bag around a point in contact with the bed, this will lead to either overturning
or walking of the bag.

Level 1 and 2 can be classified as stable when only locally occurring, when it results in reshaping of the
entire bag it is classified as rocking, level 3 can either be rocking or failure depending on the amount
of movement. If level 4 movement is observed it is always classified as failure.

Bags take a number of waves before reaching failure, in general failure occurs after a lower number
of waves for higher value conditions. In most tests there is some motion of internal material at the
front of the bag, in many tests the motion subsides or stops as the test progresses. Some short-period
waves cause the bags to shake slightly, but not enough displacement to be visible in the top picture
comparison.

Level 1: Movement of

internal material Level 2: Uplift of part of the Level 3: Rocking of the

bag entire bag Level 4: Overturning bag as
seen during the tests

Figure 5.1: Schematized levels of movement 1 to 3 and an example of an overturned bag during the tests
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