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Abstract: This paper studies the effect of the wave front-current angle on the scour around a circular pile. An experimental study was carried
out in the Coastal, Ocean and Sediment Transport (COAST) laboratory at the University of Plymouth (UK) using a single monopile of
0.125 m in diameter and an 8 m long by 1.5 m wide by 0.2 m high sand pit. The results obtained during the test campaign show the influence
of the angle between waves and currents on both the maximum scour depth and the time scale of the process. Wave fronts partially aligned
with current (65°) produce deeper scour holes than perpendicular forcing conditions (90°). Wave fronts partially against the current (115°)
produce less scour than any of the two previous scenarios. The addition of waves reduced the maximum scour depth, compared with the
current-only case. The development of the scour hole was found to be more rapid when waves are added to the current, with 50% of the
final scour achieved in half the time. The results show that wave direction relative to the current is an important component in scour
prediction. DOI: 10.1061/(ASCE)WW.1943-5460.0000692. © 2021 American Society of Civil Engineers.
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Introduction

The scour generated around a cylindrical pile has been extensively
investigated in the specialized literature for many years. Breusers
et al. (1977) reviewed the prevailing state of the problem, gathering
a significant number of previous works involving both laboratory
tests and field measurements. This rather simple geometry has
been extensively studied due to it being commonplace in the build-
ing industry for bridges and offshore structures (Harris et al. 2010;
Pizarro et al. 2020; Welzel et al. 2019).

Variations in the flow near cylindrical piles explain the occur-
rence of scour. As stated in Shen et al. (1966), the incoming flow
faces an adverse pressure gradient created by the presence of the
pile. This gradient can cause the detachment of the boundary
layer at the bed. The detached flow together with the incoming
flow deflected downwards by the cylindrical pile creates a vortex
(horseshoe vortex) that contributes to the upstream scour. The
wake scour is caused by a vortex-shedding phenomenon. The
flow around a circular shape also faces an adverse pressure gradient
after the azimuth has passed 90°. The boundary layer on the pile
wall can then detach, creating vortices at both sides, which are car-
ried downstream by the flow (Fig. 1).

These first investigations identified the variables involved in the
phenomenon (flow conditions, object geometry, and sediment char-
acteristics) and gave experimental and analytical results for a large
variety of cases. Melville and Sutherland (1988) concluded that the
largest possible scour depth for cylindrical piers is 2.4 ·D. Varying
factors such as sediment, flow velocity, and geometry could be seen
as multiplying factors that reduce that maximum value. This upper
limit has been widely accepted and included in civil works design
manuals (Arneson et al. 2012) in many countries. However, for
high Froude number flows maximum values of up to 3.0 ·D have
been reported (Jain and Fischer 1979).

According to Zanke (1978) and Zanke et al. (2011) the critical
velocity (uCr) to initiate the motion of the sediment can be ex-
pressed as
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where g= gravitational constant; d= particle diameter; υ=fluid
viscosity; ρ′ = (ρs− ρf)/ρf= relative density (with fluid’s density,
ρf, and sediment’s density, ρs); and uCr= transition from clear-
water flow conditions to live-bed flow conditions. Chabert and
Engeldinger (1956) performed an extensive experimental study
and showed two different behaviors depending on the regime.
For flow velocities below uCr (clear-water conditions) the scour
depth tends asymptotically to its maximum value, whereas above
uCr (live-bed conditions) the scour depth fluctuates, due to periodic
dumping of sand in the scour hole (Fig. 2).

Another expression in the literature for uCr can be found in
Arneson et al. (2012); the critical velocity for cohesionless particles
can be expressed as

uCr = K · h1/6 · d1/3 (2)

where h=water depth; and K= unit correction factor equal to 6.19
for S.I units.

All these works used steady flows as forcing conditions. When
considering offshore structures in shallow or intermediate water
depths, waves should also be taken into account. Sumer et al.
(1992) carried out experimental tests to quantify the scour around
circular piles caused by waves and performed a flow visualization
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study to explain how the vortices causing the scour could be gen-
erated under wave action. They concluded that the scour depends
highly on the Keulegan–Carpenter (KC) number, since there is
no vortex shedding or horseshoe vortex for KC< 6. The KC num-
ber is defined by

KC =
um
f · D (3)

where um=maximum orbital velocity at the sea bottom; D= pile
diameter; and f=wave frequency.

The natural extension of these works was to combine the action
of steady flow and waves. Sumer and Fredsøe (2001) analyzed
these phenomena and concluded that the scour depth is a function
of a combined current and wave parameter ucw which is defined by

ucw =
uc

uc + um
(4)

where uc= undisturbed flow velocity at a distance D/2 from the
bed. With the exception of Rudolph and Bos (2006), who per-
formed tests with current and oblique waves, the vast majority of
laboratory studies on waves and current have been restricted to
aligned forcing conditions (because they are usually performed in
2-dimensional wave flumes). Recently, Schendel et al. (2018,
2020) studied the effect of directionally spread waves and oblique
currents on scour around a monopile. They concluded that there is a
measurable (small) effect on the scour compared with unidirec-
tional waves and current (perpendicular). The resulting scour was
larger for unidirectional waves than for multidirectional waves in
waves-only conditions; for combined waves and current, multidi-
rectional waves generated slightly larger scour depths.

According to Zanke (1982), the scour under current-only condi-
tions follows

Sc
D

≅ 2.5 · 1 − 0.5
uCr
u

( )
(5)

Sumer and Fredsøe (2002) presented a scour depth formula for
slender piles under the combined action of waves and current as

S

D
=
Sc
D

· (1 − e−A(KC−B)) (6)

where

A = 0.03 + 0.75u2.6cw (7)

B = 6 · e−4.7ucw (8)

and Sc= scour under current-only conditions. These equations are
valid for the live-bed scour regime. Rudolph and Bos (2006) im-
proved the formula due to its tendency to underpredict the scour
depth in current-dominated conditions and extended its range of
operation to shallower conditions using

S

D
= 1.3 · (1 − e−A(KC−B)(1 − ucw)

0.1) tanh
h

D

( )( )
(9)

A = 0.03 + 1.5u4cw (10)

B = 6 · e−5ucw (11)

In Eq. (9), there is no reference to the angle between waves and
current direction. In practice, waves and currents will not always be
in line with each other or precisely orthogonal.

Many previous experiments have aimed to find an equilibrium scour
depth. This is achieved asymptotically after a certain time as the scour
reaches its maximum. There exists also a large body of literature dealing
with time evolution of the scour for steady flow conditions (Raudkivi
and Ettema 1983; Dey 1999) and waves and current action combined
(Sumer et al. 2013; Whitehouse et al. 2006; Qi and Gao 2014). Most
offer empirical regressions to quantify the time evolution.

This paper aims to compare the scour around a cylindrical mo-
nopile generated by current-only conditions, with scour generated
by waves and current for different angles between the waves and
current. The existing literature typically deals with aligned forcing
conditions: current with either following or opposing waves and no
consensus exist comparing both scour levels (Fazeres-Ferradosa
et al. 2021). Particular attention is focused on examining the effect
of three different wave-current angles. Further investigation is car-
ried out to analyze the equilibrium sand bed morphology in these
cases and the time dependent curves to reach it.

Test Campaign

Experimental Setup

The test program was carried out in the Coastal Basin at the Univer-
sity of Plymouth (UK). This basin is 15.5 m long by 10 m wide,
with a maximum water depth of 0.5 m, and has 20 full-depth ab-
sorbing piston paddles for wave generation. Bidirectional flow is
available across the basin, generated by a series of pumps. The
pumps are capable of dealing with sediments up to 2 mm grain
size. Independent control of the piston paddles allows waves to
be generated at a variety of angles in relation to the current.

An 8 m long by 1.5 m wide and 0.2 m high sand pit was built in
the Coastal Basin. A 0.125 m diameter monopile was installed in

Fig. 2. Scour time evolution for different flow conditions. Maximum
scour depth evolution for clear-water (top horizontal line) and live-bed
conditions (bottom horizontal line). (Adapted from Arneson et al. 2012.)

Fig. 1. Vortices causing the scour around a circular monopile.
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the center of the sand pit. The monopile was specially designed
with a removable upper section to allow a scanner carriage to
pass, in between test runs, to measure high-resolution bed morphol-
ogy. The pit was filled with commercial sand (ρs= 2.61 g/cm3),
which was used for the whole test campaign. To obtain a better
understanding of this commercial sand, three samples underwent
grain size analysis. The size distribution of the sand is presented
in Table 1 and Fig. 3. The experimentally determined value for
d50 was 0.29 mm. The uniformity coefficient (d85/d15) has been
also calculated to verify the assumption of a uniform sand; a
value of 1.7 validates the assumption.

A linear beach of slope 1:10 on the down-wave side of the sand
pit absorbed wave energy and reduced reflections across the sand
pit. Seven resistance wave probes were installed symmetrically
along the pit to monitor the behavior of the wave front. A 3D acous-
tic Doppler profiling velocimeter (ADV) was also used during the

test campaign. Figs. 4–6 show different setup views of the Coastal
Basin and the sand pit.

Around the monopile, an area was defined to monitor the sand
bed morphology after each tested case. A 2,350 mm long by
600 mm wide rectangle was scanned using a photoelectric laser
distance sensor attached to a programmed traverse system, fol-
lowing Hartvig et al. (2010). The laser moved at a constant
speed of 50 mm/s and the sampling rate was fixed at 50 sam-
ples/s, resulting in a scan resolution of 1 point/mm in the direc-
tion of movement of the traverse carriage. The laser has a
±1 mm accuracy. Two types of scans were recorded, the longitu-
dinal ones scanned the whole area defining parallel lines to the
direction of the current flow (x axis) with a constant distance be-
tween lines of 8 mm. The perpendicular scans scanned a 400 mm
long by 600 mm wide area moving the laser in parallel lines
(5 mm apart), which are perpendicular to the direction of the
flow (y axis) (i.e., in the direction of wave advance for the orthog-
onal wave case). During the tests, four different bed locations
were monitored using ultrasonic ranging sensors (Fig. 7).
These sensors were used to monitor when an equilibrium bed
level was reached, to assist in deciding on when to stop each
test. These sensors were aligned upstream of the monopile with
a center-to-center distance of approximately 2.5 cm. Acoustic
Sensor 1 was installed as close as possible to the monopile, ap-
proximately 5 mm, carefully positioned to avoid any contact.

Different scenarios were tested with this setup:
1. current-only test,
2. waves-only test,
3. current and orthogonal waves (90°),

Table 1. Size distribution of sand for different diameters

d (μm) Sample 1 (%) Sample 2 (%) Sample 3 (%) Average (%)

1,000 0.29 0.00 0.25 0.18
710 0.00 0.00 0.00 0.00
600 0.00 0.17 0.13 0.10
355 9.57 13.33 8.13 10.34
250 61.86 63.83 66.63 64.11
150 24.57 19.67 21.88 22.04
<150 3.71 3.00 3.00 3.24

Note: Bold shows the values used for the calculation of the different sand
parameters.

Fig. 3. Cumulative weight distribution passing corresponding sieve size and d50 graphical determination.

Fig. 4. Lateral view of the Coastal Basin with the installed Sand Pit (all units in millimeters).
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4. current and 65° waves (waves with current), and
5. current and 115° waves (waves against current).

The orientation of the basin, beach, and pump was such that the
current flowed parallel to the beach contours in all cases, and al-
ways flowed in the same direction. The 90° waves were normally
incident on the beach and crossed the current at 90°, while the
65° and 115° cases approached the beach at an angle of ±25°.

Flow Test Conditions

To choose the hydrodynamic conditions to perform the tests, it was
decided that the current velocity and maximum orbital velocities
should be similar in magnitude so that there was no clear domi-
nance of one phenomenon over the other. Values of current
speed and wave orbital velocity were therefore selected such that
the value of ucw was in the range

0.45 < ucw < 0.55 (12)

The preceding critical velocity equations give different results for
uCr for the tested conditions (d= d50= 0.29 mm; h= 0.3 m), in partic-
ular uCr= 0.24 m/s using Eq. (1) and uCr= 0.335 m/s using Eq. (2).

A mean flow velocity of u= 0.27 m/s was selected for all the
tested cases. This velocity would produce a live-bed regime accord-
ing to Eq. (1) but clear-water regime according to Eq. (2). The se-
lected velocity was a compromise between accelerating the process
to reach scour equilibrium, while keeping the maximum scour
depth within the sand pit depth (<0.2 m). The velocity value and
the relative location of the scanned area also guaranteed that the
flow was fully turbulent within the region of interest. The Reynolds
number at the beginning of the scanning area (Lx≅ 2.9 m, μ= 1 ·
10−3 Pa · s and ρf = 1,000 kg/m3) was

Re =
ρf uLx
μ

≅ 7.8 × 105 (13)

Wave Conditions

The basin was calibrated so that the same wave height was gener-
ated for the three wave angles tested. This was done using WP4,
which was located closest to the monopile location and so best rep-
resented the wave loading. Wave height calibration was conducted
with the sand pit filled but the monopile not installed and there was
not any current. The wave heights at WP4 for all tests were 0.114±
0.003 m. The maximum wave height difference found within the
scanned area (WP2 to 5) was 9.9%. The selected frequency for
the waves was f= 0.85 Hz.

Linear theory was used to calculate the wavelength, using the
wave period and water depth. Solutions were compared with those
using the approach of Fenton (1985) for higher-order waves. The lin-
ear theory results were found to be within 3% of the higher-order
cases. Linear theory was therefore applied in calculating wave-
lengths and KC numbers (Dean and Dalrymple 1991).

Although Sumer et al. (1992) found the threshold KC value for
wave-only scour to be 6, some researchers still quantify the scour
generated by waves for 4 <KC< 6 (Sumer and Fredsøe 2001;
Rudolph and Bos 2006). In the present work, the selected wave
conditions indicated that no wave-only scour should be generated
because KC= 2.16 < 4 < 6.

Test Procedure

In order to ensure consistency between test runs, the same proce-
dure for sand bed preparation and subsequent morphology mea-
surement was followed for each test in the campaign.

The sand pit was filled with sand and leveled, then the upper part
of the monopile was (re-)installed and the ultrasonic sensors fixed
in position. Subsequently, the Coastal Basin was filled with water
up to a depth h = 0.5 m ± 1% (h = 0.3 m ± 1% above the sand
pit). The test was run until scour equilibrium was reached, and
once the run was completed, the Coastal Basin was drained.
After that, the upper part of the monopile and the ultrasonic sensors
were temporarily removed, and the sand pit was scanned. The pro-
cedure was then restarted.

Results

Current-Only Case

A current-only test was carried out as a reference, at the u= 0.27
m/s flow velocity. The test was left running for 26.8 h. Once the
whole test program was finished, the current-only case was re-
peated to verify that the pumps’ performance did not degrade

Fig. 5. Plan view of the instrumentation layout (WP=wave probe; V=
Velocimeter, M=monopile; and A= ultrasonic acoustic sand level
sensor). All units in millimeters.

Fig. 6. Experimental setup in an empty Coastal Basin (view from the
wave paddles toward the beach).

Fig. 7.Upstream scour hole and relative location of numbered acoustic
sensors.
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during the campaign. Fig. 8 shows the results obtained with the set
of four acoustic sensors. Sensor 1 is the closest to the monopile.

As observed, the sensors showed a clear equilibrium when the
test was stopped. Comparing these results with Fig. 2, the
time signals seem to indicate that the flow conditions were
consistent with the “clear-water” regime definition. However,
the evident presence of ripples in the sand bed at the end of the
test indicates otherwise. Therefore, Eq. (1) was accepted as
valid and the critical velocity for the experiment setup taken as
uCr= 0.24 m/s.

A certain level of noise within the signals is noticeable above the
clearly defined lower signal envelope. It has been assumed that this

lower envelope represents the actual bed height and that the noise is
likely due to the presence of suspended particles in the flow.

Outlier values were filtered out by removing a given point if it
fell outside a selectable margin (typically 50%) of the previous
valid reading. The lower envelope of the filtered signal was then
obtained by plotting the minimum value of a sliding time-window
of selectable time width (between 30 and 50 s depending on the
case) (Fig. 9). The average scour of all data points of each envelope
during the last hour of test was taken as the equilibrium scour
values.

The bed morphology at the end of the test is shown in Fig. 10 as
a level plot. The current flows from right to left. There is a

Fig. 8. Scour depth time evolution for the acoustic sensors for current-only case. The scour depth values indicate the distance of the bed below the
original bed level.

Fig. 9. Postprocessing tool: envelope plot (bottom dotted line: Sensor 1, square dotted line: Sensor 2, darker solid line: Sensor 3, and top solid line:
Sensor 4).
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deposition area approximately 5 D downstream of the monopile lo-
cation, with a height above initial mean bed level of up to 57 mm.
The scour affected an area around the monopile of approximately
3.5 D. The scour hole is deepest on the upstream side, as shown
in Fig. 11, which shows the y= 0 bed level profile.

The profile shows a scour hole slope in the region x∈ [100, 200]
of 32.5°, which lies within the typical range given by Hoffmans and
Verheij (1997). The map plot shows current ripples forming in the
regions away from the pile perpendicular to the direction of the
flow. Upstream of the pile the average wavelength of these ripples
is 212.7± 34.6 mm and their averaged height, 18.1± 1.0 mm. Al-
though computational errors arose due to resolution, aliasing the
angle of the ripple crest, and variability over the ripple field are pos-
sible, these values broadly matched the direct visual observations
taken during the experiments.

Fig. 12 shows the state of the sand bed after the test.

Waves-Only Case

A wave-only case was run to test the assumption that no scour
would be generated under waves only, because KC< 6. As such,
this test was left running long enough to observe the general
trend with the acoustic sensors (2 h approximately). This case
showed rather noisier results than any other tested case. One

possible reason for this is that the absence of current left the sand
particles oscillating widely below the sensors. Fig. 13 shows the
lower envelopes of each sensor. As observed, there is no clear

Fig. 10. Level plot showing the final bed morphology for current-only case. The vertical scale units are millimeters. Top right arrow indicates the
current direction.

Fig. 11. Profile shape (at y = 0) for current-only case at the end of the test, z = 0 indicates the bed level at the start of the test.

Fig. 12. Final state of the sand bed for current-only case (flow from left
to right).
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scour trend for Sensors 2–4, which suggests that variation in bed
level is most likely to be related to observed ripple movement. Sen-
sor 1 seems to be showing some deposition around the monopile
for the second half of the test.

The sand pit was also scanned at the end of the test. Fig. 14
shows the final bed morphology. As observed, the sand ripples
are parallel to the wave front over the whole scanned area
(waves traveling from bottom to top). It is clear that no signs of
scour are visible around the monopile by the time the test was
stopped. The y= 0 profile shown in Fig. 15 looks flat for its
whole length. This plot appears to show a disruption to the ripple
morphology and a small amount of accretion near the pile.
Clearly, the pile is having an effect on sediment transport, but
the net movement is not away from the pile, so this wave-only
case does not generate scour at any point around the pile. Analysis
of the surface suggests an average ripple wavelength of 42.5 mm
and height of 7.9 mm.

Current and 90° Waves

A test case was run with a current of 0.27 m/s and waves at 90° to
the current. This case was tested for approximately 6 h until

reaching the equilibrium. Fig. 16 shows the lower envelopes of
each of the acoustic sensors.

The bed morphology is shown in Fig. 17. The current goes from
right to left and the wave front moves from bottom to top. The sand
ripples are not perpendicular to the flow upstream of the monopile
in this case but form a fairly regular angle with the flow (39° ap-
proximately). Angled ripples make their numerical analysis less ac-
curate since the scan resolution in the y-axis is 1 point every 8 mm.
Therefore, qualitative analysis only is given for these cases. The y=
0 profile is shown in Fig. 18. The scour hole slope in the region x∈
[100, 200] is 30.9°.

Current and 65° Waves

A test was run with currents at 0.27 m/s and waves at an angle of
65° to the currents. Waves were therefore broadly traveling
“with” the current, albeit at an angle to it. The test was left running
for approximately 6 h until reaching equilibrium. Fig. 19 shows the
lower envelopes of each of the acoustic sensors for this case.

The sand bed final morphology is shown in the level plot of
Fig. 20. The current moves from right to left and the wave front
also runs from right to left, bottom to top. As observed, angled

Fig. 13. Lower envelopes for the acoustic sensors for waves-only case (round dotted line: Sensor 1, square dotted line: Sensor 2, darker solid line:
Sensor 3, clearer solid line: Sensor 4).

Fig. 14. Level plot showing the final bed morphology for waves-only case. The vertical scale units are millimeters. Bottom right arrow indicates the
wave propagation direction.

© ASCE 7 J. Waterway, Port, Coastal, Ocean Eng.



Fig. 16. Lower envelopes for the acoustic sensors for current and 90° case (round dotted line: Sensor 1, square dotted line: Sensor 2, darker solid line:
Sensor 3, top solid line: Sensor 4).

Fig. 15. Profile shape (at y = 0) for waves-only case at the end of the test, z = 0 indicates the bed level at the start of the test.

Fig. 17. Level plot showing the final bed morphology for current and 90° case. The vertical scale units are millimeters. Top right arrow indicates
current direction and bottom right arrow indicates the wave propagation direction.
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Fig. 19. Lower envelopes for the acoustic sensors for current and 65° case (round dotted line: Sensor 1, square dotted line: Sensor 2, darker solid line:
Sensor 3, top solid line: Sensor 4).

Fig. 18. Profile shape (at y = 0) for current and 90° waves case at the end of the test, z = 0 indicates the bed level at the start of the test.

Fig. 20. Level plot showing the final bed morphology for current and 65° case. The vertical scale units are millimeters. Top right arrow indicates
current direction and bottom right arrow indicates the wave propagation direction.
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ripples are present in this case as well. The angle of the ripple crests
in the upstream region of the monopile is less regular when com-
pared with the previous case. Close to the monopile the ripples
tend to appear almost perpendicular to the flow. In general, the
angle appears to be smaller than the previous case, which is consis-
tent with the forcing conditions. In addition, the ripple wavelengths
are longer. Downstream of the monopile, a deposition region is
again visible. The maximum height of this region is 28 mm
above the starting bed level, which is significantly smaller than
the current-only case. The y= 0 profile is shown in Fig. 21. The
scour hole slope in the region x∈ [100, 200] is 32.4°.

Current and 115° Waves

A test was run with currents at 0.27 m/s and waves at an angle of
115° to the currents. Waves were therefore broadly traveling
“against” the current, but still at an angle to it. The test was
left running for 6 h when it reached the equilibrium. Fig. 22
shows the lower envelopes of each of the acoustic sensors for
this case.

The final sand bed morphology is shown in Fig. 23. The current
moves from right to left and the wave front from left to right, bottom
to top. The ripples upstream of the monopile form a regular angle
with the flow of approximately 132° with a shorter wavelength

Fig. 21. Profile shape (at y = 0) for current and 65° waves case at the end of the test, z = 0 indicates the bed level at the start of the test.

Fig. 22. Lower envelopes for the acoustic sensors for current and 115° case (round dotted line: Sensor 1, square dotted line: Sensor 2, darker solid
line: Sensor 3, top solid line: Sensor 4).
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than any of the other tested cases. The y= 0 profile is shown in
Fig. 24. The scour hole slope in the region x∈ [100, 200] is 23.8°,
which is also smaller than the rest of the tested scenarios.

There is a clear line changing the profile of the bed upstream of
the monopile from approximately (x,y): [400, 300] to [660, −100],
suggesting an area of accretion in the upstream region of the test
area, away from the pile. The source of sand was found some me-
ters upstream where the vertical flow at the outlet of the pumps
rolled over to move horizontally within the basin and formed a vor-
tex above the sand. This vortex produced a significant scour hole at
the edge of the sand box, and the sand leaving that hole was trans-
ported by the forcing conditions. In this case the sand was depos-
ited within the scanned area. This phenomenon also occurred in
all the rest of the tested cases (current-only, and current and
waves), but the deposition area was also upstream of the scanned

area and, hence, not visible in the results. While this is not ideal,
the results obtained in the vicinity of the monopile were not af-
fected by this phenomenon.

Discussion

Scour Depth

The maximum scour depths found for the different cases are sum-
marized in Table 2. The maximum scour depth is best represented
by Sensor 1 due to its relative location above the scour hole, as
shown schematically in Fig. 7. Table 2 also gives the hole slope
for x∈ [100, 200]. To better visualize the scour hole area, the
sand bed level plots (Figs. 10, 17, 20 and 23) were intersected
with a z=−2.99 cm level, which is the equilibrium scour for Sen-
sor 4 under current-only conditions. Fig. 25 shows all the areas
below that threshold for the four cases. To restrict the analysis to
the area around the monopile, a Dp= 4.8 ·D circle centered at
(x, y)= 0, 0 has been selected. The size of the area has been chosen
so that the ratio Dp/D falls within typical ranges of scour protection
reported in literature for laboratory tests (Petersen et al. 2015;
Whitehouse et al. 2006; De Vos et al. 2011) and to cover the
whole width of the scanned area. The total area (As) and percentage

Fig. 23. Level plot showing the final bed morphology for current and 115° case. The vertical scale units are millimeters. Top right arrow indicates
current direction and the bottom left arrow indicates the wave propagation direction.

Fig. 24. Profile shape (at y = 0) for current and 115° waves case at the end of the test, z = 0 indicates the bed level at the start of the test.

Table 2. Equilibrium scour depths (SMAX), scour hole edge slopes, and
scour hole areas (As) for the different acoustic sensors and tested cases

Case SMAX (S/D) Hole slope (°) As (cm
2) Ap (%)

Current-only −0.841 32.5 2,163 76.5
Current and 90° −0.669 30.9 2,278.9 80.6
Current and 65° −0.704 32.4 2,295.9 81.2
Current and 115° −0.632 23.8 2,493.8 88.2

© ASCE 11 J. Waterway, Port, Coastal, Ocean Eng.



of the area (Ap) below the threshold with respect to the area of the
circle is summarized in Table 2. The area presented does not in-
clude that occupied by the monopile (122.7 cm2).

Results in the literature show different scour responses to waves
and currents. De Vos et al. (2012) indicates larger damage to scour
protection for waves opposing current. Other authors such as
Sumer and Fredsøe (2001) reported very small differences in
scour with combined current and opposing or following waves.
Soulsby’s work indicates that maximum scour happens for waves
following the current. These data extend this work to analyzing
waves at angles to the current, indicating that oblique waves with

the current give slightly more scour than oblique waves against
the current.

As observed in the numerical results, the combined action of
waves and current seems to reduce the maximum scour depth
(for all angles), which is consistent with the existing literature
(Sumer and Fredsøe 2002; Rudolph and Bos 2006). According to
the results given in Table 2, the wave/current angle seems to
have a measurable effect on the maximum scour depth. In fact,
among the three cases with a combined action of waves and current,
the deepest scour is found for the case when the wave propagation
direction was closest to being aligned with the flow (65°) and the

(a)

(b)

(c)

(d)

Fig. 25. Areas below an intersection plane z=−2.99 cm for (a) current-only case; (b) waves and 90° case; (c) waves and 65° case; and (d) waves and
115° case. A 4.8 · D circle is shown.
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minimum for the case when the wave propagation direction was
closest to being against the flow (115°). Furthermore, if the 90°
waves case is taken as a reference, the scour for the 65° waves in-
creased by 5.3% and for the 115° waves decreased by 5.5%,
which is consistent with the change in angle as both cases are
symmetric scenarios with respect to the orthogonal case (±25° re-
spectively). The hole slope is also steeper for current-only condi-
tions but very similar to the case with waves aligned with the flow.
Waves against the flow noticeably reduce the hole slope compared
with the rest of the cases. When analyzing the scour area, it is ev-
ident that for the current-only case the scour is restricted to the
area around the monopile. The vortices before and after the pile
have a limited area of influence before their energy dissipates.
The addition of waves spreads the scour area. The scour area is
increased most for waves obliquely against the current, coinciding
with a reduced scour depth and a reduced scour hole edge slope.
When waves are superimposed, there is some evidence that their
stirring force together with the net flux combines to produce scour
reaching beyond the circumference. Defining an azimuth angle θ

at (x, y)= (0, 0), which is θ= 0° for the direction of the incoming
flow, these regions can be located for each case. For current and
90° waves, the regions where the scour goes beyond the circum-
ference are restricted to θε[50◦, 156.5◦] ∪ [204◦, 232◦]. For cur-
rent and 65° waves, the region is restricted to θɛ[203°, 296°]
and for current and 115° waves to θε[80◦, 160◦] ∪ [215◦, 15◦].
This is interesting because it could help to identify regions
prone to suffer edge scour when using scour protection. The cur-
rent/wave angle seems to have an effect on the locations of these
regions. The area upstream of the monopile is mainly free of this
phenomenon, indicating that this region is dominated by the flow
conditions except when the waves are partially against the current.
In general, even though the scour hole is shallower, the area af-
fected by the scour around the monopile is larger with current
and waves combined.

The maximum scour depth found in the current-only case is ap-
proximately 12.8% less than the value obtained with Eq. (5) (S/D=
0.841 versus 0.949). The h/D ratio of this test could have a measur-
able effect on the maximum scour depth according to Ettema
(1980). Scour depth increases with flow depth up to a maximum
value beyond which there is no influence. In fact, for a h/D= 2.4,
Melville and Sutherland (1988) would expect a 3% reduction of
the maximum scour depth found in deeper flow conditions.

Both sets of Eqs. (6)–(8) and (9)–(11) clearly underpredict the
scour depth obtained [S/D= 0.182 for Eq. (6) and S/D= 0.308
for Eq. (9)]. Fig. 26 compares the current-only case as well as
wave and current at the different angles with data from Rudolph
and Bos (2006), Qi and Gao (2014), and the expected scour calcu-
lated by Eq. (9) for three different KC values (1, 2.16, and 3). Very
little data have been found for current and waves of low KC num-
bers in literature. In the Qi and Gao (2014) experiments, waves are
aligned with current (either opposing or following) while in the
Rudolph and Bos (2006) experiments, the wave front-current
angle is between 60° and 90°. However, since Rudolph and Bos
(2006) agreed with Sumer and Fredsøe (2001) giving little impor-
tance to the wave front-current angle, the data are plotted together.
As observed, Eq. (9) seems to underpredict the scour even for the
Rudolph and Bos (2006) data set in forcing conditions similar to
those used in this paper.Fig. 26. Scour depth for different ucw values.

Fig. 27. Time evolution of the maximum scour depth for each tested case.

© ASCE 13 J. Waterway, Port, Coastal, Ocean Eng.



The numerical values obtained for the cases of combined action
of waves and current seem to point out the measurable effect of the
wave/current angle on the scour depth.

Time Evolution
There was a significant change in the scouring process between the
different cases tested, as observed in the time plots (Fig. 27).
Current-only scour evolution has a much longer timescale than any
combination of waves and current. To analyze the rate of scour evo-
lution, the time required to obtain a 50% and a 75% of the maximum
scour (Smax) has been determined for all the cases. The results
(Table 3) present the difference between the current-only case and
the combination of current and waves. For any of the wave plus

current cases, the time required to produce a 50% Smax depth hole
is approximately half the time required by the current-only case.
The next quartile shows even larger differences as confirmed by
the different slopes in the time evolution plot. A total of 75% of
themaximum scour depth for waves and currentswas achieved in ap-
proximately 25% of the time for current-only. The wave/current
angle seems to have an effect in the time evolution as well. Waves
generally with currents (65° here) appear to give slightly slower
scour development than the other cases that have waves.

Table 4 presents the different scour rates for the first half of the
process (t0% − t50%) and the third quartile (t75% − t50%). All waves
plus current cases are significantly faster than current-only. The
third quartile’s rate becomes significantly slower than the first
half for all the cases.

Sheppard et al. (2004) compared the following equations for
their large-scale experiment to describe the scour evolution:

S(t) = A · (1 − e−(t/B)) (14)

S(t) = A · 1 −
1

1 + Bt

( )
(15)

The performance of these equations was tested for current
speeds of 0.27 m/s and waves from 90, 65, and 115 degrees. The
scour depth next to the sensor (Sensor 1) was plotted as a function
of time and used to identify both Parameters A and B in Eqs. (14)
and (15) (Fig. 28). In calculating the predicted scour depths, a value
of A= Smax is taken as a first guess to start the iterative process. A
and B were found by best fitting using a least squares approach for
each of the tested cases. Table 5 gives the coefficients found and the
obtained r = (1/n)

∑
(yti − S(ti))

2 for Eqs. (14) and (15). The lower
value of B for currents plus waves in Eq. (14) [and the larger value
of B in Eq. (15)] reflects the fact that the scour develops more
quickly in the current plus wave cases.

In general, Eq. (15) seems to minimize the error more than
Eq. (14) and hence more accurately predict the scour evolution in
time. The predicted maximum scour for both equations shows
good agreement with the experimental results with a maximum
error between predicted and measured bed elevation of 6.4% for
Eq. (14) and of 6.1% for Eq. (15). Fig. 28 shows the modeled
and measured time series of scour obtained with the acoustic Sen-
sor 1 for current-only as well as current and 115° and Eqs. (14) and
(15) superimposed.

Table 3. Time required to produce a 50% and 75% Smax depth hole

Case
Smax

(S/D)
0.5 · Smax

(S/D)
0.75 · Smax

(S/D) t50%(s) t75%(s)

Current-only −0.841 −0.421 −0.63 1,040 7,282
Current and 90° −0.669 −0.335 −0.502 486 1,162
Current and 65° −0.704 −0.352 −0.528 531 1,882
Current and 115° −0.632 −0.316 −0.474 463 1,512

Table 4. Scour rates (cm/min) of each case for the first half and the third
quartile

Case
dz/dt (0%–50%)

(cm/min)
dz/dt (50%−75%)

(cm/min)

Current −0.303 −0.025
Current and 90° −0.516 −0.186
Current and 65° −0.497 −0.098
Current and 115° −0.512 −0.113

Table 5. A and B coefficients and least square difference for Eqs. (14) and
(15)

Case

Eq. (14) Eq. (15)

A(S/D) B(s) r A(S/D) B(s−1) r

Current-only −0.807 3,989.2 0.666 −0.859 4.4 × 10−4 0.171
Current and 90° −0.662 906.2 0.157 −0.697 2.04 × 10−3 0.081
Current and 65° −0.659 1,060.4 0.214 −0.701 1.57 × 10−3 0.054
Current and 115° −0.634 1,121.8 0.129 −0.670 1.66 × 10−3 0.071

(a) (b)

Fig. 28. Time evolution for (a) current-only; and (b) current and 115°, with Eq. (14) (darker solid line) and Eq. (15) (clearer solid line) regressions
superimposed.
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The superimposition of waves and current seems to add a peri-
odic oscillation to the time evolution, similar to what is expected in
live-bed scour conditions according to Chabert and Engeldinger
(1956). This is probably due to wave ripples near the scour hole
edge collapsing into the monitored area.

The work presented in this paper it is of particular interest to
those involved in offshore engineering looking to place monopile
foundations in regions of mobile sediments. For offshore windfarm
monopile applications in particular, understanding the scour re-
sponse to both waves and currents is important both for monopile
stability and for export cable design and protection.

Conclusions

An experimental study of the influence of the wave/flow angle on
the scour generated around a monopile has been carried out.

The scour found under current-only conditions is 12.8% less
than what Zanke (1982) equation predicts. On the other hand,
scour under both waves and current is significantly higher than
what Sumer and Fredsøe (2001) and Rudolph and Bos (2006) pre-
dicted with their respective equations. Compared with other exper-
imental results found in literature for similar KC numbers, they
show similar deviation from these equations.

The results show that there is ameasurable effect both on themax-
imum scour depth generated and in the time evolution of the process.
Waves with propagation directions aligned at an angle to the flow,
but generally with the flow direction, produce deeper scour holes
than an orthogonal wave-current combination. Waves propagating
generally against the flow produce a less deep scour hole. Any com-
bination ofwaves superimposed on the current reduces the scour gen-
erated when compared with current-only conditions.

The rate of scour development is enhanced when waves are
added to the current case. A total of 50% of the maximum scour
depth is achieved in approximately half the time, while 75% of
the maximum scour depth is achieved in 25% of the time.

The results indicate that wave direction relative to the current is
an important parameter in controlling both the scour development
and the maximum scour near a circular monopile.
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