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ABSTRACT

Issues on cable protection systems (CPSs) have been reported in Offshore Wind Farms on inter-
array cables adjacent to monopile foundations. The CPS can experience considerable movement
when placed loosely on top of the scour protection, risking to harm both the electric connection
to the wind turbine generators and the scour protection (Orsted 2021). One permanent solution to
limit the CPS movements is to install rock berms for stabilization. Experimental pull-out tests at
a 1:3 scale were performed to gain information on the restraining capacity of the rock berms for
the stabilization of the CPSs. The tests were performed for a normative design and additionally,
the sensitivity of the restraining capacity of the rock berm to changes in the berm dimension was
investigated. The results provide an indication for the rock berm design not only for dimensions
of the design, but also in terms of volume optimization and rock berm maintenance needs.

INTRODUCTION

Issues on cable protection systems (CPSs) have been reported in Offshore Wind Farms
on inter-array cables adjacent to monopile foundations. The CPS can experience considerable
movement when placed loosely on top of the scour protection, resulting in defects which
endanger correct working of electric connection to the wind turbine generators. The movement
can also affect the scour protection. One permanent solution to limit the CPS movements is to
install rock berms for stabilization which is considered for future assets. The rock berms can be
installed either separately or as part of the scour protection. In both cases they form a component
of the scour mitigation measure and their effect on the scour process and the scour protection
must be considered accordingly. In terms of the berm costs and the edge scouring, the aim is to
keep the berm dimensions as minimal as possible, while larger berms are preferred in terms of
CPS stabilization.

The rock berm must be designed to (i) be resilient against deformations in the amplified
flow next to the foundation and (ii) restrain the CPS under design conditions. While there is
knowledge on the hydraulic stability of the rock berm, e.g. by extrapolating the findings from the
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Joint Industry Project Handbook Scour Protection which will be published in 2023 (Deltares
2023), it is still difficult to predict the rock berm deformation due to CPS loading and the rock
berm capacity for restraining the CPS. The DNV GL guideline (DNV GL 2019) recommends the
use of the vertical slip model as a simplified way to calculate the uplift resistance, however, the
quantification of the lateral pull-out risk requires the use of numerical models. Yet the rock berm
is very granular, and numerical engineering models apply continuum assumptions similar to
sand. This leads to problems in capturing the granular behaviour of rock berms in the numerical
models. While there is a study with experimental results on the resistance of pipelines buried in
rocks that are pulled out from different directions (O’Loughlin et al 2020), there is — to the
authors’ knowledge — no data available on the 3D pull-out of pipes from rock berms with a
loading outside of the berm. Therefore, experimental pull-out tests at 1:3 scale are performed to
gain information on the restraining capacity of the rock berm as a function of berm dimensions.
The prototype case assumes a rock berm consisting of loose rocks light grading LMA 10/60 kg
high density (3,100 kg/m3) on top of a loose rock scour protection. The CPS diameter is 0.38 m.

The loading in an offshore environment will be a two-way cyclic loading with a high
frequency dominated by waves. However, for the Ultimate Limit State, mono-directional loading
and unloading with quasi-static loading rates are considered reasonable and sufficiently accurate
for simplified pull-out tests of a CPS. Long-term degradation of the rock berm due to small
displacements is not considered. Tests are performed for a normative load of 80 kN in prototype
scale on the exposed CPS as well as an overload case of 108 kN (prototype scale), where the
loads are derived from portfolio-wide expectations for future assets. Site-specific deviations are
expected. Details cannot be disclosed for commercial considerations. The tests are performed for
loading at three different angles from horizontal (0°, 4° and 8°). Furthermore, both the reduction
of the berm width and the reduction of the length of the berm away from the cable entry hole
were investigated successively. The results allow to examine which deformation can be
introduced to the rock berm while the CPS is still restrained.

EXPERIMENTAL DETAILS

Experimental set-up

The nominal rock berm and CPS arrangement for a typical wind turbine is constructed in
scale 1:3 in a tank with closed walls (Figure 1) where the berm is constructed slightly
asymmetrically as the full width is only constructed in the pulling direction. Error! Reference
source not found.The contribution of the restraining capacity at the counter side from the
pulling direction is considered to not be significant. The CPS is rigidly mounted in the wall and
at the floor, mimicking the monopile wall and the burial point (Figure 2). A layer of fine grain
sand (0-2 mm, 2,650 kg/m3) with a thickness of 50 mm and crushed rock (0-70 mm,
2,650 kg/m3) with a thickness of 230 mm is installed under the rock berm representing the
seabed material and the scour protection. The rock berm is constructed dry, but submerged with
fresh water during the actual tests. The water temperature is about 20°C.



The scaling was applied considering Froude scaling laws with dimensions 1:3, force 1:27
(=1:33) and mass 1:27 (1:33). Accordingly, the normative load is 3,000 N and the overload is
4,000 N at scale. A water filled polyurethane pipe (PU) is used to represent the CPS, with the
weight of the real cable inside corrected using an 8 mm stainless steel chain lying inside the pipe.
The properties of the PU pipe are a diameter of 125 mm, a wall thickness of 4.8 mm, a Young’s
modulus of 1.3 GPa and a density of 1,150 kg/m3. In terms of internal forces between rocks and
the CPS, no scale effects are expected for friction and inertia. Given the ratio of the rock size to
the CPS diameter, the results are driven by the contact pressure.

The loading on the exposed part of the CPS is applied using a stiff metal beam. A sling
wrapped around both the metal beam and the PU pipe allows for applying a distributed load to
the CPS (Figure 3) while allowing the pipe to deform differently along the free span. A metal
wire and manually controlled turnbuckles are used to apply the load to the metal beam and hence
to the CPS. The angle of the loading direction, i.e. the deviation from the horizontal, can be
adjusted manually. A load cell is monitoring the applied load on the exposed part of the PU pipe.
The deformation of the pipe is monitored using three distance meters using thin threads attached
to the pipe. The distance meters are labeled L1 at the midpoint of the pulling mechanism, L2 at
the position where the pipe enters the rock berm and L3 at the midpoint of the pulling
mechanism, counter side to L.1. The displacements are measured through separate, tension free
running wheels, so that they are not affected by the elasticity of the pulling system. A submerged
camera is filming the rock movements during the tests. Laser scans of the rock berm are
performed before and after each test set. The experimental arrangement of the load application to
the CPS and the monitoring equipment is depicted in Figure 3.
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Figure 1. Section views of the model rock berm for CPS stabilization (not to scale).
Indication of tested berm modifications are marked in red.
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Figure 2. Attachment of the CPS model to the test tank wall (left) and floor (right) and the
rock berm placed on layers of scour protection and seabed.
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Figure 3. Experimental arrangement of the load application to the CPS model and the
monitoring equipment.

Model rock material

The scale rock grading for the rock berm is based on 50 to 100 mm high density
(3,100 kg/m?3) grading of crushed rock. The mass distribution curve of a sample of 285 individual
rocks corresponding to about 3% of the total rock berm material is depicted in Figure 4. The
laboratory sampling is also depicted for the remaining sample when rocks with a weight larger
than 5 kg, 4 kg and 3 kg are removed. Furthermore, the figure includes the scaled EN 13383-1
(BSI 2013) specifications for light grading LM A10/60 kg as well as the additional criteria
developed for the offshore weighted grading OWGiossokg in the Joint Industry Project Handbook
Scour Protection Method (JIP HaSPro) that will be published in 2023 (Deltares 2023). The
observed overshoots in the sample consist of a few individual rocks and is therefore considered
to have a minor effect for the present pull-out tests.
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Figure 4. Sampling of the tested rock berm material together with EN 133383-1 (BSI 2013)
specification and JIP HaSPro (Deltares 2023) criteria. The laboratory sampling is also
depicted for the remaining sample when rocks with a weight larger than 5 kg, 4 kg and
3 kg are removed.

Test schedule

The preparation of a test set includes building up the seabed and the scour protection,
mounting the CPS and placing the rock berm. A single test set is executed along the following
procedure:



e The pulling angle is selected (horizontal at O degrees, 4 degrees up from the horizontal or
8° up from the horizontal) and the angle of the load direction to horizontal is adjusted
accordingly.

e A terrestrial laser scan of the installed rock berm and CPS is performed.

e The tank is filled with fresh water, so that the rock berm is fully submerged.

e The loading is successively increased to reach 500 N, 1,000 N, 1,500 N, 2,000 N,

2,500 N and 3,000 N before being released to zero load. This is repeated 5 times up to

what would be the last unloading, then a switch is made to “overloading” conditions.

e Opverloading consists of continuing to 3,300 N, 3,600 N and 4,000 N before finally
release to zero load.

e The tank is drained after the final unloading.

e A terrestrial laser scan is performed to register any permanent displacement of rock berm
and CPS.

It is deemed acceptable to look at the restraining capacity of the rock berm in quasi-static
conditions: As long as the CPS is not pulled-out during quasi-static loading, this is unlikely to
occur under dynamic loading with an exposure time of a few seconds. The interpretation for
specific designs can subsequently be considered conservative. A less conservative design may be
obtained by considering cyclic loading at the relevant frequencies.

Rock berm modifications

After testing the nominal rock berm geometry, modifications to the berm geometry are
verified: from a volume optimization objective, a gradual narrowing of the berm width is
realized to optimize the rock installation volume (Figure 1, right). Tests were performed where
the initial half width of rock berm, 1.9 m at berm toe, was successively reduced in steps of 0.2 m
up to 1.4 m reduction. Also, a test without berm was performed (1.9 m reduction). Thereafter the
nominal berm was rebuilt and subsequently tested from a maintenance objective, by successively
removing rock volume from the wall face and outwards (Figure 1, left). This is considered the
most likely deformation, loosing rock material adjacent to the face of the monopile due to
hydrodynamic loading (scouring). Tests were performed where the nominal length of the rock
berm was successively reduced by 0.6 m, 1.0 m, 1.4 m and 1.8 m. The tests only reflect on the
restraining capacity of the rock berm and not the influence of rock berm dimensions on external
hydraulic stability.

RESULTS

Nominal rock berm geometry

The results from the tests indicated that the pulling angle (0°, 4° and 8°) has only a minor
influence on the displacements in this experimental set-up. From theoretical considerations, the
largest displacement is expected for the angle of 8°, since the coverage in pulling direction is the
smallest. Therefore, only the results for this angle are shown and discussed.



Figure 6 depicts the applied forces and CPS displacement for normative loading with
3,000 N for a pulling angle of 8°. The displacement of the CPS increases with time as the applied
force is increased (top). The displacement at the middle of the exposed CPS (L1) is larger than at
the entry of the rock berm (L2). However, the latter is almost as large and of a magnitude that
indicates that rocks are moved. Simultaneously with a slight decrease in force, creep is observed
at every reached loading level (top and middle). This effect likely results from extra
displacement of the CPS due to very little movements of the rocks, which is associated with a
load decrease. Little to no displacement of the CPS is observed in the first part of the loading (up
to a time of approximately 50 seconds) until the applied force reaches 500 N (top and middle). In
the same way, there is also no displacement response of the CPS when unloading the system,
from the peak load down to 400 N less (middle).

The measured displacement is compared to the theoretical displacement (bottom), which
is calculated assuming a uniformly distributed load, ¢, by d = 5qL*/(384EI), where L is the
beam length, E is the Young’s modulus, I is the moment of inertia, and d is the displacement.
The measured displacement and the theoretical displacement differ slightly.

The displacement-force for both normative load and overload for a pulling angle of 8° is
depicted in Figure 5. The maximum displacement at position L1 is 34 mm for the normative load
of 3,000 N and 40 mm for the overload at 4,000 N. The results show a significant hysteresis in
the system for the overload case. This is likely the result of plastic deformation (yielding) of the
rock berm material. The hysteresis effect increases with higher load levels, as more rocks are
moved without returning to their initial positions once the load is released.

The pre- and post-test laser scans indicate that the integrity of the rock berm is preserved;
only small movements of individual rocks are observed. This is in line with the films from the
submerged camera, which show that rocks displace slightly when load is applied, and that they
essentially return to their initial position once the load is released.
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Figure 5. Displacement-force for normative load (3,000 N) and overload (4,000 N) for a
pulling angle of 8°. The displacement is depicted for position L1.
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Figure 6. Applied forces and CPS displacements for normative loading (3,000 kN) for a
pulling angle of 8°. Time-force and time-displacements (top), force-displacement (middle)
and measured displacement versus theoretical displacement (bottom). The displacement is
depicted for position L1 unless noted otherwise.

Modified rock berm width

The initial rock berm half width of 1.9 m was successively reduced in steps of 0.2 m. The
maximum displacement as a function of the reduction of the rock berm half width for normative
load is depicted in Figure 7. The mean of the absolute maximum values of the respective tests
and repetitions are used. The maximum displacement increases only very slightly at a level of
about 21 mm at position L2 and then becomes more significant from a reduction of 0.6 m
upwards reaching 25 mm at 0.8 m, 32 mm at 1.0 m, 43 mm at 1.2 m and 53 mm at 1.4 m. This
increase is in line with a displacement of 129 mm when the entire rock berm is removed. The
displacement at the positions L1 (and therefore also L.3) and L2 are about the same for a
reduction of 1.0 m rock berm half width. For smaller reductions the displacement at position L2



is smaller than for position L1, whereas the displacement at position L2 gradually exceeds the
displacements at position L1 with increasing reductions greater 1.0 m. This can be explained by
the behavior of the rock berm: when the restraining capacity of the rock berm decreases, the
maximum in the displacement of the CPS moves away from the L1 position and moves towards
the center of the CPS, i.e. in the middle of the basin.

The displacement-force at position L2 for the corresponding overload tests are depicted
in Figure 8. The displacement becomes larger with increasing reduction of the rock berm half
width. The displacement-force is very similar for a reduction of 0.2 m and 0.4 m with a
maximum displacement of about 29 mm. The displacement increases starting for 0.6 m berm
reduction upwards reaching maximum displacements of 33 mm at 0.6 m, 37 mm at 0.8m, 54 mm
at 1.0 m and 77 mm at 1.2 m. At 1.2 m, the maximum load of 4,000 N could not be reached,
indicating that the restraining capacity of the remaining rock berm is significantly reduced. At
1.4 m reduction only 3,500 N could be reached and the maximum displacement is 119 mm so
even a small additional force leads to a relatively large displacement. Removing the entire rock
berm finally allows to nearly reach 4,000 N again, resulting in a maximum displacement of
176 mm. For a reduction of 1.2 m half berm width and more, permanent displacements increase
abruptly from a level of about 5 mm up to 30 mm to 40 mm. This is likely the results of the
maximum displacement moving from position L1 towards position L2 when the restraining
capacity of the rock berm decreases.

The measurements are in line with the films from the submerged camera, which show
that the movements of the individual rocks are larger for increasing reduction of the rock berm
half width. All rocks return to their initial position for a reduction of 0.2 m when the CPS is
unloaded, whereas not all rocks return at 0.4 m. At a reduction of 0.8 m, several rocks do not
return to their initial position when the load is released, which corresponds very well with the
larger movements obtained with the distance meters.
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Figure 7. The maximum displacement for normative load (3,000 N) as function of a
reduction in the rock berm half-width, where 1.9 m is equals to no rocks. The mean of the
absolute maximum values of the respective test and repetitions are used.
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Modified rock berm length

The initial rock berm length was successively reduced by removing rocks from the wall
face and outward. The maximum displacement as a function of the reduction of the rock berm
length for normative load is depicted in Figure 9. The mean of the absolute maximum values of
the respective tests and repetitions are used. The maximum displacement increases only slightly
from 27 mm at position L2 for the initial rock berm to a level of 33 mm to 35 mm for a reduction
in rock berm length of 0.6 m, 1.0 m and 1.4 m. The displacement increases abruptly to 63 mm
for a length reduction of 1.8 m. This increase is in line with a displacement of 129 mm when the
entire rock berm is removed. The abrupt increase of displacement at a reduction of 1.8 m berm
length matches the case where the rock volume at the entry of the CPS in the rock berm is
removed.

The displacement at the positions L1 (and therefore also L.3) and L2 are about the same
for reductions of 0.6 m to 1.4 m length, whereas the displacement at position L2 is smaller than
for position L1 for the initial berm. For increasing reductions larger than 1.0 m, the displacement
at position L2 gradually exceeds the displacements at position L1. Hence, the restraining
capacity of the rock berm is insensitive to a reduction in berm length up to 1.4 m, but is reduced
significantly once the rock volume is removed at the former entry of the CPS in the rock berm.
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Figure 9. The maximum displacement for normative load (3,000 N) as function of a
reduction in the rock berm length, where 3.04 m is equals to no rocks. The mean of the
absolute maximum values of the respective tests and repetitions are used.
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CONCLUSIONS AND RECOMMENDATIONS

Experimental pull-out tests at a 1:3 scale were performed to gain information on the
restraining capacity of a rock berm for the stabilization of CPSs at monopile foundations in
offshore wind farms for the Ultimate Limit State. For this purpose, it is considered acceptable to
look at the restraining capacity of the rock berm in quasi-static conditions. Tests were performed
for normative loads and overloads at three different pulling angles. Additionally, the sensitivity
of the restraining capacity of the rock berm to changes in the berm dimension was investigated.
The test results show that (i) the nominal berm design is capable of limiting the CPS movements
for the applied loads, (ii) the restraining capacity of the rock berm decreases very slightly as the
berm width is reduced until the gradual increase of the CPS displacement becomes evident (iii)
the restraining capacity of the rock berm decreases very slightly as the berm length is reduced by
removing rocks from the wall face and outwards, but decreases significantly once the rock
volume at the former entry of the CPS in the rock berm is removed. The results provide an
indication for the rock berm design to stabilize the CPS at the monopile foundation. Not only
does this provide an indication for the nominal dimensions, but also indicates volume
optimization and rock berm maintenance needs.

It is stressed that the conclusions only relate to the restraining capacity of the rock berm, while
other design requirements may favor increased volume of rocks. This could for instance be the
expected deformations over the life-time due to uncertainty in design limits for external stability
of the applied rock grading.

The pull-out tests performed focused on an arrangement of one rock material, very coarse
grading, and one CPS diameter for different berm dimensions in terms of the width and the
length. Additional tests with variations of the rock berm height, rock shape, size distribution of
the grading and ratio of the representative rock diameter over CPS diameter are recommended.

Mono-directional loading and unloading was applied with quasi-static loading rates. The
loading in an offshore environment will be a two-way cyclic loading with a high frequency
dominated by waves. It is recommended to perform additional tests with cyclic loading in two
directions to further assess the restraining capacity of a rock berm for the CPS stabilization at
monopile foundations.
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