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Unlike the pier scour in bridge waterways, the local scour at offshore monopile foundations should take into account the effect
of wave-current combination. Under the condition of wave-current coexistence, the water-soil interfacial scouring is usually
coupled with the pore-pressure dynamics inside of the seabed. The aforementioned wave/current-pile-soil coupling process
was physically modeled with a specially designed flow-structure-soil interaction flume. Experimental results indicate that su-
perimposing a current onto the waves obviously changes the pore-pressure and the flow velocity at the bed around the pile. The
concomitance of horseshoe vortex and local scour hole around a monopile proves that the horseshoe vortex is one of the main
controlling mechanisms for scouring development under the combined waves and current. Based on similarity analyses, an av-
erage-velocity based Froude number (Fr,) is proposed to correlate with the equilibrium scour depth (S/D) at offshore monopile
foundation in the combined waves and current. An empirical expression for the correlation between S/D and Fr, is given for

predicting equilibrium scour depth, which may provide a guide for offshore engineering practice.

monopile, pore-pressure, scour depth, combined waves and current, Froude number

Citation:
1030-1039, doi: 10.1007/s11431-014-5538-9

Qi W G, Gao F P. Equilibrium scour depth at offshore monopile foundation in combined waves and current. Sci China Tech Sci, 2014, 57:

1 Introduction

With the growing renewable energy needs around the world,
offshore wind energy is fast becoming an attractive proposi-
tion in the last two decades for its rich resources, close
proximity to electricity demand centers and little impact on
local communities. China owns 200 GW wind energy ca-
pacity at the height of 50 m above the sea level in the in-
shore areas within the water depth of 5-25 m [1]. A target
of 30 GW ambitious plans for large-scale offshore wind
energy development has been proposed by 2020 in China,
which makes the nation emerging as the second global
hotspot after Europe for offshore wind development [2].
The dimensions of the offshore wind turbines are huge (as
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large as 90-150 m), posing significant challenge in the de-
sign and construction of the foundations and making the
foundations account for approximately 20%—-30% of total
offshore wind farm project costs [3,4].

At present, monopile foundation is the most popular
foundation type for offshore wind turbines in shallow to
medium-deep waters. The diameter of the monopile can be
up to approximately 4-7 m to bear the huge loads and
bending moment in the offshore environments. The large
diameter of the monopile mainly brings two effects. On one
hand, the large diameter makes the corresponding KC num-
ber relatively small with a typical range of 0-10. The
Keulegan-Carpenter number (KC) is defined as

KC=UynT/D, (H
where U, is the maximum velocity of the undisturbed

wave-induced oscillatory flow at the sea bottom above the
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wave boundary layer; D is the pile diameter; T is the wave
period. On the other hand, small slenderness ratio (i.e. the
ratio of pile embedment length to its diameter is normally
around 5) leads to that the maximum scour depth could be
up to 25% of the pile embedment length [4]. As such, the
bearing capacity of the large-diameter monopile is quite
sensitive to the water-soil interfacial scouring development
and the pore-pressure dynamics inside of the seabed.

Unlike the pier scour in bridge waterways, the local
scour at offshore monopile foundations should take into
account the effects of wave-current combination. In the
offshore environments, waves generally coexist with current
[5], propagating either along or against the current. This
makes the soil response around the pile more complicated
than that due to waves or current alone. From the viewpoint
of engineering practice, it is vitally important to better un-
derstand the fluid-pile-soil coupling mechanism and acquire
the knowledge of pore-pressure response around the pile.
Meanwhile, the scour depth prediction at a monopile foun-
dation is attracting more and more attention [6—11]. Nowa-
days different offshore standards [12] propose the use of the
equation in ref. [13] (see eq. (2)) for scour depth prediction
around offshore wind turbines under the combined waves
and current. This equation originates from the database of
scour around a pile under waves alone and can thus produce
a great inaccuracy [14]. It is of great significance to accu-
rately predict the equilibrium scour depth around a mono-
pile in the combined waves and current for practical engi-
neering.

Numerous scour equations around a pile in steady current
have been developed since more than half a century ago.
Most studies focus on the scour of noncohesive sediment, in
spite of many studies on the erosion of cohesive sediment
by flow [15]. Melville and Sutherland equation [16] and the
Colorado State University (CSU) equation [17] are two of
the most commonly used scour equations. They give
somewhat conservative estimates of scour depth, the former
perhaps more so than the latter [18]. Other well-known
scour equations are presented in refs. [19-23]. The accuracy
of the equations was evaluated and compared in refs.
[18,24]. A comprehensive description of scour around pile
in steady current can be found in refs. [25-27].

For scour depth around pile exposed to waves alone, the
number of prediction equation is much small compared with
that under steady current. Sumer et al. [13] conducted a
large number of experiments and found the following ex-
pression for the equilibrium scour depth in the live-bed
condition:

S/D =~ 1.3[1-exp(-0.03(KC-6))], for KC>6, 2)

where S is the equilibrium scour depth at the pile. Dey et
al. [28] presented the results of equilibrium scour depths at
circular piles in clay and sand-clay mixed beds under waves
alone. The variation of equilibrium scour depth with KC for
different soil conditions follows an exponential law, as was
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given by Sumer et al. [13], having different coefficients and
exponents. Recently, Zanke et al. [29] proposed the follow-
ing unifying equation for the prediction of equilibrium scour
depth around a pile under the action of waves, tidal or
steady currents:

S/D =2.5(1-0.5 U /U) xel, 3)

where Xrel=Xeff /(1+xeff), Xeff = 003(1—035 Ucr/[]) (KC—6), U
is the mean velocity in case of steady currents, and U,; is the
critical velocity for initiation of sediment motion. Recent
reviews of the subject were put forward in refs. [26,27].

The coexistence of waves and current is the most usual
condition for shallow-water subsea locations. Nevertheless,
the related research is relatively few. Sumer and Fredsge [30]
conducted a series of tests of irregular waves propagating
either along or perpendicular to the current, indicating that
the scour depth under the combined waves and current is
influenced by the KC number and the ratio of velocities
(U.y, defined in eq. (8)). Sumer and Fredsge [27] carried out
reanalysis of scour data in ref. [30] and derived the follow-
ing empirical expression for the scour depth under the com-
bined waves and current:

S/D=S./D{1-exp[-A(KC-B)]}, for KC>B, )

in which . is the scour depth for the current-only case, and
the parameters A and B are given as 4=0.03+0.75U° and

B=6exp(—4.7U.,). The range of validity of eq. (4) is limited
to 4<KC<25. Eq. (4) is the only prediction equation for the
condition of the combined waves and current. Yet the varia-
tion range of S/D is very large, producing a great arbitrari-
ness and uncertainty in the practical engineering application;
and the accuracy of eq. (4) is not very much optimistic [31].
Recently, Sumer et al. [32] presented some new experi-
mental scour data under the combined waves and current.
Qi and Gao [33] conducted an experimental investigation of
the local scour development under the combined waves and
current at a monopile. The influence of the wave propagat-
ing direction relative to current is obvious. The interaction
between scour development and pore-pressure response
around the pile was discussed.

The aforementioned studies on the scour prediction
around a pile under the combined waves and current mainly
focused on the cases with relatively large KC numbers
(KC>4), while the typical value of the KC number for
monopiles in practical offshore situations is relatively small.
No accurate prediction model for equilibrium scour depth
around a pile under the combined waves and current has
been established.

In this study, the wave/current-pile-soil coupling process
of local scour around monopole foundation was physically
modeled with a specially designed water flume. Based on
similarity analysis, a series of flume tests were conducted to
investigate the pore-pressure response and the scouring de-
velopment around the test pile in the combined waves and
current.
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2 Similarity analyses and physical modeling
2.1 Similarity analyses

The local scour around a pile under the combined waves
and current involves a complex interaction between
wave/current, pile and its neighboring soil. It is of signifi-
cant importance to identify the non-dimensional variables
that play the most relevant role on the scour around a pile
under the combined waves and current.

For the local scour around a pile in the combined waves
and current, there exist many pertinent parameters charac-
terizing the pile, sand-bed, fluid properties and hydrody-
namic loads. The pile properties can be characterized by its
diameter (D). The sand-bed properties can be summarized
by median diameters of soil (dsg), geometric standard devia-
tion of grain size distribution (o,), sediment grain density
(ps), coefficient of permeability (k;), shear modulus of soil
skeleton (G), and degree of saturation (S;). The fluid physi-
cal properties can be characterized by water density (py)
and kinematic viscosity of water (v). The wave-current
combined oscillatory flow can be characterized by water
depth (h), wave period (7), maximum velocity of the undis-
turbed wave-induced oscillatory flow at the sea bottom
above the wave boundary layer (Uy,), and representative
near-bed velocity of the current component of the undis-
turbed combined flow (U.). The gravitational acceleration
(g) is included among the variables due to the presence of a
free surface and the different density between the sediment
and water. Based on the aforementioned analysis, the equi-
librium scour depth (S) can be described by the following
functional relationship:

S:f(Dadsoao-g’psaksaGaSppwovahaTnmenUcag"")' (5)

There is no general agreement on what specific set of
dimensionless parameters should be utilized. It can be ar-
gued that a typical set of dimensionless parameters should
include subsets to represent the interactions between flu-
id-flow and pile, between fluid-flow and sediment, and the
relative size of the representative current velocity to repre-
sentative wave velocity [34]. Therefore, based on the
Buckingham Pi-Theorem in the dimensional analysis,
choosing D, g and G as the repeating variables, the equilib-
rium scour depth normalized with pile diameter can be ex-
pressed in the following non-dimensional forms:

kG D h p,
(6)
in which the average-velocity based Froude number (Fr,),
the ratio of velocities (U.y,), the pile Reynolds number (Re)

and the Shields parameter (6) are defined as follows, re-
spectively:

Re, 0,

cw 2

S
—=f1|Fr,KC,U
s_ifr

Fr,=U,/\gD, 7
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Ueo=UJ(UAUy), (8)
Re=U,Dlv, )
Uy

O=—— 41— (10)
g(ps /,DW _l)dso

in which
T/4
1 . 2
Uy=| — f (U, +U,, sin@ut /T))dt =U, +=U,,
T/4 A T

is the average water particle velocity during one-quarter
cycle of oscillation under the combined waves and current
when the oscillatory motion and the current are in the same
direction; U, (=U+U,,y,) is the maximum value of the com-
bined waves and current velocity at the level of 1.0D above
the sand-bed; and U; is the maximum value of the undis-
turbed friction velocity, which can be calculated from the
variables in eq. (5) characterizing the sand-bed properties,
fluid physical properties and wave-current combined oscil-
latory flow [35].

The parameter Fr, in eq. (7) is a newly proposed pile
Froude number definition under the combined waves and
current, based on the average water particle velocity (U,).
The dependence of S/D on Fr, will be detailed in Section
3.2.

The ratio of velocities (U.y) has been proved to be an
important dimensionless parameter [30]. The Keulegan-
Carpenter number (KC) is the controlling parameter for
vortex generation and development around a cylindrical
structure in waves, which was used for correlation with the
scour depth around a pile under the action of waves alone
and waves plus current [13,30].

In the present tests, the pile Reynolds number is ap-
proximately O(10%), so the flow around the test pile is tur-
bulent. The effect of pile Reynolds number is usually negli-
gible for turbulent flow [36].

The Shields parameter (6) is a non-dimensional shear
stress at the surface of sediments in a flow, whose physical
meaning is the ratio of fluid force on the particle to the
weight of the particle. The detailed calculation procedure of
6 under the combined waves and current was given by
Soulsby [35]. The variation of the scour depth with 6 at the
bridge pier in a steady flow was given by Melville and
Coleman [37]. Under the combined waves and current, the
wave-induced upward seepage force makes the sand grains
easier to be lifted, the bed more vulnerable to motion, i.e.
decreasing the critical Shields parameter (6,,) and making
the bed surface more susceptible to the scour [38].

k.G
> and S, have de-
pgTh

cisive influence on the wave-induced pore-pressure devel-
opment in the soil [30]. The possibility of soil liquefying

The dimensionless parameters

kG
: and S, get smaller [33].
Th

becomes greater as 5
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According to Melville and Chiew [39], D/ds, barely has
effect on the scour development for D/ds;>50. However,
some more recent research indicates a decrease in S/D at
very large values of D/ds, [40,41]. Consequently, a proto-
type scour depth predicted based on the flume scour data is
greater than that in practice, i.e. a relatively conservative or
safe prediction value of scour depth should be expected. A
reduction of the scour depth prediction should be fulfilled
according to the dependence of scour depth on D/ds.

h/D is the relative proportion of flow depth and pile di-
ameter, which is useful for describing the interaction of the
downflow into the scour hole and the horseshoe vortex
around the pile [36,37]. pJ/py is the specific density of the
sand and p4/p,=2.65 for the quartz sand. o, characterizes the
gradation of the sediment.

2.2 Experimental set-up and procedure

The experiments were conducted in a flow-structure-soil
interaction flume (52 m long, 1 m wide and 1.5 m high) at
the Institute of Mechanics, Chinese Academy of Sciences.
The water depth (k) was kept constant at 0.5 m, as illustrat-
ed in Figure 1. A saturated sand-bed was adopted to simu-
late a sandy seabed, whose main physical properties are
listed in Table 1. The detailed information of the flume and
sand-bed can be found in ref. [33].

Far-field wave height was measured with a wave height
gauge along the central line at the distance 15 m apart from
the pile. An Acoustic Doppler Velocimetry (ADV) was
mounted to measure the undisturbed flow velocity at the
level of 1.0D above the sand-bed at the distance 20 m apart
from the pile centre. Four GE Druck miniature pore-
pressure sensors were utilized to measure the pore-pressure
at upstream and downstream pile edges. The scour depth
evolution at upstream and downstream pile edges was mon-
itored with two ultrasonic distance sensors.

Test conditions and scour measurements are summarized
in Table 2 for current alone and current with following
waves, and Table 3 for current with opposing waves. The
scour depth, pore-pressure response around the pile, wave
height and flow velocity were measured simultaneously.
Low KC number conditions are more common in the prac-

¢ Piston-type
wave generator
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tice and related study for waves-current combined condition
is scarce. Thus the KC number in the present experiments
lies in the range O to 4.

The variable quantities U, and U,,, in Tables 2 and 3 are
individually the velocity of the current component and or-
bital component of the undisturbed combined flow, meas-
ured at the level of 1.0D above the sand-bed, representing
the characteristic flow velocity at the boundary layer.

The critical Shields parameter for the sediment initiation
on the bed can be calculated by [35]

03 ~exp(—
cr—m+0~055[l exp(-0.02D.)],

(1)

. . L3 . .
in which D, =d., [(s—l)g /v ] is known as the dimen-

sionless grain size. For the present examined medium sand-
bed, the value of 6, is 0.036. As shown in Tables 2 and 3,
the live-bed scour regime prevailed in the present experi-
ments except runs 1, 5 and 9.

3 Results and discussions
3.1 Pore-pressure response around the pile

Wave-induced pore-pressure could exert upward seepage
force onto the particles at the wave troughs and even liquefy
the soil around the pile [42]. Pore-pressure response around
the pile under the action of waves is complicated for the
interaction between the soil, impervious pile boundary, and
vortices induced by pile blockage. Superimposing a current
would further increase the complexity of this issue.

There usually exist two mechanisms for wave-induced
pore-pressure response, including oscillatory pore-pressure
and residual pore-pressure [43]. The build-up of pore-pres-
sure (residual pore-pressure) has not been observed for the
examined hydrodynamic loads and the medium sand, which
might be due to high permeability of the test sands (see Ta-
ble 1) [33].

The amplitudes of the pore-pressure at both the upstream
pile edge and downstream pile edge under waves alone,
waves with a following current, and waves with an oppos-
ing current, are shown in Table 4. The waves adopted in

Sand-raining

ADV  Wave height gauges

1.5m

Waves
/\—/4»

Steady flow E

|| Ultrosonic distance sensors

Model-pile

Pore pressure transdusers "

Computer-countrolled flow
generator (reversible circulation)

Sand-bed E Wave absorber

=

K

20m

e —

52 m (1.0 m in width)

Figure 1 (Color online) Schematic diagram of the experimental system (not in scale).
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Table 1 Index properties of test sands
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Mean size of sand grains ~ Geometric standard deviation Coefficient of permeability Voidratio  Relative density ~ Buoyant unit weight of soil
dso (mm) Gy k, (m/s) e D, 7' (KN/m®)
0.38 1.28 1.88x10™ 0.771 0.352 9.03
Table 2 Test results for local scour around a pile: Current alone and current with following waves

Runnumber D (m) H (m) T(s) U, (m/s) Ugm(m/s) U, (m/s) Uew % KC Re Fr, S/D
1 0.20 0 1.40 0.15 0 1.00 0.008 - 2.21x10* 0.107 0
2 0.20 0.043 1.40 0.15 0.068 0.218 0.69 0.036 0.48 3.21x10* 0.138 0.025
3 0.20 0.097 1.40 0.15 0.137 0.287 0.52 0.075 0.96 4.22x10* 0.169 0.075
4 0.20 0.145 1.40 0.15 0.201 0.351 0.43 0.125 1.41 5.16x10* 0.199 0.11
5 0.20 0 1.40 0.23 0 1.00 0.02 - 3.38x10* 0.164 0.20
6 0.20 0.026 1.40 0.23 0.063 0.293 0.78 0.036 0.44 431x10* 0.193 0.27
7 0.20 0.052 1.40 0.23 0.107 0.337 0.68 0.054 0.75 4.96x10* 0.213 0.34
8 0.20 0.085 1.40 0.23 0.156 0.386 0.6 0.078 1.09 5.68x10* 0.235 0.44
9 0.08 0 1.40 0.23 0 1.00 0.021 - 1.35x10* 0.26 0.39
10 0.08 0.033 1.40 0.23 0.073 0.303 0.76 0.045 1.28 1.78x10* 0.312 0.65
11 0.08 0.068 1.40 0.23 0.126 0.356 0.65 0.07 221 2.09x10* 0.35 0.84
12 0.08 0.103 1.40 0.23 0.173 0.403 0.57 0.104 3.03 2.37x10* 0.384 1.00
13 0.08 0 1.40 0.34 0 1.00 0.049 - 2.00x10* 0.384 1.15
14 0.08 0.098 1.40 0.34 0.157 0.497 0.68 0.124 2.75 2.92x10* 0.497 1.26
15 0.20 0 1.40 0.34 0 1.00 0.049 - 5.00x10* 0.243 0.62
16 0.20 0.057 1.40 0.34 0.104 0.444 0.77 0.075 0.73 6.53x10* 0.29 0.67
17 0.20 0.092 1.40 0.34 0.14 0.71 0.104 0.98 7.06x10* 0.307 0.65
18 0.08 0.108 1.80 0.20 0.117 0.317 0.63 0.066 2.63 1.86x10* 0.310 0.73
19 0.08 0.112 1.80 0.22 0.129 0.349 0.63 0.077 2.90 2.05x10* 0.341 0.70
20 0.08 0.056 1.80 0.26 0.087 0.347 0.75 0.065 1.96 2.04x10* 0.356 1
21 0.08 0.084 2.00 0.107 0.090 0.197 0.54 0.039 225 1.16x10* 0.186 0.33

Table 3 Test results for local scour around a pile: Current with opposing waves

Run number D (m) H (m) () Uc(m/s) Ugm(m/s)  Uny(m/s) Uew 0 KC Re Fr, S/D
22 0.08 0.152 1.4 0.20 0.136 0.336 0.6 0.086 2.38 1.98x10* 0.324 0.76
23 0.08 0.140 1.4 0.23 0.141 0.371 0.62 0.08 2.47 2.12x10* 0.361 0.78
24 0.08 0.138 1.8 0.18 0.162 0.342 0.53 0.091 3.65 2.01x10* 0.320 0.73
25 0.08 0.082 1.8 0.27 0.122 0.396 0.69 0.084 2.75 2.33x10* 0.397 1.03
26 0.08 0.102 2.0 0.11 0.144 0.253 0.43 0.063 3.6 1.49x10* 0.227 0.25
27 0.08 0.086 2.0 0.21 0.111 0.321 0.65 0.063 2.78 1.89x10* 0.317 0.75
28 0.20 0.129 1.4 0.22 0.140 0.360 0.61 0.057 0.98 1.91x10* 0.221 0.29

these various tests have exactly the same wave height and
wave period (Hy=9.2 cm, T=1.4 s).

It is seen that under the condition of waves alone, the
amplitudes of pore-pressure at the upstream pile edge are
greater than those at the downstream pile edge (D>®@) in
Table 4). This is attributed to the influence of the large-
scale wake vortices (see Figures 2(a) and (b)). Since the
diffraction parameter D/L (L is the wave-length) is relative-
ly small in these tests (D/L<0.08), it is reasonable to assume
that the upstream and downstream pile edges are always
either in the wave crest area or wave trough area at the same

moment, as shown in Figure 2. The waves induce a local
flow nearby the pile, whose travelling direction is following
the wave propagating direction in the wave crest area and
opposing the wave propagating direction in the wave trough
area. In the wave crest area, wake vortices occur at the
downstream pile edge and produce a region of low pressure
nearby the vortices, which could make the exerted maxi-
mum wave pressure at the bed near downstream pile edge
decrease. Likewise, in the wave trough area, the minimum
pore-pressure at the bed near the upstream pile edge will
also get smaller due to the wake vortices. The decreased



QiWG,etal

Sci China Tech Sci

May (2014) Vol.57 No.5 1035

Table 4 Amplitudes of the wave-induced seabed response at upstream and downstream pile edges (7=1.4 s, H;=9.2 cm; U.=0.17 m/s for following-current

case and U.=0.19 m/s for opposing-current case)

Testing condition Waves alone

Waves with a following current

Waves with an opposing current

Location Upstream Downstream Upstream Downstream Upstream Downstream
Number
Depth (cm) @ @ ® @ ® ®
0 207.4 199.3 222.3 197.4 213.3 178.7
10 188.7 174.1 190.8 182.2 179.7 158
<> Wave-crest B
(@) £ (b)
/ \ \ Wave-trough
Waves Waves
- Wake-vortices <
j Wake-vortices -
® [}
Upstream Downstream Upstream ‘J Downstream
pile edge pile edge pile edge pile edge
= , Wave-crest )
(© (d) Wave-trough
Waves Horseshog Wake-vortices Waves
[ vortex = Wake-vortices
Current . Current <
D, &
[ I ) N
Upstream Downstream Upstream Downstream
pile edge < pile edge pile edge L= pile edge
=/ Wave-crest ~>
(e) (f)\ Wave-trough
Waves Waves )
Wake-vortices > Wake—vortlc(es\ Horseshoe
c ¢ - c ‘ N vortex
urren urren -
3 .
) [ I )
Upstream Downstream Upstream Downstream
pile edge L= pile edge pile edge L pile edge

Figure 2 Illustration of coming flow and vortices around the pile. (a) Wave crest area under waves alone; (b) wave trough area under waves alone; (c)
wave crest area under waves plus following current; (d) wave trough area under waves plus following current; (e) wave crest area under waves plus opposing

current; (f) wave trough area under waves plus opposing current.

maximum wave pressure near the downstream pile edge and
minimum wave pressure near the upstream pile edge alto-
gether lead to larger pore-pressure amplitudes at the up-
stream pile edge.

The amplitude of far-field pore-pressure response in-
creases after superimposing a following current and de-
creases after superimposing an opposing current [44]. The
vortices structure nearby the pile under the combined waves

and current would be different from those under waves
alone. Under the action of waves and a following current, at
the wave crest, the maximum value of the flow velocity
increases (see Figure 2(c)). Thus the horseshoe vortex could
emerge at the upstream pile side and wake vortices are in-
tensified on the downstream pile side. The horseshoe vortex
will exert an extra pressure load onto the bed [45,46] and
increase the amplitude of the bed wave pressure, while the
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intensified wave vortices will produce a region of low pres-
sure and decrease the amplitude of the bed wave pressure.
Considering the preceding effects of far-field pore-pressure
response and vortices around the pile altogether, the pore-
pressure amplitude at the bed increases at the upstream pile
edge (®>Q@ in Table 4) and decreases at the downstream
pile edge (D<@ in Table 4) after superimposing a follow-
ing current onto the waves. Likewise, the pore-pressure am-
plitude at the bed also increases at the upstream pile edge
(®>Q in Table 4) and decreases at the downstream pile
edge (©<@ in Table 4) after superimposing an opposing
current onto the waves (see Figures 2(e) and (f)).

The pore-pressure amplitudes at either upstream or
downstream pile edge in 10 cm deep soil always obey the
rule that a following current makes them increase and an
opposing current makes them decrease. The variation of the
pore-pressure amplitudes at pile edges due to superimposing
a current is consistent with that at far-field soil. This is at-
tributed to the fact that the soil response around the pile at a
certain depth is a three-dimensional issue, and can be af-
fected by not only the exerted bed pressure just above the
soil, but also the response of the neighbouring soil.

3.2 Prediction of equilibrium scour depth based on Fr,

According to similarity analysis, under the condition of the
combined waves and current, the average-velocity based
pile Froude number (Fr,, see eq. (7)) could be a crucial di-
mensionless parameter to determine the equilibrium scour
depth (see eq. (5)). In fact, for the case of current alone, the

pile Froude number ( Fr =U, / /gD ) has been proved to be

a significant parameter controlling the scouring process
around a pile [47]. Ettema et al. [36] concluded that Fr rep-
resented the flow gradients around the pile and was respon-
sible for the formation of the horseshoe vortex, which was
the main flow structure to initiate and maintain the scouring
process. Ettema et al. [48] further revealed that Fr ex-
pressed the scale of wake vortices shed from a cylinder in a
current, which was also a significantly important mecha-
nism for scouring process. Moreover, several scour depth
prediction models for piles under current were proposed as
a function of Fr [49, 50], further confirming the crucial ef-
fect of Fr on the scour depth. It can be reasonably inferred
that for the case of the combined waves and current, Fr may
relate to the aforementioned flow structures such as horse-
shoe vortex and wake vortices, which are responsible for the
scouring process. Dependence of S/D on Fr should be ex-
pected under the combined waves and current.

Umeda et al. [51] defined a dimensionless parameter A
to correlate with the scale of the horseshoe vortex around a
cylindrical pile under the combined waves and current. The
scale of the horseshoe vortex is characterized with the sep-
aration distance, x,, associated with the formation of the
horseshoe vortex at the phase when the oscillatory motion
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and the current are in the same direction. A, is calculated
with

T/4
UT/4 2+nl,
_UA7s 1 [ (U +0,,, sin@r /) = kO
D D 47

0

4,

12)

in which V, (=U/Un=U.,/(1-U.)) is named current ratio.
The physical meaning of A is the ratio of the travel distance
of water particle during one-quarter cycle of oscillation to
the pile diameter. As indicated in Figure 3, A, correlates
well with x; (represented with hollow circle in Figure 3).
The separation distance (x;) is zero for A;<0.5, which means
that no horseshoe vortex exists for Ay below 0.5.

The present scour depth data is also plotted as function of
A, along with the scour data of Sumer and Fredsge [30] and
Sumer et al. [32]. It is indicated that the scour depth also
tends to be nil for Ay below 0.5. The critical value of A, for
scour depth occurrence is consistent with that for horseshoe
vortex occurrence. This coincidence proves that the horse-
shoe vortex plays a key role in governing the scour process
under the combined waves and current.

As aforementioned, the horseshoe vortex around the pile
could relate to Fr. Therefore, S/D should be closely de-
pendent on Fr for the combined waves and current condi-
tion. The average water particle velocity during one-quarter
cycle of oscillation (U,) is adopted in the definition of Fr
for the combined waves and current condition (see eq. (7)).
This new definition of Fr is named the average-velocity
based pile Froude number and symboled with Fr,. By
adopting U, in the definition, Fr, is correlated with Ao,
which reflects the scale of the horseshoe vortex, and thus
relates to the scour process.

The equilibrium scour depths (live-bed scour regime)
under waves and current obtained from the present experi-
ments are plotted as a function of Fr, in Figure 4, along
with those of Sumer and Fredsge [30] and Sumer et al. [32].
The test conditions of the data set in Figure 4 are listed in
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Figure 3 (Color online) Separation distance (x;) and maximum scour
depth in the equilibrium stage normalized with pile diameter (S/D) as func-
tion of Ao.
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Figure 4 (Color online) Maximum equilibrium scour depth normalized
with pile diameter (S/D) vs. the average-velocity based pile Froude number
(Fr,) for the combined waves and current.

Table 5 for Sumer and Fredsge [30], and Table 6 for Sumer
et al. [32], separately. No observable difference was detect-
ed between the following-current cases and opposing-
current cases. There is a general and qualitative agreement
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between the present results and the results of the preceding
studies, in spite of different ranges of KC values, water
depth and sand grain size.

The scour depth data in Figure 4 can be formulated with
the following empirical expression:

1g(S/ D) =-0.80exp(0.14/ Fr,)+1.11,
(0.1< Fr, <1.1,04<KC<26).  (13)

Eq. (13) indicates that the scour depth approaches its
mathematical asymptotic value (S/D=~2.0) as Fr, increases
(e.g., larger than 1.0). Note that this asymptotic value is in
the range of a typical maximum scour depth prediction
(/D= 1.7 to 2.4) by previous local scour equations around
a pile for current-alone conditions.

The accuracy of the data fitting with eq. (13) is evaluated
by comparison with the present and the previous test results
of scour depths. Figure 5 shows that approximately 85% of
experimental data distribute in the range of 25% error lines.
The present empirical prediction covers the examined KC
range (0.4<K(C<26) for the combined wave-current condi-
tions.

Table 5 Existing test results and their test conditions of scour around a pile (reproduced from ref. [30])

Run number D (m) dso (mm) T(s) Upm (ms) U, (m/s) Usy KC Fr, S/ID
SF-1 0.090 0.16 2.50 0.157 0 0 436 0.106 0.06
SF-2 0.090 0.16 3.13 0.231 0 0 8.02 0.157 0.11
SF-3 0.030 0.16 3.23 0.242 0 0 26.02 0.284 0.83
SF-4 0.055 0.20 3.33 0.177 0 0 10.73 0.154 0.10
SF-5 0.032 0.20 333 0.177 0 0 18.44 0.201 0.36
SF-6 0.032 0.20 333 0.177 0 0 18.44 0.201 0.29
SF-7 0.032 0.20 3.33 0.177 0.03 0.14 18.44 0.255 0.50
SF-8 0.055 0.20 3.33 0.177 0.04 0.17 10.73 0.201 0.28
SF-9 0.032 0.20 3.33 0.177 0.06 0.26 18.44 0.312 0.60
SF-10 0.055 0.20 3.33 0.177 0.08 0.31 10.73 0.263 0.49
SF-11 0.090 0.16 2.50 0.157 0.08 0.35 436 0.195 0.11
SF-12 0.030 0.16 323 0.242 0.10 0.29 26.02 0.469 1.33
SF-13 0.090 0.16 3.13 0.231 0.13 0.36 8.02 0.295 0.50
SF-14 0.032 0.20 333 0.177 0.15 0.46 18.44 0.469 113
SF-15 0.090 0.16 2.50 0.157 0.16 0.50 436 0.277 0.56
SF-16 0.055 0.20 3.33 0.177 0.17 0.49 10.73 0.385 0.65
SF-17 0.030 0.16 3.23 0.242 0.18 0.42 26.02 0.607 1.50
SF-18 0.090 0.16 3.13 0.231 0.22 0.49 8.02 0.394 0.78
SF-19 0.032 0.20 3.33 0.177 0.27 0.60 18.44 0.682 1.53
SF-20 0.090 0.16 2.50 0.157 0.27 0.63 436 0.394 0.83
SF-21 0.030 0.16 323 0.242 0.30 0.55 26.02 0.828 1.67
SF-22 0.030 0.16 - 0 0.30 1.00 - 0.544 2.00
SF-23 0.055 0.20 3.33 0.177 0.36 0.67 10.73 0.644 1.13
SF-24 0.090 0.16 3.13 0.231 0.39 0.63 8.02 0.572 1.06
SF-25 0.090 0.16 - 0 0.39 1.00 - 0.415 121
SF-26 0.032 0.20 3.33 0.177 0.50 0.74 18.44 1.094 1.51
SF-27 0.055 0.20 3.33 0.177 0.60 0.77 10.73 0.971 1.25
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Table 6 Existing test results and their test conditions of scour around a pile (reproduced from ref. [32])

Run number D (m) dso (mm) T(s) Uy (m/s) U, (m/s) Uny KC Fr, S/D
S-1 0.04 0.17 2.5 0.124 0.090 0.42 7.75 0.27 0.69
S-2 0.04 0.17 4.0 0.155 0.302 0.66 15.50 0.64 1.43
S-3 0.04 0.17 4.0 0.155 0.156 0.50 15.50 0.41 1.13
S-4 0.04 0.17 4.0 0.155 0.090 0.37 15.50 0.30 0.90
S-5 0.04 0.17 1.5 0.202 0.302 0.60 7.54 0.69 1.21
S-6 0.04 0.17 4.0 0.198 0.302 0.60 19.80 0.68 1.41
S-7 0.04 0.17 4.0 0.155 0.302 0.66 15.50 0.64 1.45
S-8 0.04 0.17 2.5 0.175 0.302 0.63 10.94 0.66 1.31
S-9 0.04 0.17 2.5 0.127 0.302 0.70 7.94 0.61 1.44
S-10 0.04 0.17 2.5 0.175 0.156 0.47 10.94 0.43 1.10
S-11 0.04 0.17 4.0 0.198 0.156 0.44 19.80 0.45 1.12
S-12 0.04 0.17 4.0 0.155 0.156 0.50 15.50 0.41 1.23
S-13 0.04 0.17 2.5 0.127 0.156 0.55 7.94 0.38 1.13
S-14 0.04 0.17 4.0 0.198 0.090 0.31 19.80 0.35 0.82
S-15 0.04 0.17 4.0 0.155 0.090 0.37 15.50 0.30 1.00
S-16 0.04 0.17 2.5 0.175 0.090 0.34 10.94 0.32 0.83
S-17 0.04 0.17 2.5 0.127 0.090 0.41 7.94 0.27 0.75
S-18 0.04 0.17 1.5 0.105 0.159 0.60 3.92 0.36 0.85
S-19 0.04 0.17 2.5 0.160 0.159 0.50 10.0 0.42 1.03
S-20 0.04 0.17 2.5 0.160 0.090 0.36 10.0 0.31 0.82
S-21 0.04 0.17 2.5 0.160 0.302 0.65 10.0 0.65 1.30
25 mechanism and to predict the equilibrium scour depth at
g :umer’ Fredsoe [30] monopiles in the combined waves and current. The follow-
umer et al. [32]
20 - © Present data (following current) ing conclusions are drawn.
X Present data (opposing current) 1) Superimposing a current onto the waves obviously
el w50 & 9 changes the pore-pressure and the flow velocity at the bed
S &S around the pile. The concomi.tance of horseshoe vortex and
B ° local scour hole around a pile proves that the horseshoe
3T ~25% vortex is one of the controlling mechanisms for scouring
s development under the combined waves and current.
051 2) An empirical prediction model of equilibrium scour
depth in the combined waves and current is established and
0oL matches well with the existing test data. This empirical
’ : : model may provide a guide for offshore engineering prac-
0.0 0.5 1.0 1.5 2.0 25

Measured S/D

Figure 5 (Color online) Comparison of the measured and predicted scour
depths. Live-bed scour regime (6> 0, ).

4 Conclusions

The local scour around a monopile foundation under the
combined waves and current involves a complex interaction
between wave/current, pile and its neighboring soil. Unlike
the pier scour in bridge waterways, the local scour at off-
shore monopile foundations should take into account the
effects of wave-current combination. Based on the similari-
ty analysis, a series of large flume tests have been conduct-
ed to reveal the wave/current-pile-soil coupling physical

tice.

3) The equilibrium scour depth (S/D) correlates well with
the average-velocity based Froude number (Fr,) for a wide
range of KC number (0.4<KC<26). The equilibrium scour
depth approaches an asymptotic value of S/D~2.0 as Fr,
increases up to more than 1.0.
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