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LAB TESTS:
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BACKGROUND EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES

LAB TESTS:
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LAB TESTS: BACKGROUND

I |
= The Sumer & Fredsoe curve
. suggests that scour depths from
P T 1 tidal currents (KC ~ 8.000) are
D | ] equal to scour depths from
8 ——aeunidirectional currents
]
0.1 |
- Das (1970) | |
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The asymmetric scour hole s} \@5 o et
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LAB TESTS: BACKGROUND
1 |

2 IEfﬂea'l

4 D=10 cm
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1 Equilibrium scour.hole due

to unidirectional current -

scour depth after first half of

tidal period: steep slope on 32

the front, flat slope at the - ~
backside of the pile 0_}\0 5 /
2 Reversing of the flow: ;(EU il

deposition on the flat slope -/v
erosion of the steep slope.

What is the time scale for \ 3bm L
each? >

4 |f situation 3b occurs, we S(cm) "2 (cm)
might expect this to be

considered as a global

lowering of the bed and scour

depth will be increased?
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LAB TESTS: BACKGROUND EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND

Knowledge on influence of breaking waves
on scour depths is limited

Bijker and De Bruyn (1988) wrote a paper,
saying:

“The depth of the scour is in the order of 1.5 times the
pile diameter. In case of breaking waves this value can
be, however, considerably higher. This paper gives a
large influence on the scour prediction in breaking

waves’
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LAB TESTS:

EXPERIMENTAL SET-UP

Model and Set-up

Wavemachine

Model

200 500‘

6000

1000

GEen

2500

1500

1000

3700 2000

Pump

&

e Flume: LXxW xXxH=25mx 1.2m x 1.5m

» Sand box: 4m length, sand d;,: 0.17 mm

» Possible to make strong tidal currents (Q,.,, = 650 I/s)

» Slope 1:18 = breaking waves

» Scale of tests: 1:30 (length scale)
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LAB TESTS: BACKGROUND EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES

Model and Set-up

Measurements are done with
non-contact profiling system
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LAB TESTS:

Test program

EXPERIMENTAL SET-UP

AAALBORSG WUWNIYERSITET

in areas with Strong Currents

Test Comments |Diameter of |Sign. Wave |Spectral Water Current
series monopile D |height H,  |peak period |[depth at  |induced
[M] [M] T, [s] pile velocity
h, [m] U [m/s]
1 Breaking 0.10 0.07-012 |1.28 -1.97 |0.17 — 0.00 - 0.30
waves 0.29
2 Tidal current {0.10 — 0.20 |- - 0.10 = 0.30 — 0.50
0.29
3 Unidirect. 0.10 - 0.20 |- - 0.10 — 0.30 - 0.50
current 0.29
4 Regular 0.20 0.09-0.11 |{1.28 — 2.50 |0.17 0.00
waves
e
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BREAKING WAVES

BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT

LAB TESTS:
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LAB TESTS: BACKGROUND EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES

Examples of scour holes
Unidirectional current Tidal current

o
V
v
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LAB TESTS: TIDAL CURRENT

Tidal current: measured effect of tidal current

STRONG TIDAL CURRENT: U =0.5 m/s

20 Large current velocity:
0 equilibrium is almost
20 reached after the first tidal
cycle. We indeed see both
g ¥ the deposition on the flat
5 20 side and the erosion of the
-80 steep side
190 ____ After 30 min: current in one way
~ilze —— After 60 min: reverse current
-140

800 1,000 1,200 1,400 1,600
Z [mm]
Y (X=405,2=1240) = 1
e
-y—ﬂ
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LAB TESTS: TIDAL CURRENT

Tidal current: measured effect of tidal current

STRONG TIDAL CURRENT: U =0.5 m/s

20 P What goes the fastest?
Deposition on the flat side or
0 °7 r"ﬂ A\/ - :
N erosion of the steep side?
-20 :
" — in case of a strong
£ i current (U = 0.5 m/s in the
> 0 model), the backfilling goes
-80 faster. But both erosion and
-100 J deposition are finished after 30
120 min of current velocity (= half of
S ! the tidal cycle)
800 1,000 1,200 1,400 1,600
—— After 30 min current in one wa
Z [mm] reverse current: 31 min "
Y (X=405,2=1240) =2 reverse current: 33 'min

reverse current: 35 min

e
—— After 60 min: reverse current "'--""'
V
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LAB TESTS: TIDAL CURRENT

Tidal current: measured effect of tidal current

STRONG TIDAL CURRENT: U =0.5 m/s

40_: ........... ........................ ........................ ....................... Scour depth doeS
20- )
i not increase
20- significantly
T -40-
£ 1
> 60 : ; ;
-80{ g ; g .................... ; .......................
-100 : : ----A;\-fter-?yo--r-r in current in one way
120 W)/ . ——— After 60 min :reverse current
1 After 1h30 min: current in one way
A SRS o\ )/ After 2h: reverse current

LA L L R I LR LA I LR L R
800 1,000 1,200 1,400 1,600
Z [mm]
Y (X=405,Z=1240) = 2
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LAB TESTS: TIDAL CURRENT

Tidal current: measured effect of tidal current

SMALLER TIDAL CURRENT: U = 0.3 m/s

20 For a smaller current velocity,
e equilibrium is not reached after 30
L = min. We see no deposition on the flat

-10 slope, but only an increase in the
7% scour depth. The steep slope
£-30 however is eroded when reversing

-40 the current

-50

-60 —.....After- 30 min: current in one way

-70 —After 80 min: reverse current

-80

800 1,000 1,200 1,400 1,600
Z [mm]

Y (X=405,Z=1195) =0
e
. -l--.
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LAB TESTS: TIDAL CURRENT

Tidal current: measured effect of tidal current

SMALLER TIDAL CURRENT: U = 0.3 m/s

RO » For a smaller current velocity, the

YT scour hole continues to grow, every

el 1 — — time the current is reversed, until the
equilibrium scour depth is reached.

Y [mm]

D min current in one way
0 min :reverse current

. . ...... A ftel'1h30 mln. Current |n One Way
............ é..........................é.........................;...... .................;..........................;......Afte..r.. g h: reverse Current
: I ..... IIII ...... II ...... II ...... — — I I ...... : I ...... I ...... I ..................
800 1,000 1,200 1,400 1,600
Z [mm]
Y (X=405,Z=1195) = 0
o o
V
v
L
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LAB TESTS: TIDAL CURRENT

Tidal current: measured

SMALLER TIDAL CURRENT: U = 0.3 m/s

effect of tidal current

20 Once equilibrium is
0 reached, scour
20 depth does not
£ 0 iqcre_gse
SR significantly
-80
-100 ~—...After 2h :reverse current
—— After 2h30 min: current in one way
-120 —After 3h: rea'erse current

800 1,000 1,200 1,400 1,600
Z [mm]

Y (X=405,Z=1210) = 1
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LAB TESTS: TIDAL CURRENT

Evolution of scour hole in time:

tidal current versus unidirectional current; U = 0.5 m/s

time development
S/D [-]
1.8
1.6 - . —e
1.4 -
1.2 -
1 _|
0.8 - —e—tidal U = 0.5 m/s
0.6 - —— unidirectional U = 0.5 m/s
0.4 tidal U = 0.3 m/s
unidirectional U = 0.3 m/s
0.2 -
0 = T T T T T T ]
0 20 40 60 80 100 120 140
time [min]
oge
-H—
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LAB TESTS: BREAKING WAVES

nnnnn

Scour from breaking waves

* wave scour increases with increasing KC
number

* Current only: S/D =1.25 (+ ogp) (KC = 0)

* Non-breaking waves decrease scour depths
when superimposed on a current

« Combination of current and non-breaking waves:
S/D = F(Ucw); Ucw - Uc/(Uc+Um)

» Breaking waves: S/D =1.9 (+ ogp) (based on
Bijker and De Bruyn (1988))

e
-y—ﬂ
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LAB TESTS: BREAKING WAVES

Scour depths from breaking waves

¢  Measured points| |
KC=6

P
T8 L

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

UCW

Measured scour from breaking waves compared to scour prediction

according to Sumer and Fredsge (non-breaking waves, KC=6)

o o
v
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LAB TESTS: BREAKING WAVES

Why do we not get a larger
scour depth in breaking waves
than in non-breaking waves?

g
4‘:-:-
—
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LAB TESTS: BREAKING WAVES

PV measurements

Is PIV an appropriate method to
investigate bottom-velocities and vortices

around a pile caused by waves?

What are differences between non-
breaking and breaking waves?

-

e S

L ]
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LAB TESTS:

BREAKING WAVES

PIV measurements

2D Particle Image
Velocimetry (PIV) is a
whole-flow-field
technique providing
Instantaneous velocity
vector measurements in
a cross-section of a flow

[((8
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LAB TESTS: BREAKING WAVES

PV measurements

Two set-ups:
— Vertical image through centre of pile
— Horizontal image near bottom

pile (Zpile
s | | Seeded = R
=flow __ e

camera laser:

mirror
B laser camera : M-
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LAB TESTS: BREAKING WAVES

PIV measurements
Horizontal set-up

Model pile,
diameter 0.05 m

mirror

CCD Camera Laser optics

oge
-H—

KL Offshore Wind Turbines situated e
AaakRoRs UNIVERSITET in areas with Strong Currents Offshore Center Danmark



LAB TESTS: BREAKING WAVES

PV measurements

2 tests: regular waves, monopile diameter:; 0.05m

Non-breaking wave

Water depth at pile: 0.22m

Wave height: 0.10m, Wave period: 1.52s
KC: 8.8, Re = 1.5x10% (subcritical flow)

Breaking wave

Water depth at pile: 0.12m

Wave height: 0.10m, Wave period: 1.48s
KC: 12.4, Re = 2.1x10% (subcritical flow)

e
-y—ﬂ
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES

PIV measurements
non-breaking wave

(8
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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BREAKING WAVES

LAB TESTS:

Offshore Wind Turbines situated
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES

KL Offshore Wind Turbines situated e

AAALBORSG WUWNIYERSITET

in areas with Strong Currents Offshore Center Danmark



LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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BREAKING WAVES

LAB TESTS:

'
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES
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LAB TESTS: BREAKING WAVES

PV measurements
non-breaking wave

Maximum velocity: U,,
0.29 m/s

Maximum velocity near
pile: U =0.60 m/s

Amplification of shear
stress =1/t : 4.3 (1 ~U?)

m
P

0.568421
0.505263
0.442105
0.378947
0.315789
0.252632
0.189474
0.126316

Absolute velocity

- 0.571053
1 0.513158
— 0.455263
| 0.397368
“ o | 0.339474
o | 0.281579

| 0.223684
0.165789
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LAB TESTS: BACKGROUND  EXPERIMENTAL SET-UP  TIDAL CURRENT  BREAKING WAVES

PIV measurements
breaking wave

Absolute velocity

. 0.807895
| 0.723684
0.639474
0.555263
0.471053
0.386842
0.302632
0.218421
0.134211
0.05

Maximum velocity: U,
=0.42 m/s

Maximum velocity near
! pile: U=0.85m/s

Amplification of shear
stress: 4.1

Absolute velocity

1.48966
1.32414
1.15862
0.993103
0.827586
0.662069
0.496552
0.331034
0.165517
0

Offshore Wind Turbines situated
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LAB TESTS: BREAKING WAVES

Why do we not get a larger scour depth Iin
breaking waves than in non-breaking
waves?

Velocities are very high in the upper part
(1/2 to 2/3) of the water depth (much
higher than for non-breaking waves), but
remain limited (comparable to non-
breaking waves) at the bottom.

e
-y—ﬂ
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LAB TESTS: BREAKING WAVES

Why did Bijker and De Bruyn measure
larger scour depths?

current with breaking waves

current with breaking waves

100 tm

original bottom +—:—. : ; | | i
original bottom + —. —. :

It is not the presence of the pile that causes the large

scour depths, but it is the bed itself which is subjected to
large changes due to ripple formation and dynamics
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LAB TESTS:

Conclusions

In tidal currents the maximum scour depths
are equal to equilibrium scour depths Iin
unidirectional currents

In many cases the scour depths in tidal
currents will not develop as fast as in a
unidirectional situation due to time and
velocity constraints

Breaking waves do NOT increase local
scour depths

g
4‘:-:-
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