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A B S T R A C T

This paper presents the results of an experimental study on the scour development of a hydraulic-transparent
offshore foundation exposed to combined waves and current. Irregular waves propagating perpendicular to a
current were simulated in a wave-current basin. The physical model tests were conducted in a length scale of
1:30 while measurements of the scour development over time were achieved by echo sounding devices placed at
several locations at the upstream and downstream side of the jacket structure. Insights were gained on the scour
development and time scale of the scouring process around a complex jacket structure for different wave-current
conditions. The results were presented with respect to the Keulegan-Carpenter KC number and the relative wave-
current velocity. Wave conditions were adjusted so that KC numbers between 6.7 and 23.4 could be tested in a
systematic wave-current test program with tests reaching from wave dominated conditions up to current
dominated conditions. Measured scour depths were critically assessed by an extrapolation to expected equili-
brium scour depths. With respect to the current flow direction, the experiments showed generally larger scour
depths at the upstream side and lower scour depths on the downstream side for each pile of the jacket structure.
The development of global scour around the structure intensified with increasing relative wave-current velocity.
As a result, a practical formulation is proposed for the reliable prediction of local scour depths around a jacket
foundation in combined wave-current conditions. Finally, dimensionless time scales and observed as well as
predicted scour depths are compared to values for the scour development around monopiles.

1. Introduction and motivation

In the search for sustainable renewable energy forms, offshore wind
parks within coastal areas are expanding to meet rising energy de-
mands. Considering the lack of space in near shore coastal zones, up-
coming wind parks build at larger water depths can provide a sig-
nificant share of energy (Sun et al., 2012). In contrast to onshore
installations, the emergence of scour around foundations needs to be
taken into account in the design process of offshore wind structures.
Given the uncertainties inherent to reliably assess the presence and
extent of scouring phenomena around more complex structures, various
practical options exist to counteract structural-induced erosion pro-
cesses at marine infrastructures. Due to a lack of knowledge about scour
around complex, hydrodynamic transparent jacket-type foundations in
particular, offshore wind energy converters (OWEC) are often designed
following an approach for monopiles (Bolle et al., 2012). Consequently,
this can lead to a conservative and uneconomic design (Stahlmann and
Schlurmann, 2010) or may lead to an uncertain prediction of local and
global scour depth (Rudolph et al., 2004).

Fundamental knowledge on scour processes and extent due to waves
and currents preliminary exists for cylindrical structures. Yet, those
insights are regularly taken as a basis for scour prediction and the de-
sign of scour protection systems around more complex offshore foun-
dations. Scour development around piles in steady currents has been
investigated extensively, particularly with respect to the scour devel-
opment at bridge piers in uni-directional currents (e.g., Hjorth, 1975;
Breusers et al., 1977; Raudkivi, 1986; Sumer et al., 1992a; Melville and
Coleman, 2000; Sheppard et al., 2004; Sheppard and Miller, 2006).
While the scouring process in currents is mainly induced by the
horseshoe vortex, scour processes in waves have been observed to be
more affected by vortex shedding at the lee side of the pile (Kobayashi
and Oda, 1994; Sumer et al., 1992b, 1993, 1997, 2002), particularly for
small Keulegan-Carpenter (KC) numbers. In comprehensive laboratory
tests, Sumer and Fredsøe (2001) compared the scour development
around piles with different diameters subjected to combined current
and irregular waves. The scour depth was found to be a function of

= +U U U U/( )cw c c m , which represents the ratio of undisturbed currentUc
to wave generated flow velocity Um. For values of Ucw >0.5, the scour
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development becomes current dominated so that scour depths approach
values obtained in current only conditions for values of Ucw larger than
about 0.7. For low KC numbers it was found that a slight superimposed
current causes the flow to form a stable horseshoe vortex, leading to an
increase of wave induced scour depth. Based on these findings, Sumer
and Fredsøe (2002) derived an empirically-driven prediction approach
for combined wave and current conditions. In addition, Rudolph and
Bos (2006) performed laboratory tests on the scour development at
monopiles under combined waves and current conditions in low
KC-numbers. The general backfilling mechanism and timescale in case
of combined waves and current conditions was investigated by Sumer
et al. (2013). Qi and Gao (2014) carried out physical model tests on the
scour development in waves and current conditions with small KC
numbers and included the assessment of the influence of pore pressure
on the scour development. Zanke et al. (2011) developed a unifying
empirically-based prediction approach by introducing a new transition
function between the wave and current generated scour at singular
piles.

To the authors knowledge, only few studies have been conducted
regarding the scour development at jacket-type structures in waves and
current conditions. Based on field measurements by multi-beam echo
sounder, Bolle et al. (2012) analysed scour depths at jacket structures
placed in the wind farm Thornton bank in the southern North Sea. The
jacket structures at Thornton bank were installed following a so-called
pre-piling attempt (D =approx. 2 m) with a distance between the pile
centres of 18m and a distance between the nodes and the sea bed of
2.5–5.0 m. The stick-up height of the four piles was about 1.5 m above
the original sea bed. The authors found an average scour depth of S D/
=0.65 and a maximum scour depth of S D/ =1.2 only 2.5 months
after the pre-pilling but before the installation of the jacket structures.
Six months after the jacket installation, mean scour depths of different
structures increased to values of S D/ =1.35. The scour depth esti-
mation required for the design process of the jacket structures was
based on existing formulas for local scour around monopiles and on
investigations on the effect of pile groups on global scour (Breusers,
1972; Hirai and Kuruta, 1982; Sumer and Fredsøe, 2002). A comparison
between estimated and measured scour depths revealed significant
differences, and thus, emphasised the importance of continuous mon-
itoring and further investigations.

Chen et al. (2014) carried out physical model tests with a jacket-
type foundation for conditions around the coast of Taiwan, char-
acterised by tidal currents and perpendicular approaching waves. Chen
et al. simulated water depths of 12–16m, wave heights of 2.5–6.8m
with wave periods of up to 11.7 s in a model scale of 1:36. Without
having the exact geometrical dimensions of the structure, the distance
between the main piles had to be estimated to be approximately 14m.
Compared to this structural footprint, the diameter (D =2.08m) of the
four main piles was proportionally large, while the near bed braces
were comparable thin (≈0.5m). As a result, the influence due to flow
obstruction and, thus, structure-induced streamline contraction and
consequently near bed turbulence was less pronounced than for the
structure analysed in Rudolph et al. (2004). Consequently, local scour
depths of S D/ =0.2–1.3 were measured under combined waves and
tidal current conditions by Chen et al. (2014).

Rudolph et al. (2004) analysed the scour development around a
wellhead and a production platform in the southern North Sea, located
at block L9 in front of the coast of the Netherlands, by using several
field measurements. The jacket structures were installed in moderate
water depths of h= 25m. The wellhead platform was based on a jacket
with four main piles with spacings of 20m and 17m and a diameter of

=D1 1.1 m. The jacket of the production platform consisted of six legs
( =D2 1.5m), which had spacings of 16m and 20m, respectively. Both
jackets were founded via additional post piles (of = 1,2m and D post2,
=1,5m) and had horizontal (approx. 0.65m) and diagonal near bed
braces (approx. 0.55m). The authors found global scour around the
structures with an extend of about 50m (40 times the pile diameter)

and local scour depths of up to 5m (S D/ >3). A comparison to well-
known scour prediction formulas for single piles revealed that scour
depths are underestimated by a factor of 3–4. The authors explained the
poor performance of the prediction approaches with the disturbing ef-
fect of the jacket structure on the flow close to the seabed. Rudolph
et al. (2004) also stated that comparable scour depths were observed at
similar jacket structures in the North Sea, indicating that the shown
measurements depict no exception.

The scour process is caused by a complex vortex system around the
foundation structure, consisting of the horseshoe vortex, a combined
downflow at the front of the structure, vortex shedding at the back side
as well as a contraction of the flow at the sides (Sumer and Fredsøe,
2001). The process varies with the shape of the foundation structure
and consequently with the contraction of streamlines. Hence, the
knowledge about scour development at piles cannot be directly trans-
ferred to more complex structures. In case of jacket-type foundations,
the additional braces near the seabed cause the flow to contract, leasing
to increased flow velocities and bed shear stresses. Moreover, addi-
tional vortices on the lee side of the braces might be introduced, further
increasing the erosive potential of the flow on the seabed. The distance,
angle and diameter of the braces, the general blockage effect (i.e. post
pile foundations, Rudolph et al., 2004) as well as the ratio of the overall
extent of the structure to the diameter of the main pile depict additional
influence factors for the scour development.

The literature review reveals that unresolved questions regarding
the scour development at jacket structures, in particular its progression
over time and equilibrium scour depths for a wide range of KC andUCW
values, remain. In addition, the structural influence on the scour de-
velopment, i.e. the angle, diameter and distance of the braces to the sea
bed as well as the blockage effect on the scour development and their
contribution to the overall scour depth still need to be investigated in
more depth. The global and local erosion and deposition processes in
the vicinity of a jacket structure and the controlling boundary condi-
tions of global scour depth and extents. The analysis of flow processes
as well as implications of waves superimposed on currents in different
directions on the scour development. Furthermore, a direct comparison
and analysis of differences between the scour development around
jacket structures and monopiles might provide useful information to
improve the scour estimation at jacket structures for design purposes.

In view of this situation, novel hydraulic model tests were carried
out in the 3D wave and current basin of the Ludwig-Franzius-Institute
to perform a systematic investigation and to yield a better under-
standing of the scouring processes around a jacket-type offshore
structure under combined waves and current. The objectives of this
study include:

1. The systematic investigation of the scour development over time in
combined waves and current conditions at different locations at the
front and back side of the jacket.

2. The definition of equilibrium scour depths in combined waves and
current conditions for a wide range of Ucw and KC values.

3. The analysis of the related rate and time scale of the scour devel-
opment.

4. To improve the scour prediction for jacket structures in marine
conditions by comparing scour depths and time scales to that at
monopiles.

2. Experimental setup

The experiments were carried out in the 3D wave and current basin
of the Ludwig-Franzius-Institute, Leibniz Universität Hannover,
Germany. The basin has a length of 40m, a width of 24m and a
maximum water depth of about 1m (see Fig. 1). The sediment pit in the
middle of the basin has a length of 8m, a width of 6.6 m and provides
an additional depth of 1.2 m. A sediment trap at the downstream side of
the sediment pit (with respect to the current direction) was installed to
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prevent large sediment transport as bed load into the pump sump. Wave
reflections are reduced by an integrated active and passive wave ab-
sorption system. As displayed in Fig. 2, the water level of 0.67m
(corresponds to a prototype water depth of 20m, assuming a model
length scale of 1:30) was kept constant during the model tests. The
wavemaker consists of 72 individual wave paddles, allowing a gen-
eration of regular and irregular waves in variable wave angles. The
experiments were conducted with incident waves propagating in the
direction of 90° only, which is perpendicular to the current coming from
0° (see Fig. 1). A wave angle of 90° was chosen to ensure a better
comparability with the studies of Schendel (2018) and Sumer and
Fredsøe (2001). The current was generated by a pump system con-
sisting of four pumps with a combined maximum flow capacity of 5m³/
s, ensuring a depth-averaged mean flow velocity of up to 0.5 m/s for a
water depth of 0.6m.

A jacket-type platform, which was 3D printed, was used as foun-
dation structure in the model tests. To obtain a smooth surface
roughness, the model was sanded down, and painted with filler and
lacquer in several layers. The piles below the lowest nodes, which were
connected with the basin bottom, were made out of aluminium, pro-
viding a smooth surface. The jacket structure had a quadratic footprint
with a width of 0.55m. While the main piles, with a diameter of 4 cm
each, were inclined 8° inwards and the diagonal braces were tilted 29°
inwards (Fig. 2). The physical model was created to simulate a generic
jacket-type shape without additional post piles and mud-mats. The
model was constructed and installed so that the bottom of the lowest
node was located at one pile diameter D (with D=4 cm) above the
sediment bed. As a result, a significant influence of the structure on the
near bed flow was expected. The model was positioned in the centre of
the sediment pit and securely tightened to the flume bottom. It was not
rotated during the experiments, so that only one orientation of the
jacket structure with respect to the current and wave direction was

investigated. Sand with a median diameter of d50 =0.19mm, a density
of s =2.65 g/cm³ and a geometric standard deviation

s =√(d84⁄d16)= 1.4 was used as sediment. To assure a good com-
paction and to reduce entrapped air, the sand was installed in wet
condition (water level of a few millimetres) and levelled with alumi-
nium bars. A settlement of the sediment was not observed after 16 h of
waiting and several preliminary tests under different wave and current
conditions. Additionally, glued gravel mats (gravel of 16–32mm,
width= 40 cm in current and 30 cm in wave direction) were installed
at the inner edge of the sediment pit, with the purpose to mitigate edge
scour. Compared to pre-tests without roughness elements, a significant
reduction of the size and extension of the edge scour was observed.
However, this assessment is based on visual observation as no mea-
surements of the edge scour depth were conducted.

An array consisting of three ultrasonic wave gauges (ULS HF 58 by
General Acoustics), measuring with a frequency of 200 Hz, was in-
stalled along a line between wavemaker and jacket structure. The wave
gauge spacing was matched according to the wave lengths by using the
principles of reflection analysis of Mansard and Funke (1980). Hereby,
the middle wave gauge remained at a constant distance of 2m from the
centre of the model. The reflection coefficient was determined for every
test with values between 0.34 and 0.38 for tests conducted with a
significant wave height of Hs =0.147, as well as values between 0.23
and 0.24 for Hs =0.158 and 0.25–0.29 for tests related to Hs = 0.165.
Wave and current induced flow velocities were measured by means of
two Acoustic Doppler Velocimeter (ADV) (Vectrino+, Nortek AS,
Norway). One was placed in line with the wave gauge array (ADV1),
the other (ADV2) was positioned 2.5 m upstream (in current direction)
from the jacket, see Fig. 1. Both ADV have been installed vertically
(looking down) at a distance of 10 cm (2.5D) above the sediment bed,
with their x-axis pointing in current direction. Measurements closer to
the bed were not possible due to ripple migration and a minimum
distance required for a good signal quality of the ADV.

Preliminary tests have been carried out to measure the horizontal,
undisturbed current velocity 10 cm above the sediment bed, in the
following referred to asUc. Additionally, vertical profiles of streamwise
flow velocity were collected to determine the undisturbed, depth
averaged current velocity Ū , at the location of ADV2. The undisturbed
orbital velocities Um were also measured during previously conducted
tests with ADV1 placed 10 cm above the sand bed.

Measurements of the scour development over time around the
complex structure were enabled by eight small echo sounding devices
E1-E8 (Ultrasonic Ranging System - URS, Seatek) with a diameter of
1 cm each, placed at different positions around the jacket structure
(Fig. 2). A similar system for scour depth measurements was used by
McGovern et al. (2014). The echo sounders were mounted on the jacket
in a distance of 1 cm next to the piles and were measuring the scour
depth with a sampling frequency of 1 Hz. The URS measured the scour
depth with a vertical resolution of 1mm, and a half beam angle of 0.9°.
The closest range of the URS is 3.5 cm and the furthest range 110 cm
from the bottom. All sensors were equidistantly placed 25 cm (≈6 D,
for smooth bed reference conditions) above the sea bed in order to
ensure a rather small signal footprint of 2 cm in diameter to gain a
narrow signal feedback from the eroded sea bed, but also to abate the
intrusiveness of the sensor in regard of an unforced flow field dis-
turbance with respect to the scouring process. Calibration tests re-
garding the accuracy of the URS were conducted under clear water and
live bed conditions on a flat and sloped sea bed inside a scour hole,
which confirmed a vertical accuracy of 1–2mm. However, the cali-
bration tests revealed that uncertainties stemming from large amounts
of suspended sediment can interfere with the acoustic signal of the URS.
Adjustments with respect to density, water temperature and threshold
voltage in combination with reference measurements in calm condi-
tions (see chapter 2.1) as well as different signal filters were considered
to ensure a consistent accuracy of scour measurements. In the present
setup, 6 URS echo sounders were positioned around 2 main piles of the

Fig. 1. Test setup in the wave-current basin, plan view, current is coming from
left to right (0°), waves propagate towards 90°.

Fig. 2. Schematic view of the jacket model (a) schematic plan view of the
positioned echo sounders, (b) schematic side view of the model with dimen-
sions, diameters including the URS mounting, D= 4 cm.
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jacket structure (Fig. 2), of which one (pile 1) is located at the upstream
and the other (pile 3) at the downstream side of the jacket with respect
to the current flow direction. The echo sounders were positioned fol-
lowing the assumption that the maximum bed shear stress amplification
around a circular pile can be generally expected to be located at approx.
45° to the direction of approaching flow for steady flow as well as waves
only conditions (Hjorth, 1975; Baykal et al., 2017). However, during
the tests, an increased scour depth has emerged under the braces. Un-
fortunately, a continuous measurement at this location was not possible
as the URS signal would have been blocked by the structure itself.
However, to provide additional insights in the progression of global
scour induced by the structure, two echo sounder (E4 and E8 in Fig. 2)
were also placed between the upstream and downstream piles, re-
spectively.

2.1. Experimental procedure and test conditions

Prior to each test the sand bed was levelled to avoid influences due
to sand bed irregularities and ripples. Subsequently, the water was
carefully filled in the wave basin overnight. Irregular waves (JONSWAP
spectra with a peak enhancement factor = 3.3, and spectral width
parameters a =0.07 and b =0.09) were adopted for all tests as a
realistic representation of offshore North Sea conditions. To reduce the
influence of wave reflection over time as well as to enable additional
scour depth reference measurements, the generated wave spectra were
limited to approx. 650 waves. After each spectrum, a break of about
10min was conducted, in which the current was shut down gradually
and waves were stopped in a way that the last wave was generated at
the exact time the current induced flow velocity fell under its critical
value. This ensured that no single exposure due to waves or current
contributes to the scour development. During each break, additional
reference measurements of the scour depth were carried out under clear
water conditions with the URS. A number of 650 waves was chosen to
provide a sound basis for a meaningful distribution of waves within the
random wave spectrum, as well as to keep the number of breaks within
each test limited. The spectra were then repeated up to 10 times, until
the scour process attained the equilibrium stage or a maximum amount
of 6 500 waves were applied. Available studies related to scour around
OWEC's due to combined waves and current often feature test durations
in a range of 1–3 h (e.g. Raaijmakers and Rudolph, 2008; Petersen et al.,
2012; Chen et al., 2014; Qi and Gao, 2014). As in some of those studies
the equilibrium scour depth was not reached, a maximum number of
6 500 waves was selected for the tests presented herein, representing
test durations between 3.7 and 8.3 h, to enable the scour process to
reach its equilibrium state. The test procedure used in the combined
waves and current tests can be summarized as follows:

1. Smoothing the sand bed and filling the basin.
2. Run the desired wave spectrum combined with the smallest design

velocityUc until the scour process has reached the equilibrium stage
or a maximum number of 6 500 waves was applied.

3. Increase the current velocity to the next larger velocity value and
repeat step 2.

4. Increase the current velocity to the highest velocity, repeat step 2.
5. Emptying the wave basin and draining the sand pit.

The physical model tests with waves only conditions followed the
same procedure. After smoothing the sand level, the smallest wave
spectrum was generated. Afterwards, the wave spectrum was increased,
and the previous steps were repeated. Test 13 (see Table 1) was con-
ducted separately under current only conditions following the de-
scribed procedure. Wave parameters and current flow velocities were
selected to cover a wide range of values for the KC number,Ucw and the
Shields parameter , which are essential governing parameters effecting
the scouring process in combined wave and current conditions. The
maximum value of the undisturbed orbital velocityUm can be calculated Ta
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by:

=U U2m rms (1)

in which Urms is defined as the root-mean-square (RMS) value of the
orbital velocity U at the bed in direction of the waves. The root-mean-
square velocity Urms can be obtained by integration of the velocity
frequency spectrum over all frequencies:

=U S f df( )rms
2

0 (2)

in which S f( ) is the power spectrum ofU , which is corresponding to the
wave component, and with f as the frequency.

As suggested by Sumer and Fredsøe (2001), the Keulegan-Carpenter
number is defined as =KC U T D/m p , in which Tp is the peak wave
period. The Shields parameter is based on the orbital velocity Um and
the current velocityUc and was calculated based on the bed shear stress
approach of Soulsby and Clarke (2005). The test program consisted of
three different wave spectra with maximum orbital flow velocities be-
tween Um =13.3 and 20.8 cm/s, which were combined with three
different current flow velocities Uc ranging from 10.1 cm/s to 38.8 cm/
s. The KC numbers varied from 6.7< KC <23.4 whileUcw ranged from
0<Ucw <1. The critical Shields parameter of the sediment, = 0.049cr ,
was calculated according to Soulsby (1997):

=
+

+
D

D0.3
1 1.2

0.055[1 exp( 0.02 )]cr (3)

in which =D d s g v[( 1) / ]*
50

2 1/3 is the dimensionless grain size, sis the
specific density of the sand, g gravitational acceleration and v the
viscosity of water. As shown in Table 1 the test series have been con-
ducted for live bed conditions only. Note that test 1, 2 and 3 as well as
test 13 were carried out to showcase scouring experiments in wave only
and current only environments in order to complement the test condi-
tion matrix and yield comparative understanding to the combined

waves and currents experiments. The final scour depth S D/end depicted
in Table 1 is defined as the mean value of scour depths measured during
the last 25% of each test. The duration was chosen depending on the
fluctuation period of the signal. It was found that a mean value of the
last 25% is representing the measured scour depth more appropriate as
e.g. the maximum scour depth, or a mean value of a shorter signal
which tend to vary more for the present tests. Nevertheless, it has to be
pointed out that in other tests, in which the scour depth was steadily
increasing until the end, using an average value probably leads to a
slight underestimation of final scour depths.

3. Results and discussion

3.1. Flow and scouring mechanisms

In the present study the scouring process around a foundation
structure under combined waves and current was investigated. For the
scour development around a jacket structure, it is reasonable to assume
that its main mechanisms are related to the local flow acceleration
around the piles, which in turn lead to a mobilization and consequently
to a transport of sediment downstream (in current direction). Similarly,
it can also be presumed that structural elements like near bed diagonal
braces cause additional vortex shedding and streamline contraction
compared to a single pile, also potentially increasing the sediment
mobilization around the jacket structure. Furthermore, the downstream
located pile (as well as downstream located sediment areas) might in-
terfere with the wake dynamics of the upstream located piles and
braces, similar to two circular cylinders in a tandem configuration
(Mubeen, 2008; Sumner, 2010). Considering these potential influences
of the structure on the flow, a significantly different scour development
than that around a single pile can thus be expected. However, jacket
type foundations can vary in certain structural parameters. For ex-
ample, in case of a jacket structure with a large distance between the

Fig. 3. Scour pattern for wave dominated up to steady current conditions (Ucw =0.33–1.0), exemplary presented with photos of the bed topography after test 6, 8, 10
and 13. The dashed line in Fig. 3 c, e and f illustrates the extend of the global scour.
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lowest node and the sea bed, the flow field around a jacket pile might
resemble the one around a cylindrical structure more closely, e.g. if
neglecting additional structural elements like post piles. If in contrast
the structural contraction of the flow is increased or the distance to the
sea bed is reduced, the flow acceleration under the braces rises sig-
nificantly which has been highlighted by Stahlmann (2013) for a tripod
foundation.

Results show, that the scour process and its spatial development
around the structure were dependent on the flow condition, i.e. whe-
ther the flow was current, or wave dominated. To visualize the influ-
ence of the structure on the scouring process, Fig. 3 exemplary presents
the scour pattern from wave dominated (Ucw =0.33, test 10) up to
steady current conditions (Ucw =1.0, test 13). Wave dominated con-
ditions Ucw =0.33 (Um =20.8 cm/s, Uc =10.11 cm/s) are illustrated
in Fig. 3 (a), test 10. A slightly higher wave current velocity ratio ofUcw
=0.56 is depicted in test 8, which was conducted under a decreased
orbital and increased current velocity (Um =17.5 cm/s,Uc =22.5 cm/
s). The bed topography (Fig. 3, b) reveals eroded areas and long-crested
sand ripple migration in wave direction with global scour depth of
approximately =S D/ 0.2–0.4. Fig. 3 (c) and (d) illustrates the bed to-
pography under current dominated conditions Ucw =0.75 (Um
=13.3 cm/s,Uc =38.8 cm/s, test 6). Under these conditions, the main
direction of sand ripple migration was in line with the current direction.
The dashed line, shown in Fig. 3 (c) highlights the extent of global scour
with a scour depth of approximately =S D/ 0.5–0.6, while the sediment
has primary deposited symmetrically, downstream at the sides of the
structure. Steady current conditions Ucw =1.0 (test 13), with a flow
velocity ofUc =38.8 cm/s are depicted in Fig. 3 (e) and (f). The lack of
the superimposing orbital wave motion results in shorter crested sedi-
ment ripples migrating in current direction. The global scour (approx.

=S D/ 0.6–0.7) is located below and downstream of the jacket and is
again highlighted with a dashed line. An explanation of the globally
eroded areas (see Fig. 3 c-f) as well as the smaller local scour depth at
the downstream side (in current direction) might be the additional in-
fluence of near bed wakes coming from upstream located piles and
braces.

Enabled by continuous scour depth measurements, infilling of se-
diment from the edges of the scour hole in combination with a dis-
placement of sediment (backfilling) could be observed for wave-

induced, wave-current-induced and current-induced live bed condi-
tions. Driven by the horseshoe vortex as a central element of the
scouring process (Sumer and Fredsøe, 2002), an increased scour depth
on the upstream side of each pile as well as a decreased scour depth at
the downstream side was observed, resulting in an imbalance of scour
depth around each pile comparable to that in unidirectional currents
(Yao et al., 2016). An increased scour depth under the diagonal braces
indicates for an enhanced streamline contraction, and consequently,
increased bed shear stresses beneath the braces, similar as shown in
Welzel et al. (2019) for a closer distance of the lowest nodes to the sea
bed. The observed global scour effects (see Fig. 3) below the structure
are further indicators for an altered flow field. Those observations
thereby confirm the influence of the structural elements of the complex
jacket foundation on the flow field and in turn on the scouring process.

3.2. Scour development under combined waves and current

Fig. 4 illustrates the time dependent scour development of test 4–6 by
comparing the scour depth at individual positions around pile 1 and pile
3. Echo sounder E1 – E3 were located around pile 1 (see Fig. 2) at 315°
(E1), 45° (E2) and 135° (E3). Here, the structure is mainly affected due to
the local vortex system and less due to neighbouring structural elements.
Echo sounder E5–E7 were located around pile 3 (see Fig. 2) at 135° (E5),
225° (E6) and 315° (E7). At this location, wave and current induced flows
were influenced by the presence of structural elements located on the
upstream side of the structure. Unaffected by local scour around the piles,
echo sounder E4 and E8 provided pointwise measurements of the global
scour depth over time as a reference. Over the course of the tests, scour
depths at E4 and E8 were slowly but steadily increasing, and thereby,
indicating a positive correlation between Ucw and globally occurring se-
diment transport. As expected, the local scour depths at pile 1 and 3 in-
creased immediately with every step-wise increase of current flow velo-
city, and subsequently, followed an asymptotical growth towards an
equilibrium stage. The increase of current flow velocity between test 4
and 6 was accompanied by an increase of ripple formation and migration.
As shown in Fig. 4, the upstream located echo sounder E4 measured in
test 4 and 5 larger scour depths, whereas test 6 clearly showed a deeper
scour for location E8 on the downstream side. Possible reasons for this are
discussed in detail in chapter 3.4.

Fig. 4. Test 4–6: Scour progression for KC=6.7 for positions, referring to Fig. 2, under a near bed current velocity of Uc =10.1, 22.5 and 38.8 cm/s as well as an
orbital velocity of Um =13.3 cm/s.
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The scouring process at pile 1 was characterised by an imbalance of
scour depth between the measurement positions E1-E3, similar to that
in unidirectional currents (Yao et al., 2016). In comparison, the dif-
ferences in scour depth between E5-E7 located at pile 3 were less
pronounced. In particular, the distinct differences of scour depths be-
tween E2 and E3 indicate a more current dominated scouring process at
the upstream pile 1 than at the downstream located pile 3, where the
approaching current was partially influenced by pile 4. The structural
elements of pile 4 induced additional vortices, which affected the flow
acting on the scour development around the downstream located pile 3.

Moreover, a closer look at the scour development at pile 1 also re-
veals a large difference in scour depth between positions E1 and E2,
especially during test 05 and 06, although both echo sounders were
located at the upstream side of the pile.

While the scour depth at position E3 was generally smaller than that
at position E2, as expected, it was larger than at position E1, which
might be explained with slightly increased velocities as pointed out in
Miles et al. (2017) at angles of 135° and 225° as well as the impact of
flow acceleration due to the crosswise braces. However, the differences
between position E1 and E3 diminished with increasing current flow
velocity as shown in Fig. 4. For larger values of KC , the imbalance of
scour depths around pile 1 were less pronounced than during test 4–6.
Test 7–12 =KC( 14.9 & 23.4) showed smaller scour depths for position
E3 and higher scour depths for position E1 and E2, which is reasonable,
as E3 was sheltered from the current. For the scour development around
pile 1 it can therefore be concluded that the scour depths are generally
larger at the upstream side, position E1 and E2, than at the downstream
side at position E3. While the maximum scour depth remained at po-
sition E2 during the tests presented in Fig. 4 (test 4–6), its position
varied between E1 and E2 in test 7–9 and remained at position E1
during the course of test 10–12, in which the wave load was further
increased to a value of KC =23.4. Therefore, a clear trend for the
position of the maximum scour depth between echo sounder E1 – E3
could not be observed for test 4–12. For the scour development at pile 3
it was found that the position of the maximum scour depth changed
from the upstream position E7 in test 4 to the downstream position E5
in test 5 and 6. The transition of maximum scour depth to position E5
might be explained by an increased influence of streamline contraction
on the scouring process in test 5 and 6. Due to a higher current velocity,
the effect of the streamline contraction should be more pronounced, as
the exerted bed shear stresses are increasing proportional to the square
of flow velocities. In line with the scour depths at pile 1, maximum
scour depth at pile 3 also constantly developed at the upstream side of
the pile, i.e. at position E7, during tests with larger wave load and
KC 14.9.

To account for the described scour depth imbalance between in-
dividual measurement positions, the scour depths are given as mean
values, averaged over the three measurement positions of pile 1 (E1-E3)
and pile 3 (E5-E7) in the following. This procedure is line with several
other studies, e.g. Sumer and Fredsøe (2001).

The scour depth fluctuations during test 4 indicate that an

equilibrium state was not reached, despite a test duration of approx.
220 min (6 500 waves). Especially echo sounder E1, E2 and E7, located
at the upstream side of the piles, showed significant variations of scour
depth over time. A possible explanation for these fluctuations might be
given by the small erosive potential provided by the combined flow in
test 4. With a current flow intensity of only =U U¯ / 0.39crit ( =Ucrit 0.295,
calculated with the approach of Melville (1997)), the current alone was
not strong enough to maintain a consistent horseshoe vortex and to
generate significant scour on the upstream side of the piles. As sug-
gested by Breusers et al. (1997), a flow velocity larger than half of its
critical value is required to initiate the scouring process at a pile. In
addition, the thickness of the wave boundary layer in the tests can be
expected to be relatively thin, potentially too thin to generate a strong
horseshoe vortex at the upstream side of the pile so that the lee wake
vortices were the major driving forces for the scour development. The
steady scour development of test 5 indicates that an increased current
velocity (on Uc =22.5 cm/s) leads to a less fluctuating scouring pro-
cess. In this current dominated regime, a consistent horseshoe vortex
can form that provides a constant erosive potential.

As mentioned earlier, the equilibrium scour depth was not reached in
all tests. For current induced scour development in clear-water condi-
tions, Melville and Chiew (1999) as well as Sheppard et al. (2004) re-
ported that it might be necessary to conduct experiments for several days
to reach equilibrium conditions. The outcome showed a strong correlation
between the estimated time to reach the equilibrium stage and the pile
diameter. Consequently, tests with small pile diameters reached the
equilibrium condition comparable faster. Qi and Gao (2014) described
that the rate of scour depth development under combined waves and
current conditions is remarkably faster than in current alone cases.
However, their test durations were limited to approx. 100 min, and thus,
potentially insufficient to assess the equilibrium scour depth. Therefore,
an extrapolation to expected equilibrium scour depths was attempted, as
described below. An approach similar to Sheppard et al. (2004) was used
to describe the expected time dependent scour development under com-
bined wave-current conditions for the present study:

=
+

S t
bt

( ) a(1 1
1

) (4)

Eq. (4) was given the preference over the approach of Sheppard
et al. (2004) as the latter tended to produce unreliable results with a
high degree of uncertainty for tests with strongly fluctuating scour
depths. The approach of Sheppard et al. (2004) was defined for current-
only conditions with less fluctuating progressions of scour depth over
time. The coefficients a and b of Eq. (4) were determined for each test
by least square fitting to the measured data. Once the coefficients a and
b have been found, time t was increased until the scour depth reached
the equilibrium stage without any further increase of scour depth. Ex-
emplarily, Fig. 5 shows the extrapolation to equilibrium scour depth
with Eq. (4) for test 10 (measured scour depths are averaged over E1-
E3). In Fig. 5, the parameter Send is defined as the mean values of scour
depths measured during the last 25% of each test.

Fig. 5. Extrapolation of measured scour depth to equilibrium scour depth S _fit t100, for test 10 based on Eq. (4), Send (average value of last 25% of measured scour
depth), fitting of 50% of the signal to the end of the test S _fit end50, .
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In addition, an uncertainty estimate has been made regarding the
performance of the extrapolation to predict the equilibrium scour
depth. Therefore, Eq. (4) was applied on only half of the time series, as
shown in Fig. 5. Then, the extrapolated scour depth S _fit end50, was
compared to the actual measured scour depth at the end of the test. The
example, shown in Fig. 5, test 10 reveals a difference between Send and
S _fit end50, of 5% =S S( / _ 1.05)end fit end50, . Overall, the uncertainty analyses
with extrapolation based on 50% of the signal revealed an average
difference between Send and S _fit end50, of 18.6%. Without test 6, 9 and
12, the average difference between Send and S _fit end50, is calculated to
8.7%. Test 6, 9 and 12 revealed larger differences, which can be ex-
plained with the influence of the global scour on the local scour de-
velopment, which in turn affects the extrapolation.

It has to be noted that the following analysis in the present paper is
using only measured values (see Table 1, Send). The presented extra-
polation analysis is used to critically assess the measured scour depth.
Similar as conducted in Sheppard et al. (2004), measured values Send are
compared with a value of 90% of the equilibrium scour depths
S _fit t100, to assess whether the test reached an equilibrium stage or
not. A comparison between 90% of the extrapolated equilibrium scour
depths and the measured scour depth Send indicates that, apart from test
6, 9, 12 and 13 (influence due to global scour around pile 3), in par-
ticular test 4 (77% of S _fit t100, , pile 1 & 3) and test 13 (79% of
S _fit t100, , pile 1) have not reached the extrapolated equilibrium scour
depths value (see Table 1).

To assess the dependency of the scouring process on the KC number,
Fig. 6 contrasts the progression of mean scour depth over time at pile 1
and pile 3 for tests with similar values ofUcw but different KC numbers.
As it was intended to keep the number of waves between tests

comparable, the test duration varied between 220min for tests with KC
=6.7 and 500min for tests with KC =23.4. Thus, the time in Fig. 6 is
given as nondimensional time t t/ end. The scour depth S is either nor-
malized with the main pile diameter D (4 cm) or with the final scour
depth Send of each test to provide a better understanding of influences in
the scour development under different load configurations. Further-
more, the illustration of scour development over time as S S/ end allows
an easier comparison of scouring rates and time scales as shown in the
following chapter 3.3.

For a small current load (Fig. 6 (a) and (d)), i.e. in a wave domi-
nated regime, the increase of scour depth as well as the scouring rate
correlated positively with the increasing KC number. At both piles, the
scour progression induced by KC =6.7 was significantly slower and
less asymptotical than that for larger KC numbers. Furthermore, the
initiation of the scour process at pile 3 seemed to be delayed for KC
=6.7 compared to that at pile 1. This effect might be a result of the
aforementioned small erosive potential of test 04 in combination with
the time which is necessary to stabilize the vortex shedding around pile
3. With an increasing Ucw parameter the scour process became more
current dominated, and scour depths were increasing with a similar
rate, independently from the KC number. In all tests, the scour pro-
gression clearly resembled that in unidirectional currents, showing a
steady increase towards an equilibrium scour depth.

During tests with Ucw 0.65, in particular in test 9 and 12 (pile 1),
global scouring processes and dune migration led to an unsteady pro-
gression of scour depth over time. To account for these effects on the
scour depths, Send is defined as the scour depth at the inflection point in
test 9 and 12 (pile 1), instead of using the last 25% of measured scour
depths to calculate Send. The inflection point was determined by

Fig. 6. Scour progression of test 4–12, pile 1 (a–c) and pile 3 (d–f) normalized with the pile diameter (D=4 cm), the final scour depth value Send plotted over the
dimensionless time t t/ end as well as the calculated inflection point (red dot) for test 9 and 12.
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calculating the derivative of the time dependent scour depth mea-
surements and resembles a point during the advanced stage of the test
at which the scouring rate reaches a maximum. Furthermore, in the
wave only test 2 and 3 a deposition of sand around the structure was
observed. In order to complement the test condition matrix and yield
comparative understanding to the combined waves and currents ex-
periments those measurements are included in the following timescale
and final scour depth analysis. The scour depth of those tests (2 & 3) is
taken as a reference to the increased global sea bed level measured with
E4 and E8.

3.3. Timescale

The time scale is defined as an additional reference value to assess
the scouring rate and is calculated for all tests. Sumer et al. (1992a)
defined the time scale as the time which is needed to reach a scour
depth of 63% of the equilibrium depth, by applying a tangent to scour
development at t =0. As all tests have been conducted in live-bed
conditions, the scour development was influenced by sediment infilling,
which resulted in an unsteady increase of scour depths. Therefore, as an
approach that can take a fluctuating scour development into account,
the dimensionless time scale T is calculated by integrating the scour
depth over the considered time period of the test, similar to the ap-
proach applied by Fredsøe et al. (1992), Fuhrman et al. (2014) or
Schendel et al. (2018):

=T S S t
S

dt( )t
max

max0

max

(5)

in which Smax is the maximum scour depth and t is the dimensionless
time given by:

=t g s d
D

t( (( 1) ))50
3 1/2

2 (6)

The time scales for the scour development at pile 1 and 3 are
summarized in Table 1. During some tests, the scour depth reached an
interim maximum, which was slightly larger than the final scour depth
at the end of the test. To provide consistency between tests, the max-
imum scour depth Smax as well as the time tmax at which the maximum
scour depth occurs are chosen to calculate the time scale instead of
using the final scour depth Send. Considering a monotonically growing
scour development curve with less fluctuations, it could be deduced
that a calculation of the time scale with eq. (5) and Send instead of Smax
would lead to an increased time scale value. However, the analysis of
the present dataset with a reference on Smax revealed similar

magnitudes as a calculation with Send, but with a much less pronounced
fluctuation of T . Since eq. (5) is formulated to represent the area un-
derneath the curve in between t= 0 and t= tmax , it is less depending
on fluctuations, as fluctuating areas below Smax and after tmax are not
considered. In consequence, the above-mentioned method (relating on
Smax , see eq. (5)), which was already formulated and formally proven by
Fuhrman et al. (2014) is considered to be more reliable for the present
study. In Fig. 7, the calculated time scale is presented versus the wave-
current velocity ratio Ucw, for the scour development of pile 1 (Fig. 7
(a)) as well as for pile 3 (Fig. 7 (b)). As mentioned before, the scour
development in test 9 and 12 was influenced by migrating sand dunes.
As a result, the calculated time scales for these tests are assumed to be
larger than a comparable scour development without the fluctuating
influence. Therefore, the time scales of these tests are highlighted se-
parately in Fig. 7, and were not considered for the regression curves
shown in Fig. 7. Generally, the nondimensional time scale is decreasing
with an increase of Ucw, indicating a faster scour progression for larger
values of Ucw. Furthermore, Fig. 7 (a) reveals that the time scale was
more dependent on Ucw in tests with small KC numbers (test 4–6) than
in those with large KC numbers. As the drag component of the waves
become more dominant with increasing KC number the influence of the
current on the scouring process is diminishing.

Regarding the temporal evolution of the scour development, it was
observed that the local erosion around vertical piles progressed more
rapidly than the globally occurring erosion around and underneath the
structure. This observation is in agreement with investigations of
Stahlmann (2013) on the scour development around a tripod founda-
tion, in which the local scour development at the piles also progressed
faster than the global scour development underneath the structure.
Furthermore, in contrast to studies by Schendel (2018) or by Petersen
et al. (2012), the present study reveals a larger time scale value for
current only conditions ( =U 1cw ) in comparison to that in current
dominated conditions (U 0.7cw ). The calculated time scales of pile 1
and 3 indicate that even small orbital velocity components have a
significant influence on the present scouring rate. A possible explana-
tion might be the mutual influence and entwined feedback mechanisms
between local and global scouring processes, but which are evidently
governed by different time scales, related to current dominated or
current only conditions.

The comparison of time scales for pile 1 and pile 3 exposes a dif-
ferent dependency of time scales to Ucw (see Fig. 7). For values of
Ucw >0.52 the time scales at pile 3 show a stronger dependency to Ucw
than those at pile 1. In addition, time scales are larger than those at pile
1 for this range of Ucw, implying a slower scouring process at the
downstream located pile 3. Reasons for this might include a decreased

Fig. 7. Nondimensional time scaleT againstUcw for (a) the scour development around pile 1 and for (b) the scour development around pile 3. Dashed lines represent
regression curves.
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influence of the current on the scouring process around pile 3 due to its
sheltered position and the influence of the eroded sediment that is in-
duced by the upstream piles and braces. Consequently, the wake of the
upstream located structural elements modifies the incoming flow con-
ditions and the incident vorticity field. The downstream located pile
interferes with the wake dynamics and vortex formation of the up-
stream located piles and braces, rather similar to two circular cylinders
in a tandem configuration (Mubeen, 2008; Sumner, 2010). As a result,
upstream located structural elements affected the downstream located
sediment bed as well as pile 3, leading to global scouring for higherUcw
values. The observed scour development of E4 and E8 suggest that
global scouring is governed by processes on a different time scale
compared to the local scour process around each pile. A comparison of
echo sounder E8 with test 6, pile 3 (see Fig. 5), illustrates the influence
on the scour development and thus also on the time scale, which was
observed for tests with Ucw ≥ 0.65 at pile 3 (Fig. 7, b).

The mobilization of sediment by the upstream piles also increase
with increasing current velocity, potentially leading to a significant
slowdown of the scouring process at pile 3 especially for higher current
loads compared to that at pile 1. On the other hand, for values of
Ucw <0.52, time scales indicate a faster scour progression around pile 3
than at pile 1. This finding is in accordance with the scour development
presented in Fig. 7, which also shows a faster increase of scour depth at
pile 3 than at pile 1. In contrast to pile 3, the flow around pile 1 was
unaffected by the vorticity field of neighbouring structural elements. A
possible explanation for the larger time scales at pile 1 at lowUcw values
might thus be given by the small erosive potential provided by the
current flow at Uc =10.1 cm/s, which in turn leads to a slower
scouring rate at pile 1 than at pile 3. Finally, it has to be noted that the
determination of time scales could be influenced by the successive load
conditions coming with the test procedure.

3.4. Influence of KC and Ucwon the final scour depth

Fig. 8 compares the final scour depths Send at pile 1 and pile 3 as a
function of KC and Ucw. As depicted, the scour depths at the upstream
pile 1 and the downstream pile 3 followed the same trend, namely that
scour depths increase with increasing KC number. This trend and even
the rate of scour depth increase with increasing KC number was gen-
erally unaffected by Ucw. Only for values of >Ucw 0.65, and thus in
current dominated flow condition, a significant difference between the
scour depths at pile 1 and 3 in terms of dependency to KC could be
measured. Here, scour depths at pile 3 seemed to be more dependent on
the KC number as scour depths at pile 1. As mentioned before, the scour
depths in tests with a large current velocity might however be influ-
enced by dune migration. Therefore, test 9 and 12 are excluded for the
calculation of the regression curves of pile 3, shown in Figs. 8 and 10.
Overall, final scour depths were slightly larger at pile 1 than at pile 3.
For values of Ucw in the range of 0–0.63, scour depths at pile 3 were on
average 0.14 S D/end smaller than those at pile 1.

Additionally, Fig. 9 (a) shows the development of scour depth at
both piles with increasingUcw, from a wave to a current dominated flow
regime, for all tests. For visual reference, the inner graphical subset in
Fig. 9 depicts the position of each echo sounder around the jacket
structure. In current dominated conditions, Ucw 1, scour depths ap-
proached values similar to those obtained for current only conditions,
whereas in wave dominated situations, Ucw 0, scour depths close to
those in “waves-only” conditions were observed. While scour depths
generally increased with KC number over the whole range of Ucw, the
influence of KC on the scour depths was significantly larger in the wave
dominated than in the current dominated regime. As pointed out by
Sumer and Fredsøe (2001) for the scour development at monopiles, this
indicates that for small KC numbers only a small superimposed current
can considerably increase the wave induced scour depths. Following the
approach of Sumer and Fredsøe (2001), Eq. (7) is proposed to predict
the scour depths at a jacket type foundation structure in combined wave

and current flow conditions. As scour depths were found to be sig-
nificantly different whether the upstream pile 1 or the downstream pile
3 is considered, the prediction of scour depths by Eq. (7) differentiates
between both locations. Furthermore, it has to be noted that Eq. (7) is
valid for measured scour depths Send of the present study, and for one
particular wave-current structure alignment of waves propagating in
90° to the current.

= + +S
D

U A(0.7 exp( 6.5 )) 0.17end
cw
2.5 1.5

(7)

with:

=A KC1.66 4.5front
0.34 (7a)

=A KC1.30 4.6rear
0.40 (7b)

To evaluate the development of global scour between the individual
piles of the jacket structure, Fig. 9 (b) illustrates the final scour depths
measured by echo sounder E4 and E8, which were placed in the middle
between the upstream and downstream piles (Fig. 2), respectively. As
the measurements of E4 and E8 depict point measurements at two
distinct locations, no sound statement on the extend of global scour can
be derived from them. Nevertheless, they might provide additional
information on the ratio between global and local scour at both the
upstream and downstream side of the structure (again looking in cur-
rent direction). As expected, scour depths at the positions of E4 and E8
increased with rising current flow velocity, i.e. increasing values ofUcw.
However, under wave only conditions a deposition of sediment instead
of scour was partly measured. Furthermore, the measurement at E4 and
E8 indicate an increasing scour depth with increasing values of KC,
especially at the upstream located echo sounder E4. The fitting of scour
depths at E4 and E8 indicates that the global scour depth followed a
similar trend as the measured local depth around pile 1 and 3. How-
ever, the change of the scour depth at location E4 and E8 with Ucw was
clearly less pronounced than that of the local measured depth. Mea-
surements at locations E4 and E8 did not show a clear equilibrium stage
for every test (see Fig. 5, pile 3). The sediment erosion and redis-
tribution in the globally affected areas in between and around the
structure's footprint are mainly affected due to wake dynamics and
vortex formations as well as streamline contraction induced by the
structural geometry of the jacket. This finding indicates that local and
global scouring processes are governed by processes on different time
scale and are affected by characteristic depth ratio but are correlated to
each other by means of entwined feedback mechanisms. The trend line
of pointwise global scour measurements (Fig. 9, b; E4 and E8) reveals a

Fig. 8. Measured nondimensional scour depths S D/end , plotted over KC for
different Ucw wave-current
velocity ratios.
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correlation between the global scour depth and the increase of the wave
current velocity ratio Ucw. Nevertheless, it cannot be deduced, whether
the pointwise echo sounder measurements of E4 and E8 are influenced
due to a local scouring effect. As a result, a detailed statement about the
fraction of the scour depth, which is attributed to local or global scour
cannot be made within the present study.

Scour depths in combined flow conditions are usually smaller than
in equivalent current only conditions, at least for the case of a mono-
pile. Here, larger local scour depths were obtained, in particular for test
6, 9 and 12 (Fig. 9, a), potentially due to the influence of the global
scour, leading in curves of Eq. (7) ending above the current alone
measurement. Furthermore, the extrapolation analysis, shown in
paragraph 3.2 revealed that test 13 (current only) did not fully reached
the equilibrium stage and thus might be a bit underestimated. The in-
fluence of the global scour on local scour development becomes ap-
parent through a comparison of the time dependent scour depth signal
at each pile (E1-3, E5-7) with the associated measurement of E4 and E8
(not illustrated), which is rising equally to the local scour depth around
the pile for these tests. The two outliers (Fig. 9a and b; pile 3) can be
explained, due to the combined effect of global scour and dune mi-
gration, which were more pronounced in test 9 and 12.

A comparison between studies of Chen et al. (2014) and Bolle et al.
(2012) reveals partly similar as well as deeper scour depths for the
present study. However, it has to be noted that both studies measured
the scour depth after a comparable short time period. Whereas a
comparison with measurements of Rudolph et al. (2004) shows that
scour depths of the present study are generally smaller. This might be
explained by a significantly increased contraction of the flow due to
near bed structural elements of the jacket structures investigated by
Rudolph et al. (2004). Furthermore, the sea bed elevation measured in

Chen et al. (2014) indicates for a comparable scour mechanism as local
and global erosion seemed to dominate on the upstream side of the
structure. Similar to measurements of the present study, field mea-
surements of Rudolph et al. (2004) as well as Baelus et al. (2019) reveal
a global scour around the jacket foundation. On the other hand, multi-
beam echo sounder scans of Bolle et al. (2012) did not show a clear
global scour but indicate that the erosion process was in an early stage.

3.5. Comparison with scour depths at monopiles

While the findings on the scour development around the jacket
structure alone provide already valuable insights in the scour processes
around the complex foundation structure, a direct comparison to scour
depths at monopiles might additionally allow the definition of appli-
cation-oriented reference values for an improved prediction of scour at
jacket structures.

For this comparison, scour depths measured at the upstream pile 1
of the jacket structure, where the scouring process should have been
less affected by the structure than at pile 3, are considered. These scour
depths are compared to data obtained by Schendel (2018), who con-
ducted model tests on the scour process around a monopile structure
(with a diameter of 8 cm) in combined wave and current conditions.
The model tests of Schendel (2018) were carried out in the same facility
and under similar hydraulic condition as the tests presented herein,
reducing the uncertainties between individual studies stemming from
model effects or different test procedures. As further reference for the
scour development at a monopile in current only conditions, data from
the experimental study of Schendel et al. (2018) were used.

For a comparison of scouring rates, Fig. 10 contrasts the di-
mensionless time scales of both studies againstUcw. Here, the time scales

Fig. 9. Measured nondimensional scour depths S D/end versus Ucw. S D/end depicts the mean value of echo sounder measurements at pile 1 (E1-E3) or pile 3 (E5-E7).
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for both studies were calculated following the approach given by Eqs.
(5) and (6). In general, it can be summarized that the scour develop-
ment of the present tests led to slower scouring rates in comparison
with the monopile tests of Schendel (2018). While the time scales for
the scouring process at both structures decreased with increasing Ucw,
the magnitude of the decrease was different so that in current domi-
nated flow the final scour depths at the jacket structure developed
comparable slower than those at the monopile. Overall, Fig. 10 thus
indicates that the scouring process at the investigated jacket structure
progressed slower and was also less dependent onUcw than the scouring
process at a monopile structure.

In Fig. 11, measured scour depths Send normalized with the pile
diameter are plotted against results from Schendel (2018) and Sumer
and Fredsøe (2001) as a function of KC andUcw. The tests of Sumer and
Fredsøe (2001) have been conducted under comparable conditions re-
garding the Keulegan Carpenter number, similar to that of the present
study. Nevertheless, it has to be noted that tests of Sumer and Fredsøe
(2001) related to KC=8 and 26 have been conducted for

codirectionally propagating current and waves, while tests related to
KC=18 were conducted for waves propagating perpendicular to the
current.

While some scattering of scour depths is obvious, which is expected
given the prevailing uncertainties coming from model and scale effects,
the results show a comparable dependency of scour depths on Ucw and
KC numbers. The scour depths generally increased with KC over the
whole range of Ucw. The influence of KC on the scour depth was sig-
nificantly larger in the wave dominated than in the current dominated
regime. Nevertheless, it can also be taken from Fig. 11 that the scour
depths of Sumer and Fredsøe (2001) were slightly more dependent on
the KC numbers than those measured in the present study, for Ucw va-
lues less then ∼0.4. Furthermore, scour depths given by Sumer and
Fredsøe (2001) were considerable larger than those presented herein
for similar KC numbers and Ucw values. The maximum scour depth
difference between values of Sumer and Fredsøe (2001) and the present
study reached from S D/ 0.43end ( =U 0.33cw ) for KC=23.4, to

S D/end 0.32 ( =U 0.56cw ) for KC=14.9 as well as up to S D/end
0.20 for =U 0.63cw and KC=6.7. Differences in terms of scour depths
and their dependency on KC and Ucw between the present study and
Schendel (2018) were less pronounced (see Schendel, 2018, KC=8.4),
which might be partly explained by the fact that the tests of Schendel
(2018) were also carried out with a perpendicular superimposition of
current and waves. While Sumer and Fredsøe (2001) found no influence
of the direction of wave propagation on the scour depth around a
monopile, the angle of wave-current superimposition might be more
important for the scouring process at a complex jacket structure.

Finally, Fig. 12 evaluates the accuracy of the approach of Sumer and
Fredsøe (2002) and of Eq. (7) to predict the scour depths obtained in
this study by comparing the measured scour depths of pile 1 and 3 to
predicted values. It has to be noted that a good prediction of the present
model tests is expected with a comparison of Eq. (7), as Eq. (7) is fitted
to these very tests. But the comparison also highlights the difference
between Eq. (7) and the approach of Sumer and Fredsøe (2002), de-
fined for monopiles. The approach given by Eq. (7) provides an im-
proved prediction of scour depths (R2=0.95) compared to the ap-
proach of Sumer and Fredsøe (2002) (R2=0.58) for pile 1. Despite of
the underprediction of test 9 and test 12 which are considered as out-
liers as discussed in 3.4, the present approach (R2= 0.87) provides a
good correlation between measured and predicted values compared to

Fig. 11. Measured scour depths for pile 01, Ucw =0 indicate Waves alone andUcw =1.0 indicate current alone tests, present data compared with monopile data of
Sumer and Fredsøe (2001) and Schendel (2018).

Fig. 10. Nondimensional time scale over Ucw, plotted for KC=6.7, KC=14.9
and KC=23.4 in comparison to data of Schendel et al. (2018) and Schendel
(2018) for a monopile.
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the approach of Sumer and Fredsøe (2002) (R2=0.73) for pile 3. The
approach of Sumer and Fredsøe (2002) tends to underpredict the scour
depths measured at pile 1 and tends to overpredict scour depths around
pile 3, especially for very small or large values of Ucw. This is generally
explained by the impact of the complex structure on the surrounding
sea bed. A comparison with measurements of echo sounder E4 and E8
indicates that increased measurements with a largeUcw value are related
to an increase of the global scour (see Fig. 9) as well as the influence of
additional near bed structural elements as for example diagonal braces.
However, it has to be noted that, only few tests with a low Ucw value
could be realized during the present study. Further studies are neces-
sary to provide a better understanding of scour depth for lowUcw values.

3.6. Remarks regarding the influence of structural elements on the scour
depth

The present study was conducted for a jacket structure, with the
near bed braces located one pile diameter (1D) above the sediment bed.
In relation to previous studies, e.g. Chen et al. (2014), the diameter of
the diagonal braces (present study) was comparable large (0.55D, at the
nodes 0.73D). In combination with the diagonal braces being close to
the sea bed, the jacket structure used in the present study represents a
foundation structure with a larger contraction of the flow. Compared to
more hydrodynamically transparent structures, a stronger streamline
contraction, and thus, increased bed shear stresses might be a result,
ultimately leading to an increased scour potential shown in Welzel et al.
(2019). However, as shown in Fig. 11, scour depths measured in the
present study were on a comparable level with those obtained for
monopiles. In contrast, field measurements shown in Rudolph et al.
(2004) indicate local scour depths 3–4 times as large as those predicted
for a monopile foundation. The jacket structures described by Rudolph
et al. (2004) have been installed with additional post piles and were
characterised by horizontal and diagonal braces that reached down to
the sea bed. Post piles positioned close to main piles might be con-
sidered as something similar as a pile group consisting of two circular
cylinders with comparable effects on the scour development.

Sumner (2010) summarized and described findings of various stu-
dies dealing with the flow around two circular cylinders. He found that
the flow around two piles placed at a distance of 1-2D to each other
behaves as the flow near a single body or an “extended body”. Fur-
thermore, Sumer and Fredsøe (1998) and Sumer et al. (2001) con-
ducted scouring experiments with groups of piles including two piles

close to each other. The results showed that the total scour around two
piles can be increased on up to ∼1.3 times the single pile scour depth
for current conditions, which reveals that additional erosion might
come from the combination of a pile group with additional near bed
braces as well as the additional influence of global scour on the local
scour development to reach values > 3 S D/ .

At this point, to provide any form of guidance towards a scour re-
ducing jacket design, the following assumptions could be made with
regard to the general influence of individual structural elements on the
scour development. First, local scour depths are significantly increased
by additional post pile. Furthermore, the smaller the distance between
horizontal or diagonal braces and the sea bed, the larger scour depths
can be expected. Finally, reducing the distance between the main piles
or increasing the diameter of the braces will lead to an increased con-
traction of the flow and potentially larger scour depth. As it has been
demonstrated by the findings of this study, the scouring process, in
particular the globally occurring sediment displacement processes, can
differ significantly from that around at a cylindrical monopile structure.
However, to fully understand the contribution of individual structural
elements on the holistic scouring process at jacket structures future
studies should strive towards a systematically investigation by an in-
cremental change of structural features. Furthermore, a more focused
study related to the time scale and influence of global scour on the local
scour development seems to be necessary to gain a deeper under-
standing of the complex scouring mechanism around jacket structures.

4. Summary and conclusion

Hydraulic model tests were carried out to investigate the
scouring process around a jacket-type offshore foundation in combined
waves and current conditions. Additional wave and current only ex-
periments have been conducted in order to yield comparative
understanding for a wide range ofUcw and KC values. Experiments were
conducted with irregular wave spectra which propagated perpendicular
to a superimposed current. Continuous scour depths measurements
with a high temporal resolution have been performed by means
of an echo sounding system consisting of eight devices with a
diameter of 1 cm, respectively. Novel insights into the intrinsic
development of scour around a complex jacket structure were pre-
sented. The findings of the present study might thus help to improve the
assessment of the scouring process around jacket structures in
marine conditions as part of the design process of offshore structures.

Fig. 12. (a) Over- and underpredicted measurements of pile 1 compared with the prediction formula after Sumer et al. (2002), R2= 0.58 and formula (7) R2=0.95
(b) over- and underpredicted measurements of pile 3 compared with prediction after Sumer et al. (2002), R2=0.73 and eq. (7) R2= 0.87.
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The main conclusions can be summarized as follows:

• Jacket structures are often referred to as hydrodynamical trans-
parent structures. While this might be true regarding the influence
on the wave field, the flow vortex system and consequently the
morphodynamics around the structure are clearly affected by the
structure's elements as shown in this study. The influence of the
structure results in a flow acceleration between the individual piles
and in a more complex vortex system than that around a single pile,
in particular in combined wave and current conditions.
Consequently, the scour pattern around the jacket structure was
characterised by a combination of local scour at the piles and global
scour underneath and around the structure's footprint.
• Infilling of sediment from the edges of the local scour holes in
combination with a displacement of sediment resulted in a sig-
nificant variation of the scour development curve, leading to an
altering position of the maximum scour depth over time. In general,
the experiments showed larger scour depths at the upstream side of
the main piles than at the downstream side with respect to the
current flow direction. However, this imbalance of scour depth was
more pronounced at the upstream pile 1 than at the downstream pile
3, potentially indicating a more current dominated scouring process
at the former. Furthermore, an increased scour depth under the
diagonal braces, was observed after the tests, which indicates an
increased contraction of the flow, and consequently an increased
bed shear stress due to the streamline contraction under the braces.
• Unaffected by local scour around the piles, two additional echo
sounders measured the global scour depth pointwise. The mea-
surements show an increasing global scour depth with an increasing
wave current velocity ratio Ucw. Scour depths at location E4 and E8
are around 83% (Ucw =0.55) up to 80% (Ucw =0.75) smaller than
those directly at the piles. The present study demonstrates that scour
is developing faster around a jacket structure under combined wave-
current conditions than under steady current conditions. The scour
development and time scale are found to be different for a pile
which is directly exposed to combined waves and current (pile 1) in
comparison to a pile which is affected due to neighbouring struc-
tural elements (pile 3). While scour depths around pile 3 have been
found to be smaller than at the upstream side (pile 1), a slower scour
progression for Ucw >0.52 and a faster for Ucw <0.52 was observed
on the downstream side (pile 3) in comparison to pile 1.
• A comparison of dimensionless time scales with values of Schendel
(2018) shows a slower scouring rate at the jacket structure than at a
monopile, if the diameter of the main piles is used for normalization
of the time scale. Additionally, the comparison reveals a different
dependency of scour depths to Ucw, as time scale is decreasing in a
flatter trend, leading to comparable slower scouring rates for current
dominated conditions than those at the monopile.
• The final scour depth around an upstream and downstream located
pile is a function of the wave current velocity ratio and of the
Keulegan-Carpenter number. Accordingly, an empirical expression
for the prediction of scour depths at a jacket structure in combined
wave current conditions is proposed, which also differentiates be-
tween the scour development at an upstream and downstream lo-
cated pile of the jacket structure.
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Notation

a b, curve fit coefficients relating to eq. (4)
D pile Diameter of the main struts of the jacket structure
d16 grain size for which 16% of the material by weight is finer
d50 grain size for which 50% of the material by weight is finer
d84 grain size for which 84% of the material by weight is finer
f Frequency
g gravitational acceleration
Hs significant wave height
KC Keulegan-Carpenter number
R2 Coefficient of determination
s specific density of the sand
S Scour depth
S f( ) Velocity frequency spectrum
Send Mean value of the last 25% of the measured scour depth
Seq Extrapolated equilibrium scour depth
Smax Maximum scour depth
S t( ) time dependent scour depth value
t time in seconds
t dimensionless time corresponding to eqs. (5) and (6)
tend corresponding time to Send
T dimensionless time scale
U orbital velocity at the bed in direction of the waves
Uc undisturbed current velocity at 2.5D from bed
Ū mean current velocity of the vertical profile
Ucw wave-current velocity ratio = +U U U U/( )cw c c m
Um undisturbed maximum orbital velocity at 2.5D from bed
Urms root-mean-square (RMS) value U of at the seabed

Shields parameter
cr critical value of the Shields parameter

v viscosity of water
g geometric standard deviation
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