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Abstract: Scour near various offshore structures (monopile, caisson foundation and jacket
structure) was studied by performing laboratory flume tests and numerical solutions with
a semi-empirical model (SEDSCOUR) and a sophisticated 2DV model (SUSTIM2DV). The
laboratory test results show that the maximum free scour depth around a monopile with-
out bed protection is slightly higher than the pile diameter. The maximum scour consist-
ing of pile scour and global scour around an open jacket structure standing on four piles
is much lower than the scour near the other structures (monopile and caisson). The maxi-
mum scour depth along a circular caisson foundation is found to be related to the base
diameter of the structure. The main cause of the scour near these types of structures is the
increase in the velocity along the flanks of the structure. Six cases have been used for val-
idation: two laboratory cases (A and B) and four field cases (C, D, E and F). The measured
scour values of the new physical model tests with the monopile and the open jacket struc-
ture presented in this paper are in reasonably good agreement with other laboratory and
field scour data from the literature. The semi-empirical SEDSCOUR model proposed in
this paper can be used for the reliable prediction of free scour and global scour near mono-
piles and jacket structures in a sandy bed (even with a small percentage of mud, up to
30%). The maximum scour depth along a large-scale caisson structure is more difficult to
predict because the scour depth depends on the precise geometry and dimensions of the
structure and the prevailing flow and sediment conditions. A detailed 2DV model with a
fine horizontal grid (2 m) along a stream tube following the contour of the caisson is ex-
plored for scour predictions. The 2DV model simulates the flow and sediment transport
at 50 to 100 points over the depth along the stream tube and can be run on a time-scale of
1 year.

Keywords: scour near offshore structures; prediction models for scour

1. Introduction
1.1. General

Many countries in coastal regions plan to utilize their offshore wind potential by de-
veloping offshore wind farms in water depths of 20 to 50 m. On a global level, Europe is
still a market leader in offshore wind project construction (about 50%), followed by Asia
(about 45%) and the US (5%). Various types of foundation structures of offshore wind tur-
bines are used: monopiles, gravity-based structures and jacket/tripod structures.
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The monopile is the most applied foundation type in shallow waters with a sandy
soil covered with migrating sand waves. Gravity-based structures (GBSs; caisson-type
foundation structures) are suitable for wind turbines in shallow waters (up to 30 m) with
sandy and rocky type soils. These types of structures generally have skirts with lengths of
2 to 3 m under the foundation structure to prevent undermining. Jacket-type structures
can be used in deeper waters with depths up to 50 m. The scour near various types of
structures is discussed in Sections 1.2-1.4. Experimental and numerical methods are pre-
sented in Section 2. The new experimental results are analyzed in Sections 3 and 4. Scour
models and prediction results are given in Section 5. Summary and conclusions are given
in Section 6.

1.2. Scour Around Monopiles

Many data sets of free scour around monopiles in laboratory and field conditions are
available. Early work on this by Breusers et al. [1], Melville [2], Melville-Sutherland [3],
Kothyari et al. [4], Melville [5], Lim [6], Melville and Coleman [7] goes back to current-
related scour near circular bridge piers. They and others have found maximum scour depth
values (dsmax) in the range of 0.5 to 2 of the pile’s diameter (Dyit), expressed as dsmax=0.5 to 2
Dyile, depending on water depth, flow conditions, sediment size and other factors. Cefas [8]
measured a maximum scour depth of up to 5 m around the monopiles (Dpile=4.2 m; dsmax
=1.1 Dpie) of an offshore wind farm within coastal waters, in Scroby Sands, off Great Yar-
mouth (east coast of England). Similar values are reported by Rudolph et al. [9] for the Q7
wind farm at 20 km offshore of Holland’s coast and Raaijmakers et al. [10] for the wind
farm Luchterduinen, offshore near Holland’s coast.

1.3. Scour Around Gravity-Based Structures

Assessments on scour depth around circular gravity-based structures in laboratory
conditions were performed by [11-16]. Whitehouse [11] measured maximum scour depth
values of 0.2 to 0.5 times the base foundation diameter (dsmax/Dvase=0.2-0.5) along circular
caisson structures with long skirts (9.5 m) for high-current velocities (uo/ucr=4 to 6), where
uo= the free-stream velocity upstream of the structure and u«= the critical current velocity
of motion of the sand seabed. Tavouktsoglu [15] measured values of dsmax/Dbase=0.3-0.65
for low-current velocities (uo/uer= 1.2). Sarmiento et al. [16] measured a maximum scour
depth along a caisson structure of about dsmax=0.125 Drase after 5 h in a movable bed scale
model (dso=0.15 mm), with a water depth of 1 m and a current velocity of 0.42 m/s (Uo/Ucr
= 2). Whitehouse et al. [12] have summarized scour data for two field cases with gravity-
based structures (GBSs). The values of dsmax/Dvase are in the range of 0.05 to 0.12 for
Uomax/Uer=4 to 5. Overall, the measured range is dsmax/Dbase =0.05 to 0.65, which is a rather
large range, indicating that the scour near GBS is sensitive to the structure’s precise di-
mensions, flow and sediment conditions.

1.4. Scour Around Jacket-Type Structures

Scour data near jacket-type structures are relatively scarce. Rudolph et al. [17] stud-
ied the scour near a jacket structure (open structure of multiple piles/legs) at block L9 of
the Dutch North Sea sector, which was installed in the summer of 1997. The piles resting
in the seabed (dso = 0.2 mm) have a diameter of Dyil in the range of 1.2 to 1.5 m. Typical
depth-averaged peak flow velocities are 0.5 m/s during spring tide. Maximum far-field
scour depths were measured in the range of 1.5 to 5.0 m, and the near-field scour near the
legs/piles (Dpile) was in the range of 2.0 to 3.5 m (about 1.5 to 2.5 Dyile). The far-field scour
hole (extent of bathymetrical changes relative to the undisturbed situation) had a radius
of roughly 2.5 to 3 times the pile spacing. Bolle et al. [18] and Baelus et al. [19] analyzed
scour depth around the jacket structure at Thorton Bank offshore wind park in the
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southern North Sea. The maximum scour depth was in the range of dsmax=0.3 to 0.9 Dpit.
Welzel et al. [20,21] studied near-field and far-field scour around a jacket structure in a
wave-current basin with a water depth of 0.67 m (scale 1 to 30) and a sand dso of 0.19 mm.
The structure has four legs with pile diameter of 1.2 m. Current velocities varied between
0.1 and 0.4 m/s. The maximum far-field scour depth around the structure was about 1 m
or dsmax = 0.8 Dyile for current-only conditions. The maximum near-field scour depths
around the least- and the most-exposed piles was dsmax=1.3 to 1.75 Dyile for current-only
conditions. Other types of jacket structures were also studied by Welzel et al. 2020, 2024
[22,23]. Zhang et al., 2025 [24] used a 3D flow model to compute the near-bed flow and
turbulence characteristics around a jacket structure. An overview of the most relevant and
recent scour-related research of various types regarding offshore structures are given by
Chambel et al. [25] and Sarmiento et al. [16].

2. Experimental and Numerical Methods

The prediction of the scour depth around these types of foundation structures in off-
shore conditions requires the application of numerical simulation models in combination
with experiments in physical scale models. Both types of modelling tools are discussed in
this paper.

New exploring experiments in a wide recirculating flume with steady flow condi-
tions were performed to determine the scour hole dimensions around a monopile, a jacket
structure with 4 legs and a gravity structure (caisson-type structure with a monopile on
top). The experiments were performed in a small basin (length = 10 m; width = 1.3 m) at
the WaterProof laboratory. The hydrodynamic data (flow field) were measured above a
fixed model bottom (non-mobile) to acquire steady initial conditions during all velocity
measurements (detailed mapping of the initial flow field). The bed roughness of the non-
mobile bed is about 0.5 mm (cemented sand bed; ks= 3 do; deo=0.18 mm, see below). The
water depth was about 0.35 m. The depth-averaged approach current velocity was about
0.26 m/s. The velocity profile at various locations around each structure was measured
using a 3D NORTEK Vectrino instrument (Nortek, Hoofddorp, The Netherlands). Meas-
ured velocity profiles above the non-mobile bed upstream of the structures are very sim-
ilar to the measured velocity profiles above the mobile sand bed upstream of the struc-
tures (measured during scour tests). In addition, streamlines were visualized using sur-
face floats consisting of a small piece of wood with an aluminum body (cross) attached to
a short vertical line of 5 cm so that the float represents the velocity at 5 cm under the
watersurface. All dimensions and conditions are given in Table 1 (see also the photo-
graphs in Section 4).

After the flow experiments with a fixed bed, scour experiments were performed in
the basin with a mobile sediment bed consisting of medium-fine sand (dso= 0.1 mm; doo=
0.18 mm; critical depth-averaged velocity for initiation of motion; ue=0.2 m/s). The depth-
averaged approach velocity was slightly above the critical velocity (uo/ue=1.3). This rep-
resents live-bed scour, although the sand transport and scour upstream of the structure
was minimum. Each test was run until the maximum scour depth remained approxi-
mately stable and reached equilibrium. The test duration was 6.5 h for the test with a
monopile; it was 6.5 h for the test with a caisson structure (test was stopped after the tip-
ping over of the caisson structure after 6.5 h) and 20 h for the test with a jacket structure.
The scour depth data were derived from 3D photographs after drying the model and from
mechanical pointer gages.
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Table 1. Basic data of scour experiments; dso=0.1 mm.

Parameter Monopile Caisson with Monopile (GBS) Jacket Structure
Deaisson=0.32 m; Dpile =0.11m _
. . Dpile =0.11m hcaisson=0.1 m, hskirt=0.035 m Dleg =002m
Structure dimensions 0 . . Derossmember=0.01 m
(pile diameter) (caisson was placed on top of bed; skirt .
. Lbase=0.365 m (distance legs)
was in the bed)
Water depth 0.35m 0.35m 0.35m
Upstream current 0.26 m/s 0.27 m/s 0.26 m/s

The flow field and the scour details of these experiments are presented and used for
the validation of the scour models. Two types of scour prediction models were used: (1)
the semi-empirical scour model SEDSCOUR and (2) the sophisticated SUSTIM2DV-
model. Both models were developed by LVRS-Consultancy and are explained in Section
5.

3. Experimental Results of Flow Around a Monopile, Jacket Structure
and Gravity-Based Structure

Figures 1-3 show the measured velocity profiles at various locations for the mono-
pile, GBS and jacket-type structure, respectively. The most characteristic features include
the following:

e monopile: a significant increase in the approach depth-averaged flow velocity from
0.26 m/s at P1 to about 0.35 m/s at the flanks of the pile at P2 and P3; the velocity
profile is quite uniform over depth (accelerated flow);

e caisson with monopile on top: a significant increase in the approach depth-averaged
flow velocity from 0.26 m/s at P1 to about 0.35 m/s on the flank of the caisson at P2,
decreasing for larger lateral distances (0.32 m/s at P5); the velocity profile is rather
uniform at P2, and the velocity profile at P1 is slightly distorted, most likely due to
the effect of the downward-directed flow at the base of the structure;

e jacket structure: an increase in the approach depth-averaged flow velocity from 0.26
m/s at P1 to about 0.30-0.33 m/s at P7 and P8, lateral of the structure; the vertical
distribution of the flow velocities is rather similar.

It is noted that the increase in the velocities measured on the side of the structures is
somewhat too high (about 10%) due to the blocking effect (limited width of the flume).

Figure 4 shows flow lines based on near-surface floats. The flow lines are fairly
straight for the open jacket structure and curvier for the monopile and the caisson with a
pile on top.

Figure 5 shows the dimensionless depth-averaged velocity along the structure
(monopile and caisson) and in the axis downstream of the jacket structure. L is the struc-
ture’s length being L =0.11 m for the monopile, L =0.32 m (base diameter) for the caisson
structure and L = 0.38 m (base length) for the jacket structure. The x-coordinate is the dis-
tance along a line from the upstream structure face in the centreline around the perimeter
of the structure that ends in the downstream structure face in the centreline and then fol-
lowing the centreline. The first point is at 0.055 m from the upstream structure face for the
monopile, 0.16 m for the caisson and 0.19 m for the jacket structure. The measured values
along the centreline behind the structures are the depth-averaged velocities derived from
the measurements in the centreline (no averaging over the width). The upstream depth-
averaged current velocity is 0.26-0.27 m/s for all structures. The current velocity strongly
increases in the acceleration zone (0 < x/L < 0.5) with a maximum value of about u/u.= 1.4
for the monopile and decreases (maximum 40%) in the lee zone of the monopile. Miles et
al. 2017 [26] report a reduction of about 50%. They also report that the flow velocity
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returned to within 5% of the free-stream velocity at about 8 to 9 Dyit of the pile centre. The
re-adjustment distance to free-stream velocities downstream of the monopile is about x/L
= 15-20 for the monopile of this study. A similar re-adjustment distance of x/L = 15-20
seems present for the caisson-type structure. For the jacket-type structure, this re-adjust-
ment seems much shorter because the flow interference is much less.

8

8

8

P1

Distance in y-direction
w.rt. tip of sand wing [cm)
|
»
3 °
T

$

$

. P2
*P3

P1:5 cm upstream of monopile
P2: 10 cm to the side of monopile
P3: 20 cm to the side of monopile

100 150 250

50
Distance in x-direction w.rt. tip of sand wing [cm]
35 35 35
30 ®  Mean flow 30 ® Mean flow 30 ®  Mean flow
RMS flow RMS flow RMS flow

_ | Depth Averaged flow — — — — - Depth Averaged flow = — — — - Depth Averaged flow
5 25 Water surface 5 25 Water surface 5 25 Water surface
hel o o
[} [ (7]
220 < 20 <20
E P1 £ P2 c P3
E = &
15 @ 15 o 15
o o 3
[ c c
3 : :
Z4 240 810

5 5 5

0 : % 0.1 0.2 03 0.4 05 9

0 005 01 015 02 025 03 : : O g ; 0 0.1 0.2 0.3 0.4 05
Flow velocity (m/s) Flow velocity (m/s) Flow velocity (m/s)
Figure 1. Flow velocity field around the monopile (Dpie=0.11 m).
60 |- P1: 5 cm upstream of gravity-based structure 4 — . c—
P2: 5 cm to the side of gravity-based structure
40

8

’\-'l‘ \ -
P3: 15 cm to the side of gravity-based structure 5-’ !&!‘E
P4: 30 cm to the side of gravity-based structure

P5: 45 cm to the side of gravity-based structure

P1, o

Distance in y-direction
w.r.t. tip of sand wing [cm)
)

—

20 b ° P2 4
.
ol P3 1
- P4
-60 | Y P5 4
0 50 100 150 200 250
Distance in x-direction w.r.t. tip of sand wing [cm)
35 35 35
30 ®  Mean flow 1 30 ®  Mean flow 30 ® Meanflow
RMS flow 3 RMS flow RMS flow
—_ Depth Averaged flow _ Depth Averaged flow P Depth A :
5 25 Water surface e 5 25 Water surface 257 Water s::::“ o q*
° o <
320 1 32 80! ;
: P1 : 5 ps |
e i
8 15 g 15 P2 Q15+ i+
c = 2 :
2 % - :
a0 1 a1 3 10}
5 | 5 st
0 | 0 06 T P | N
0 0.1 0.2 0.3 04 0.5 0 0.1 0.2 03 04 0.5 0 0.1 0.2 0.3 0.4 05
Flow velocity (m/s) Flow velocity (m/s) Flow velocity (m/s)

Figure 2. Flow velocity field around the caisson structure (Deaisson =0.32 m) with a monopile on top
(Dpite=0.11 m).



J. Mar. Sci. Eng. 2025, 13, 266

6 of 26

ol
o
2 [P1 P2
cs oL e o
A
PS *P7
el s P6  °P8
ol

P1: center 19 cm upstream of jacket
P2: center 5 cm upstream of jacket
P3: corner 19 cm upstream of jacket
P4: corner 5 cm upstream of jacket
P5: corner 5 cm to the side of jacket
P6: corner 19 cm to the side of jacket
PS: center 5 cm to the side of jacket
P6: center 19 cm to the side of jacket

100 150 200 250

Distance in x-direction w.r.t. tip of sand wing [cm]

35 35 35 B
30 ®  Mean flow 30 ®  Mean flow 30 ®  Mean flow
RMS flow RMS flow RMS flow
o | e Depth Averaged fl T e Depth Averaged flow sy | m— Depth Averaged flow
E 25 Water surface 5 25 Water surface 5 25 Water surface
=1 = b=
320 é 20 § 20
5 2
g P1 - P7 - P8
@ 15 g 15 8
5} Q b=
c c T
@ % 2 10
2 A 10 a
a 10 o
5 5 2
0 : 0 '
00 - 5 95 e = s 0 01 0.2 0.3 0.4 0.5 0 0.1 0.2 0.3 0.4 0.5

Flow velocity (m/s)

Flow velocity (m/s)

Flow velocity (m/s)

Figure 3. Flow velocity field around the jacket structure (Dieg=0.02 m; distance between legs =

0.365 m).

Figure 4. Flow lines for the 3 main experiments, obtained from tracking the position of near-surface

floats (flow from top to bottom).

Dimensionless current velocity (u/uo)

1.6

14

1.2

14

0.8

0.6

0.4

0.2

—&— Mono pile (diameter=0.11m)

—&— Jacket structure (base=0.38 m)

~&— Caisson (diameter=0.32 m) with monopile on top (0.11 m)

5 10

15 20

Distance (x/L)



J. Mar. Sci. Eng. 2025, 13, 266

7 of 26

Figure 5. Dimensionless depth-averaged velocity as a function of dimensionless distance along the

structure.

4. Experimental Results of Scour near the Monopile, Jacket Structure
and Gravity-Based Structure
4.1. Experimental Scour Results

The scour results for the three structures are presented in Table 2 and in Figures 6-9.
The most important scour characteristics are as follows:

e monopile: the maximum scour depth is dsmax= 1.1 Dpile after 5 h with a maximum scour
length of Lsmax= 3 Dyile at both sides; the maximum scour depth after 6.5 h is almost
the same;

e caisson with monopile on top: the maximum scour depth is dsmax= 1 hcaisson (height of the
caisson) after 6.5 h (just before the tipping over of the structure due to scour under-
mining, see Figure 6); the maximum scour length is Lsmax= 1 Deaisson at both sides;

e jacket structure: the maximum scour depth near the legs is dsmax= 2.5 Dieg after 10 h;
the maximum scour depth after 20 h is almost the same; the maximum scour length
is Lsmax= 10 Dieg at both sides; scour in the centre part under the structure is lower
(=50% of scour depth near legs).

Table 2. Measured data from scour experiments; dso=0.1 mm.

Parameter

Monopile Caisson with Monopile (GBS) Jacket Structure

Maximum scour
depth

0.12 m (1.1 D)

0.10 m (1.0 hcaisson) 0.05 m near legs (= 2.5 Dieg)
(0.3 Daisson) 0.03 m (= 1.5 Dieg) in middle structure

Maximum scour  0.35 m (=3 Dpiee) on
both sides of pile

length

0.3 m (1 Daaisson) on both sides 0.20 m (=10 Dueg) on both sides of leg

4.2. Discussion

Monopile structure: The maximum scour depth of the present tests with a monopile
(dsmax=1.1 Dyile) is of the correct order of magnitude compared to scour data from the
literature (dsmax=0.6 to 1.2 Dyite), thereby confirming the validity of the experimental setup.

Caisson structure with monopile (GBS): The maximum scour depth is dsmax=0.3 Dbase for
Uo/uer = 1.3, which is in the middle of the literature data range (dsmax=0.05-0.65 Dpbase).
Whitehouse [11] measured much larger scour depths of 0.2 to 0.5 times the base founda-
tion’s diameter (dsmax/Dbase=0.2-0.5) for high-current velocities (uo/u«=4 to 6). Tavouktso-
glu [15] also measured much higher scour values of dsmax/Dbase =0.3-0.65 for low-current
velocities (Uo/ue = 1.2). Sarmiento et al. [16] measured a maximum scour depth along a
caisson structure of about dsmax=0.125 Drase after 5 h in a movable bed (dso=0.15 mm); the
scale model had a water depth of 1 m and a current velocity of 0.42 m/s (Uo/ucr= 2).

Jacket structure: The absolute scour depth is much lower (factor 2) than that around
the other two types of structures, see Table 2. The maximum scour depth near the leg of a
jacket structure is dsmax=2.5 Dieg while that near a monopile is about dsmax=1.1 Dpite. This
means that the extra effect of the overall jacket structure on the scour near the legs is of
the same order of magnitude. The scour depth with dsmax=2.5 Dieg measured during the
present test (dso=0.1 mm) is higher than the scour depth with dsmax=1.3 to 1.75 Dpile ,meas-
ured in the tests (dso=0.19 mm) of Welzel et al. (2019) [20], which may be related to the
somewhat coarser sand used by Wenzel et al.
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Figure 6. Scour near the pile’s foundation structures.
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5. Scour Modelling and Results
5.1. General

Two scour models were recently developed and are presented herein: a semi-analyt-
ical 1D scour model (SEDSCOUR) for monopiles and jacket structures and a numerical
2DV model (SUSTIM2DV; [27,28]) for caisson-type structures. The SEDSCOUR model is
a new model, described herein for the first time.

5.2. Scour near a Monopile and Jacket Structure: Description of the SEDSCOUR Model
5.2.1. General Schematization

The free scour hole/pit generated around a pile-type structure (without scour protec-
tion) is schematized into two separated scour pits on the upstream and downstream sides
of the pile, as shown in Figure 10. The deepest scour pit is generated in the lee of the pile
downstream of the highest peak tidal current velocity (assuming a slight velocity asym-
metry; Usood > Uebb). Both scour holes are similar in shape. Herein, it is assumed that the
flood current is dominant with the highest peak current velocity. Only the deepest scour
hole (with scour depth ds and length Ls) is considered (on the right in Figure 10). This
scour pit consists of a deep scour pit near the pile and a shallow scour pit further away
from the pile.



J. Mar. Sci. Eng. 2025, 13, 266

10 of 26

Flood flow u

o,flood

3 /—\\_;'\\\
v yo— \
l’ : .
: Dnn% il K
\ =N d‘ /l
\\ .
% 7
~ 1
- et <71
N " = i = !
S~ P ! ¢
flood Ebb flow u, o,p,

s,max

near-field < 3D ;. far-field 3-15D;,

ds far

ds,near

=

Figure 10. Plan view and cross-section of a scour pit due to tidal flow.

The tidal current is assumed to be perpendicular (normal) to the structure. Two tidal
periods are considered: flood period of about 6 h with one flood-averaged and depth-
averaged velocity ufieod and similarly an ebb period of about 6 h with one ebb-averaged
and depth-averaged velocity ueb. Thus, each tidal phase (flood/ebb) is represented by one
representative velocity. The variation in the flow velocity over the tidal cycle is not repre-
sented. The neap—spring variation in the velocities is represented by a sinusoidal variation
based on input values. The scour pit erosion developing downstream of the pile over a
tidal cycle of 12 h is the net result of the following tide-averaged sand transport processes:

e flood: the erosion of sand (Efiod) from the bed in the lee of the pile due to flow accel-
erations and increased turbulence levels and the deposition of sand (D1iood) from the
incoming flood flow;

e cbb: the deposition of sand (Detb) from the incoming ebb flow (after reversal of the
tidal current).

The SEDSCOUR model can also be used to compute the free scour downstream of a
structure (obstacle) on the seabed such as a rock protection on a pipeline or a weir/sill in
a riverbed, see Figure 11. The trapping of sand from the incoming sediment load (if pre-
sent) is taken into account.

The scour process is assumed to be a two-dimensional process. Therefore, the scour
width normal to the tidal current is set to bs=1 m (unit width). The mean scour length in
the direction of the tidal current is assumed to be Ls=avhs with hs= the upstream structure
or obstacle height and ow = the input value.
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Figure 11. Scour downstream of a hard structure (obstacle) on the seabed.

5.2.2. General Model Equations
The deep part of a near-field scour pit is represented in the SEDSCOUR model as a

rectangular box with the following dimensions: ds=mean scour depth, bs=mean scour
width and Ls=mean scour length. The maximum scour depth is set to dsmax=0sds with as
= the input value (range from 1.2 to 1.5). This parameter can be used as a safety factor.
Using as=1.5 will give a conservative maximum scour depth.

The scour volume at time t is Vst=dst Ls bs

The net volume change per tide of 12 h is given as follows:

Ati e
AV = (Efigod — Dfiood — Debb) (ﬁ) 1)

The scour volume at time t is

Aty
Vs = XAV = Z(Eflood — Dfio0a — Depp) (1—;11()125 (2)

The scour depth at time t is given as follows:

Vst

dse =50 ®3)
The erosion (E) and deposition (D) parameters during each time step of Atide=12 h
are:
Eflood = bs[(qb,flood,pit - Qb,flood,o) + ap(qs,flood,pit - qs,flood,o)] (4)
Dflood = b, [aD,bqb,flood,o + aD,sqs,flood,o] (5)
Depp = bs[@p pqp,ebbo + Ap,sqs,ebb,o] (6)

with the parameters as follows:

gb.flood,o = the flood-averaged equilibrium of a bed load transport outside the pit based on
undisturbed velocity ufiood,o;

Qs food,0 = the flood-averaged equilibrium of a suspended load transport outside the pit
based on undisturbed usood,o;

gb.ebbo=the ebb-averaged equilibrium of a bed load transport outside the pit based on un-
disturbed velocity uebb,o;

gsebb,o=the ebb-averaged equilibrium of a suspended load transport outside the pit based
on undisturbed uebb,o;

gb.food pit = the flood-averaged equilibrium of a bed load transport in a scour pit area based
ON Uflood,pit;

gsflood pit=the flood-averaged equilibrium of a suspended load transport in a scour pit area
ON Uflood,pit;
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M, =

ar = the pickup coefficient of equilibrium for a suspended load transport (ap<1 for sus-
pended load); ap=1 for bed load;

app = the trapping coefficient of equilibrium for a bed load transport (ap=1 for bed load
transport);

aps= the trapping coefficient of equilibrium for a suspended load transport (ap<1);

tana = the downstream slope gradient of a near-field scour pit (1 to 7);

Attide = attide Ttide = the effective time step of 1 tide; Ttde=the duration of a tidal cycle (=12 h);
aside = the efficiency coefficient (velocities around slack tide are too small to cause substan-
tial erosion; atide = 0.4-0.6; this coefficient only affects the short term scour depth; it does
not affect the long term scour depth).

It is noted that the pickup of sand particles in the scour pit is related to the excess
sand transport rate (difference between sand transport in the pit and upstream sand
transport); this ensures that the pickup is zero for a plane bed without a structure (au =1
and ro=0).

The equilibrium sand transport values are computed by the formulations proposed
by Van Rijn [29-31], which depend on the depth-averaged velocity, the depth-averaged
critical velocity for the initiation of motion, the water depth, the wave height (Hs), the
wave period (Tp) and sediment parameters (dso). The equilibrium transport rates are re-
duced if mud is present in the bed. The bed load transport equation [30] is

15 (dso\"?
qp = 0.015 ]/b(1 - pmud) psu h Me. (T) (7)
with
[ue=(1+0.01Pmuducro] . = ™s . kh=yOo5 B ¥ =77
L ot U, = [ sG] kh =Y"°[1 + 0.166Y + 0.031Y*]; Y = (Tp)z

Here, qv= the bed-load transport (kg/m/s); h = the water depth; dso= the particle size
(m); pmud = the percentage of mud/clay in the bed (0 to 30%); Me= the mobility parameter;
ue=u + YUw= the effective velocity with y = 0.4 to 0.5 for irregular waves; u = the depth-
averaged flow velocity; s = ps/pw = the relative density; ps= the sediment density; pw = the
fluid density; Uw = the peak orbital velocity (based on linear wave theory); Hs= the signif-
icant wave height; Tp= the peak wave period; uw.o= the critical depth-averaged velocity
for the initiation of motion of a pure sand bed; y»= the calibration factor (default = 1).

The suspended load transport equation [31] is

d _
qs = 0.012 ys(1 — ppua) 05 u h Mf"*(%)D* 06 (8)

where

D* _ dso [(s—l)g]0'333

= , qs= the suspended load transport (kg/m/s), D, = the dimensionless
particle size, v = the kinematic viscosity coefficient and ys=the calibration factor (default
=1).

The flood and ebb velocities outside (utiood,0 and uebb,0) are the input values.

The depth-averaged flow velocity inside the scour pit/hole during the flood period is
computed as

n
_ hflood,o
uflood,pit = 0y Ay [hfloodo+dst uflood,o (9)

with

asds

ar=1+ro(1— h

0.5
) , o= the velocity increase factor related to the structure (range 1-
0

1.3; input value),
n = the exponent (range 0.5-1; continuity gives n = 1; lower n-value gives higher velocity
in pit and thus more pickup),
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ar= the turbulence factor related to structure, ro= the initial turbulence effect close to struc-
ture (input), ro decreases weakly for increasing scour depth (ro=0.1, 0.2, 0.3 for Dpile/ho or
hstructure/ho=0.1, 0.3, 0.5; romax=0.3) and as=the coefficient influencing the turbulence factor
(= 0.3 reduction of turbulence in the scour pit; 0 = the turbulence factor is constant in the
scour pit).

The trapping coefficient is given as follows:

A Leff ds,t)

2
hpit

ap =1—exp (- (10)

with

1.5 0.5
s 2ws | o s g7 up; 12hy);
A:yDl[W ][1+ W]:]/DZ[W ] ; Uspir = Cpt; C:lBlOg(—kSpt);

Uy pit Uspit Uspit

where yp1 = the calibration coefficient (input value 0.2 to 1; trapping apo = 0 for yp1=0;
trapping oo is higher for higher yp1) used in an earlier version of the model, yp2= the
calibration coefficient (input value 0.1 to 0.7) used in latest model version, Lett= the effec-
tive settling length, Lef = 0.5 Ls+ Dpite for flood and ebb flow, dst = the scour depth at time
t; hpit= hot dst +/— Nmax=the water depth in a pit during flood/ebb, nmax=the tidal amplitude,
ho= the water depth to MSL, u~pit= the bed-shear velocity inside the pit, C = Chézy’s coef-
ficient, ks= the bed roughness height and ws=the fall velocity suspended sand.
The pickup coefficient is given as follows:
ty = apa[1 = 0.01ppua] [1 - 2] [M]OS (11)

ho Ws

with ar1=calibration coefficient (0.5 to 1) and upit= bed-shear velocity in pit.

The sand transport capacity (equilibrium transport) downstream of the structure in
the flood period is much higher than the sand transport capacity upstream of the pile, and
this is caused by the velocity increase and extra turbulence generation in the lee zone of
the pile (vortex shedding). The actual sand transport in the lee zone close to the pile is
somewhat smaller than the sand transport capacity due to the space lag effect (the grow-
ing effect of a suspended load due to upward transport processes). This effect is repre-
sented by a pickup coefficient (ar<1), which depends on the fall velocity (ws) of the sand
and the strength of the turbulence in the scour pit area (u+pit). The pickup coefficient grad-
ually decreases for increasing scour depth because the pickup of sand is more difficult in
a deep scour pit. The pickup coefficient is lower if mud is present in the bed.

Free scour around the pile without bed protection: The maximum scour depth is set to
ds,max=atsds with as =1.3 for laboratory cases (more triangular scour profile) and as=1.2 for
field cases. The scour width is assumed to be bs=3 Dyile. The mean scour length is assumed
to be Ls=awds with an input value of av = 3 for laboratory scour pits and av = 7 for field
scour pits. The maximum scour length is assumed to be Lsmax=Ls+ 0.5 ds/tana.

Edge scour near the pile with bed protection: In the case of a protected monopile, the
scour processes develop at the edge of the scour protection and are similar to that of free
scour, but the effects of velocity increase and extra turbulence production are much less
(further away from the pile). A similar approach as for local scour can be used to compute
the pickup and trapping of the sand particles.

Scour near piles of a jacket structure: In the case of a jacket-type structure, the main
(tidal) flow will go through the open structure with slightly increased velocities (an over-
all increase of 15% to 20% depending on the blocking effect of the structure; locally, the
increase may be higher, 20% to 30%, see Figure 3). The additional turbulence generated
by the structure can be taken into account by a turbulence coefficient (ro). The mean scour
depth (ds) follows from the net volume change per tide over the global scour area, where
Aglobal=1.5 bjacket X 1.5 Liacket. The width (bjacket) and the length (Ljacket) of the jacket structure
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are the input parameters. The maximum scour depth (dsmax) is set to dsmax=as ds with as =
1.2.

5.3. Free Scour near the Monopile: The SEDSCOUR Model’s Results (Cases A to D)

Two laboratory data sets of free scour (without bed protection) and two field cases
are considered:

A. free scour around a monopile in flume experiments by Sheppard and Miller [32];
B. free scour around a monopile in flume experiments by Sheppard [33];

C. free scour around monopiles in the Q7 wind park (NL) in 2006-2007;

D. free scour around monopiles in the windpark Luchterduinen (NL) in 2013.

Case A: Sheppard and Miller [32] measured the scour depth around a monopile in a
laboratory flume with a sand bed (dso=0.27 mm, fall velocity = 0.03 m/s, uer=0.27 m/s,
porosity = 0.4 and sediment density = 2650 kg/m?). The water depth was about 0.42 m. The
pile diameter was 0.152 m. The approach current velocity was varied in the range of 0.17
to 1.64 m/s. The test with a velocity of 0.17 m/s is a clear-water scour test (no sediment
load in upstream current); the other tests are live-bed scour tests with the recirculation of
the sediment load. The basic data and model input coefficients are given in Table 3. The
velocity increase coefficient, which is a calibration coefficient, is set to au=1.4 for all cases;
the turbulence coefficient is in the range of ro=0.3 to 0.4. The pickup and trapping coeffi-
cients are the same for all cases (ar=1 and ap=0.5). The calibration coefficient of the sand
transport outside and inside the scour hole is set to one (column 5 of Table 3). Test 1 is a
clear-bed scour as the upstream depth-averaged flow velocity is smaller than the critical
velocity (uo/ucr<1). The bed roughness (column 6 of Table 3) is estimated based on per-
sonal experience, assuming small-scale ripples with ks=0.03 m for u < 0.7 m/s and gradu-
ally washed-out ripples to a flat mobile bed with ks=0.003 m (3 mm) for higher velocities.
The measured and computed dimensionless scour depths (dsmax/Dpile) are shown on the
vertical axis of Figure 12. The value as=dsmax/dsis set to 1.3 for all tests (maximum scour
is assumed to be 1.3 times the mean scour depth). The horizontal axis refers to the ratio of
the current velocity and critical velocity for the initiation of motion (u/uc). The computed
values of the maximum scour depth show rather good agreement (about 10% too small)
with measured values for all live-bed scour test results, but the computed value is too
high (20%) for the clear-water scour test result.

The time scale is 200 h for the clear-water scour tests and less than 1 h for most of the
live-bed scour tests.

Figure 12 also shows the maximum scour depth data of the monopile test of the pre-
sent tests (square symbol; data from Table 2). The results are in good agreement with the
other data.

Case B: Sheppard [33] measured the scour around a monopile in a long, wide flume
with a water depth of 1.22 m above a short sand bed with dso=0.22 mm, fall velocity =
0.025 m/s, critical velocity u«= 0.3 m/s, bed porosity = 0.3 and sediment density = 2650
kg/m3. The current velocity was 0.31 m/s. The model’s settings are given in Table 4. The
settings of the au and ar coefficients which are used as calibration coefficients are slightly
different (compared to Case A) to achieve the best agreement with the measured values.

Figure 13 shows the measured and computed maximum scour depths as a function
of time. The computed maximum equilibrium scour depth is about 0.43 m, which is some-
what higher (15%) than the measured values of 0.37 m (=1.2 Dypit). The time scale of the
measured equilibrium scour depth is about 50 h, which is much shorter than that of the
computed value of 150 to 200 h. Most likely, the strong effect of the near-bed horseshoe-
type vortices is not sufficiently well represented in the SEDSCOUR model.
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Figure 12. Case A: scour depth as a function of current velocity; tests by Sheppard and Miller [28].
Table 3. Case A: measured and computed scour depths and model coefficients; tests by Sheppard-
Miller [28].
B - loci Pick T Ti
Cur Meas- Com- ed and sus Turbu- Ye ocity Pic u‘p -rap Scour ime
pended load Bed increase  coeffi- ping length scale
rent ured puted . . lence . . . .
coefficients rough ) coeffi cient coeffi- coeffi-
scour  scour coeffi- . . .
Test ness . cient cient  cient
depth depth K cient
Uo ds,max ds,max Yb Y (I;) o o o o T
s u P D L scour
(m/s)  (m) (m) ! o ()
) ) ) ) () (hours)
1 0.17 0.13 0.1 default=1 0.03 0.4 1.4 1 0.5 3 200
2 0.62 0.22 0.21 default=1 0.03 0.3 1.4 1 0.5 3 2
8 0.69 0.23 0.22 default=1 0.03 0.3 1.4 1 0.5 3 1
3 0.88 0.24 0.23 default=1 0.02 0.3 1.4 1 0.5 3 <1
4 1.10 0.25 0.255 default=1 0.01 0.3 1.4 1 0.5 3 <1
5A 1.26 0.27 0.26 default=1  0.005 0.3 1.4 1 0.5 3 <1
5B 1.43 0.27 0.275 default=1  0.003 0.3 1.4 1 0.5 3 <1
6 1.64 0.3 0.3 default=1  0.003 0.4 1.4 1 0.5 3 <1
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Table 4. Case B: measured and computed scour depths and model coefficients; test by Sheppard
[29].

Cur Meas- Com- Bedandsus- Bed Turbu- Velocity Pickup Trap Scour  Time
rent ured puted pendedload rough lence increase coeffi- ping length  scale
Test scour scour coefficients ness coeffi- coefficient cient coeffi- coeffi-
depth depth cient cient  cient
Uo ds,max ds,max 'Yb, 'Ys ks Yo XKu ar aD AL Tscour
(m/s) (m) (m) ) (m) ) ) ) ) () (hours)
12 0.31 0.37 0.43 default 0.03 0.2 1.2 0.7 0.5 3 200
0.7 T T T
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Y
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Figure 13. Case B; measured and computed scour depths as a function of time; test by Sheppard
(2003), [33].

Case C: The offshore wind park Q7 Princess Amalia was built in 2006/2007 at about
20 km off the Dutch coast. The water depths were between 20 and 25 m. The bed consisted
of medium-fine sand (0.2 to 0.3 mm). The monopiles (diameter of 4.0 m) were exposed to
waves and currents for several months without scour protection. The tidal range was
about 2 m. The main direction of the tidal current was SSW-NNE. The maximum tidal
current during a spring tide was about 0.9 m/s (depth-averaged). The driving hydrody-
namic signal is a (modulated) sine wave varying over the neap-spring cycle (14 days)
based on the measured values. The basic data are given by [9].

The measured maximum scour depths of 29 monopiles (without scour protection)
were in the range of 1.5 to 4.5 m (3 + 1.5 m), see also Figure 14. The variation is most likely
related to variations in the hydrodynamic conditions, which are not exactly the same
among the piles. The scour extent (radius of longest axis) was about 20 to 30 m. The shape
of the scour hole was oval with a length ratio of 1.8 between the main axis (averaged ra-
dius 27 m) and the short axis (average radius 15 m). The side slopes of the scour pit were
rather mild (1 to 10), which is very different from the steep side slopes often found in
laboratory experiments (1 to 2 or 1 to 3). Measured and computed scour depth are shown
in Figure 14. The measured values are those of Pile 48 [9]. The model input data are given
in Table 5. The neap—spring tidal cycle is represented by a sinusoidal function with a max-
imum (tide-averaged) velocity of 0.7 m/s during spring tide and 0.3 m/s during neap tide.
The wave height is set to a value of 1 m (no storms). The agreement between measured
and computed scour depths is rather good on average, but the variability of the measured
data is rather large.
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Figure 14. Case C: measured and computed free scour depths as function of time; Q7 windpark
(NL).
Table 5. Model input data of field cases [9].
Wind Park Q7 Luchterduinen  Global and Free Scour L9
Parameter North Sea (NL) North Sea (NL) Jacket North Sea (NL)
Case C Case D Case E
Pile diameter (m) 4 5 1.2
Water depth to Mean Sea level (m) 225 23 225
Maximum tidal velocity in spring (m/s) 0.7 0.7 0.7
Maximum tidal velocity in neap (m/s) 0.3 0.3 0.3
Tidal range (m) 2 2 2
Significant wave l'nelght Hs (m) and 17 1.7: 3 storms 17
peak period Ty (s)
Sand diameter dso (mm) 0.25 0.25 0.25
Percentage fines/mud < 63 um (%) 5 5 5
Fall velocity sand ws(m/s) 0.03 0.03 0.03
Critical velocity ue (m/s) 0.4 0.4 0.4
Bed roughness ks (m) 0.03 0.03 0.05
Velocity increase coefficient aw (-) 1.3 1.3 1.3
Turbulence coefficient ro (-) 0.3 0.3 0.3
Pickup coefficient aw (-) 0.7 1.2 1

Trapping coefficient suspended

0.7 0.7 0.5
sand transport ap (-)
Pit length coefficient o (-) 10 10 10
Calibration factor bed and suspended load yv, ys (-) 1 1 1

Case D: The wind park Luchterduinen (NL) consisting of 43 monopile foundation
structures (Dpile=5 m) was built in 2013 at about 23 km off Holland’s coast between the
beach villages of Noordwijk and Zandvoort, The Netherlands [34]. The local bed of me-
dium-fine sand (0.2 to 0.3 mm) was about 23 m below MSL. The tidal range was about 2
m. The maximum flood current to NNW was about 0.7 to 0.9 m/s; the maximum ebb cur-
rent to the SSW was about 0.5 to 0.6 m/s. Wave heights in the winter period were between
2 and 6 m. Two monopile foundations were installed without scour protection to monitor
the free scour development. Figure 15 shows the measured scour depth of the unprotected
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Maximum scour depth (m)

monopile as a function of time. The scour depth gradually increases from about 3 mon 1
October 2013 to about 4.5 m on 1 November 2014 (over period of about 400 days). The
measured scour depth shows a pronounced dip around the period with storm waves,
which is most likely caused by the backfilling process in the deep scour due to sand com-
ing from upstream (outside). The scour pit extent was of the order of 25 m (=5 Dpie). Com-
puted scour depths are also shown in Figure 15. The model input data are given in Table
5. The neap-spring tidal cycle is represented by a sinusoidal function with a maximum
(tide-averaged) velocity of 0.7 m/s during spring tide and 0.3 m/s during neap tide (mod-
ulated sine function with a period of 14 days). The wave height is set to a value of 1 m for
daily conditions; three storms with waves gradually increasing from 1 to 6 m and decreas-
ing from 6 to 1 m over a period of 3 days are included (superimposed on the tidal velocities
of the neap—spring cycle at the proper time moments based on measured data). The over-
all agreement between measured and computed scour depths is rather good. The model
computes small (underestimated) dips in the scour depth values. This can be improved
by using a higher trapping coefficient (more research is required).

dip due to storm

--O

&

» e R ‘/:'o"“"'o' op—

Computed SEDSCOUR-model
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I I I
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Water depth=23 m
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Figure 15. Case D: measured and computed free scour depths as a function of time; Luchterduinen
wind park (NL).

5.4. Free Scour near Jacket Structure: The SEDSCOUR Model’s Results (Case E)

The free scour near the legs of a jacket structure and the overall global scour can also
be predicted using the SEDSCOUR model. One field case is considered herein: Case E,
which is a jacket structure with four legs installed without scour protection at location L9
in the North Sea, about 30 km north of the island of Texel (The Netherlands) in the sum-
mer of 1997 [17]. The bed level was about 24 m below LAT (about 27 below MSL). The
jacket structure has four legs with diameter D;= 1.1 m and a spacing of 20 m and 17 m.
The diameter of the piles in the seabed is Dpie = 1.2 m. The bed consisted of fine sand (0.2
to 0.3 mm). Typical depth-averaged peak flow velocities were 0.5 m/s during spring tide
and 0.35 m/s during neap tides. The maximum measured wave height and current veloc-
ity since installation in 1997 was Hs = 7.8 m, Tp = 9.8 s and u = 1.0 m/s. The measured
maximum global scour depths were in the range of 1.5 to 3 m. The extent of the global
scour hole was of the order of 50 m (=40 Dyit) in all directions. The maximum scour around
the foundation pile B2 was found to be about 5 m consisting of global scour and local pile
scour. Assuming a global scour depth of 2.5 m (50% based on the data of Table 2), the
maximum local pile scour is about 2.5 m (about 2 Dyit). The model input data are given in
Table 5. The width and length of the jacket foundation structure are 20 m (input). The
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computed scour depths are shown in Figure 16. The neap—spring tidal cycle is represented
by a sinusoidal function with a maximum (tide-averaged) velocity of 0.7 m/s during
spring tide and 0.3 m/s during neap tide. The wave height is set to a value of 1 m (no
storms). The maximum computed global scour depth is of the order of 2 m after about 1.5
years. The local maximum scour depth near the pile (Dpie=1.2 m) of the structure is about
3 m after 1.5 years. The total maximum computed scour depth is 2 + 3=5 m after 1.5 years.
The total maximum scour observed near leg B2 is about 5 m after 3 years (pile scour =2.5
m and global scour 2.5 m). Hence, computed and measured values are in good agree-
ment, see Figure 16.

5

[ | I
= 4.5 | Pilediameter=1.2m Computed local free scour piles -
= dacket structure width=20.m == Computed global scour beneath Jacket structure
£ 4 [ Waterdepth=24m
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Figure 16. Case E: computed scour depth as a function of time; Jacket structure L9, North Sea
(NL).

5.5. Free Scour Along a Caisson Type Structure: The SUSTIM2DV Model’s Results (Case F)
5.5.1. General

This example (Case F) considers the scour near a caisson-type structure with a diam-
eter of 40 m and a height of 8.8 m in a water depth of about 35 m (to mean sea level). The
monopile on top of the structure has a diameter of 11 m. The prediction of scour around
the flanks of a large-scale caisson-type structure with a monopile on top of it essentially re-
quires the use of a 3D morpho-dynamic model. Given the complexity and long run times of
3D models, a more pragmatic approach is used herein, based on a combination of a depth-
averaged flow model (DELFT3D) and a two-dimensional vertical morpho-dynamic model
(SUSTIM2DV [27,28]). This latter model can simulate the scour processes and the long-term
bed development in a stream tube along the perimeter of the caisson structure. The stream
tube width is derived from the 2DH model’s results and is assumed to be constant in time.

5.5.2. Computed Flow Field of the DELFT3D Model

The DELFT3D model was operated in 2DH (1 layer) and 3D mode (eight equidistant
layers of 4.5 m) to compute the flow field. A rectangular computational grid was con-
structed. The grid was nonuniform in both directions, with a gradual transition in grid
cell size, in order to obtain the highest resolution close to the structure. In total, the grid
comprises 347 cells in the streamwise direction and 107 cells in the spanwise direction.
Accordingly, the grid spans approximately 1600 m and 800 m in either direction, respec-
tively. Close to the structure, the cells have a resolution of 2 m in both directions.

To obtain a unidirectional current in the far-field part of the spatial domain, an open
boundary was defined at the upstream boundary where a constant current velocity is pre-
scribed. At the downstream end of the spatial domain, another open boundary was
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defined where a constant water level was prescribed. At the lateral closed boundaries, a
free-slip condition was applied, implying that the tangential shear stress is zero. Basic
input parameters are as follows: Chézy’s coefficient C = 60 m°5/s, a k-epsilon model for
vertical turbulent viscosity and horizontal large eddy simulation (HLES) for horizontal
turbulent viscosity, time step = 0.3 s. Figure 17 shows the depth-averaged flow velocity
vectors for the 2DH and 3D mode. The depth-averaged current velocities are quite similar,
except for the wake region. Both model results show large-scale eddy circulations, but the
vortex streets in the 3D model are less well developed, which may be caused by the limited
number of layers (only eight layers). Most likely, much more vertical layers (resolution)
are required for accurate results. Additional research is needed to determine the optimum
number of layers for accurate 3D model results. The general mean flow of the 2DH and
3D runs are reasonably similar. Figure 18 shows the flow velocity vectors in the near-
bottom layer of the 3D run. The approach velocity in the near-bottom layer is about 0.15
m/s. The distribution of the relative depth-averaged current velocity vectors along the
flank of the base structure based on the 2DH and 3D model runs is shown in the left side
of Figure 19. The acceleration computed using the 2DH and 3D models is very similar,
based on the depth-averaged current velocity. The maximum increase in the depth-aver-
aged velocity is about 20% with respect to the approach current velocity. The right side of
Figure 19 shows the computed relative velocity vector magnitude close to the bottom
along the perimeter of the foundation structure based on the 3D model run (see inset
sketch). Most apparent is that the computed acceleration at this height along the flank is
significantly stronger (Uncarbed,flank = 1.8 Uncarbed, approach).
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Figure 18. Case F: flow field in the near-bottom layer of the 3D model run; uo=0.42 m/s.
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Figure 19. Left: depth-averaged flow velocity of the 2DH and 3D model runs along the structure
(see inset sketch); Right: flow velocity of 2DH along the structure and 3D in the bottom layer along
the structure (uo=0.42 m/s for depth-averaged flow; uo=0.15 m/s near-bottom for 3D model)

5.5.3. Computed Erosion in a Stream Tube Along the Flank of Caisson

As an example of the SUSTIM2DV model, the sand transport in accelerating and de-
celerating flows along a caisson structure (diameter D =40 m and height h =10 m; effective
water depth = 10 m) with a monopile on top of it is considered, see Figure 20. Thus, the
caisson occupies the whole water depth in the SUSTIM model run. The maximum flow
velocity along the flank is assumed to be 1.7 times the upstream approach velocity (ufank
= 1.7 uo), which is slightly smaller than the computed value (1.8 uo) of the 3D results, see
the right side of Figure 19. The minimum width of the stream tube at the flank is set to 0.6
of the width at the entrance (bminimum= 0.6 bo). The width along the stream tube along the
centreline is derived (schematically) from the computed values of the DELFT-flow model.
The basic input data are as follows: water depth upstream of trench (10 m to MSL), tidal
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current with semi-diurnal amplitude of 1 m and peak current of 1 and 0.7 m/s (no phase
difference between vertical and horizontal tides, constant semi-diurnal tidal sine function
and no modulation of the neap-spring cycle), sand with dso=0.4 mm (critical bed-shear
stress computed from Shields’ curve in the model), computation period = 90 days, time
step = 8 s and NZ = 25 = the number of vertical points over the depth.
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Figure 20. Case F: flow and scour around caisson (diameter = 40 m; height = 10 m; seabed = 0.4 mm

sand).

The computed scour results for a peak velocity of 1 m/s are shown in Figure 20. The
maximum scour depth is about 4.5 m after 40 days (no waves). The maximum scour depth
decreases to 4 m after 50 days due to deposition during the storm period of 10 days (Hs=
3 and 4 m between t =40 to 50 days). The maximum scour depth increases to 5 m after 90
days due to current (no waves between t = 50 and 90 days). Often, it is necessary to install
scour protection. The structure may also be placed in a dredged pit with a depth of 2 to 3 m
to reduce the scour depth. Steel skirts can be attached to the foundation’s structure to slow
down the time until the undermining of the caisson structure. Additionally, bed protection
should be placed around the structure in conditions with strong flows.

Figure 21 shows the computed scour hole over 90 days for a lower peak tidal flow
velocity of 0.7 m/s (instead of 1 m/s), resulting in a lower sand transport value during peak
tidal flow conditions. The maximum scour depth is about 1.8 m after 40 days (tidal flow
without waves), which increases to about 2.6 m after 50 days for tidal flow and a storm
period of 10 days (t =40 to 50 days) with Hs between 3 and 4 m. The maximum scour depth
increases to about 2.8 m after 90 days due to tidal current (no waves between t = 50 and
90 days). The maximum scour depth after 90 days is slightly smaller (2.5 m) in conditions
without a storm period. The scour on the left slope is lower, and the deposition on the left
side is somewhat higher.

Figure 22 shows the effect of a storm period of 10 days with Hs between 3 and 4 m on
the deposition in the deep scour hole around the base caisson structure with a maximum
depth of 5 m in a sand bed of dso=0.25 mm (critical bed-shear stress according to Shields’
curve). In this case, the initial bed represents a scour hole with a maximum depth of 5 m.
The flow velocity in the deepest part of the scour hole increases due to flow contraction
around the structure, but the flow velocity decreases due to flow expansion (larger water
depth in scour hole). Overall, the flow velocity increases slightly (10% to 15%). The maxi-
mum upstream depth-mean velocity at t = 3 h (peak tidal flow) is about 0.7 m/s, which
increases slightly to 0.8 m/s. The deposition of sand occurs in the storm period, mostly at
the right slope due to higher sand transport during ebb flow when the water depth is
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smallest. Erosion occurs on the left slope. Thus, deposition prevails in a scour hole during
a storm period (Figures 20 and 22). Overall, the computed maximum scour depth near the
base caisson structure is in the range of 3 to 5 m, which is of the right order of magnitude
based on the physical model study by Sarmiento et al. (2024) [16].
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Figure 21. Case F: flow velocity and scour along the stream tube; maximum velocity= 0.7 m/s; dso=

0.4 mm.
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Figure 22. Case F: flow velocity and scour along the stream tube; maximum upstream velocity= 0.7

m/s; dso=0.25 mm.
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6. Summary and Conclusions

The scour near various offshore structures (monopile, caisson foundation and jacket
structure) were studied by performing laboratory tests in a wide flume and numerical
model runs with a semi-empirical model (SEDSCOUR) and a sophisticated 2DV model
(SUSTIM2DV). Measured and computed results were also compared to scour data from
the international literature. The laboratory test results show that the maximum free scour
depth (dsmax) around a monopile without bed protection is slightly higher than the pile
diameter (dsmax=1.1 Dpie) for a mobility number of uo/ucr=1.3 (weak to moderate flows).
The scour depth may be significantly higher for strong flow conditions.

The maximum scour depth along the flank of a circular caisson foundation structure
is found to be related to the base diameter of the structure (dsmax= 0.25 Dbase). The skirt
under the caisson structure should be relatively long; otherwise, it may easily be under-
mined due to erosion causing the tip over of the total structure.

The maximum scour consisting of pile scour and global scour around an open jacket
structure standing on four piles is found to be much lower than the scour near the other
structures (monopile and caisson).

The main cause of the scour near these types of structures is the increase in the ve-
locity along the flanks of the structure (pile and caisson). Detailed velocity measurements
showed a significant increase in the depth-averaged velocity, up to 40%. The increase in
the near-bed velocity may be even higher (up to 70%) based on the DELFT3D model runs,
resulting in a strong increase in the pickup and transport of sediments and associated
erosion.

The measured scour depth values of the physical model tests with the monopile and
the open jacket structure of this study are in reasonable agreement with other scour data
from the literature. The dimensionless scour parameters are also in reasonable agreement
with measured field scour data of monopiles and jacket structures. Hence, the many avail-
able scour data sets are sufficiently reliable to be used for scour predictions of similar
structures. It is more difficult to evaluate the measured scour data of a circular caisson
foundation. The measured maximum scour depth along the flank of the caisson of the
present laboratory tests is much higher (factor 2) than that measured by Sarmiento et al.
(2024) [16] for a similar structure but much lower (factor 2) than some of the test results of
Whitehouse (2004) [11] and Tavouktsoglu (2017) [15]. Obviously, the maximum scour
depth along a large-scale caisson structure is strongly dependent on the precise geometry
and dimensions of the structure and the prevailing flow and sediment conditions. At the
present stage of research, scour predictions for a circular gravity-based structure (GBS)
should always be based on the results of physical scale model tests in a laboratory basin
in combination with numerical modelling.

Various empirical scour models (relationships) are available for scour predictions
around monopiles and jacket structures. However, many of these models/relationships
are based on laboratory scour data only, resulting in unreliable time-scale predictions. The
semi-empirical SEDSCOUR model proposed in this paper is based on well-known sedi-
ment transport predictors for bed load and suspended load transport in laboratory and
field conditions, resulting in a reliable time-scale prediction, as shown by the successful
scour predictions for various laboratory and field cases with monopiles and jacket struc-
tures. It has been shown that the SEDSCOUR model can be used for the reliable prediction
of free scour and global scour near monopiles and jacket structures in a sandy bed (even
with some mud) but not for large scale caisson-type foundation structures.

The prediction of scour along the flank of a caisson structure requires the use of a
more sophisticated morpho-dynamic model, preferably a 3D model operated on a very
fine grid. At the present stage of computer power, these models cannot be used for realis-
tic long-term predictions. Therefore, herein, another approach using a detailed 2DV
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model with a fine grid along a stream tube following the contour of the caisson was ex-
plored. The dimensions of the stream tube can be derived from a 3D-flow model or from
laboratory measurements. The SUSTIM2DV model [27,28] simulates the sediment
transport in 50 to 100 points over the depth along the stream tube and can be run at a time
scale of 1 to 5 years. An application for a caisson with a base diameter of 40 m shows a
realistic maximum scour depth of about 5 m on a time scale of a few months. Model runs
for monopile structures with storm waves included show that the scour depth is slightly
reduced due to sediment deposition in the scour pit during storms, which has also been
observed in field conditions (Luchterduinen wind park, The Netherlands).
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