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Chapter

Local Scour around a Monopile
Foundation for Offshore Wind
Turbines and Scour Effects on
Structural Responses
Wen-Gang Qi and Fu-Ping Gao

Abstract

Monopile is the most commonly used foundation type for offshore wind tur-
bines. The local scour at a monopile foundation generated by the incoming shear
flow has significant influence on both quasi-static lateral responses and dynamic
responses of the monopile. This chapter focuses particularly on characterizing the
local scour in both spatial and temporal scales and revealing the scour mechanisms
associated with the flow field around a monopile. The predicting methods for the
equilibrium scour depth and the time scale of scour are detailed under various
representative flow conditions in the marine environment. The scale effect while
extrapolating the results of model tests to prototype conditions is highlighted. The
local scour imposes significant influence not only on the deformation and stiffness
of the monopile foundation, but also on the natural frequency and fatigue life of the
structure system. Monopiles with diameters up to 10 m have become a feasible
option as the industry is currently advancing into deeper waters. More meticulous
considerations for monopile design associated with the scour depth prediction and
evaluation of scour effects are still in need to efficiently minimize the cost while
remaining safety simultaneously.

Keywords: local scour, monopile, combined waves and currents, horseshoe vortex,
time scale, backfilling, scale effect, pile-soil interaction, natural frequency

1. Introduction

Offshore wind power is developing into a major energy source globally due to
the abundant reserves, high-energy density, and fewer civil complaints compared
to onshore wind power. The global installed capacity reached more than
14,300 MW at the end of 2016 [1], and an increased potential for growth in future
was estimated [2, 3]. To achieve high energy harvesting efficiency, the industry is
currently advancing into deeper waters accompanied by upscaling the offshore
wind turbines (OWTs) from 5 to 8 MW, 10 MW and then 12 MW [4]
(see Figure 1). The steady upward trends in both water depth and size of OWTs
have led to consequential growth in the loading, further aggravating the deforma-
tion of the foundations and potentially jeopardizing the operation of the OWTs.
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As the most commonly adopted foundation for OWTs, the monopile had been
used as the foundation of 2653 OWTs by the end of 2016, which accounts for over
80% [5], due to their ease of design and manufacture in contrast to other founda-
tion types. A typical monopile is composed of a hollow steel cylinder with a diam-
eter typically spanning 4 to 8 m and a slenderness ratio (driving depth over
diameter) less than 10 [5]. A special aspect to consider with monopile foundations
for OWTs is that the vertical load mainly comprised of gravity load is relatively
small compared with other offshore structures like oil and gas platforms. The
horizontal loads generated by wind and wave actions, which are of similar magni-
tude to the gravity loads, are therefore of particular importance for the design [6]. A
typical laterally loaded offshore monopile foundation generally behaves rigidly due
to their large bending stiffness and low slenderness ratio [7]. The serviceability
requirements including lateral deformation and stiffness rather than ultimate lateral
resistance tend to govern design due to strict rotational tolerance specifications for
monopile foundations [8].

Under the current and/or wave loadings, severe local scour can be generated
around a monopile situated in cohesionless sediments. The maximum scour depth is
generally predicted to be proportional to the pile diameter, and scour depths of over
1.5 times pile diameter were observed in many practical installations [9]. Consider-
ing the lower slenderness ratio compared with more conventional offshore pile for
oil and gas industries, the maximum scour depth at a monopile may account for
over 25% of the driving length [10]. This scour-induced driving length reduction
has significant influence on both quasi-static lateral responses (e.g., ultimate lateral
resistance and deformation stiffness) and dynamic responses (e.g. natural fre-
quency) of monopile foundations. Therefore, proper assessments of local scour and
its influence on structural responses are essential to the design of monopile founda-
tion for OWTs.

In view of the complexity of local scour phenomenon around a monopile and
scour effects on manifold monopile responses, this chapter aims to systematically
summarize the predicting methods involving the maximum scour depth and the
time scale under various flow conditions. The controlling mechanisms of local scour
around a monopile are also revisited. Subsequently, we examine existing research
on the effects of local scour on the responses of the monopile foundation.

Figure 1.
Growth in size and power of horizontal axis wind turbine [4].
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2. Local scour around a monopile

2.1 General description and scour mechanisms

In the river hydraulics, the local scour at the bridge piers has been widely
recognized to be one of the main causes for the structure failure [11]. Hence, the
phenomenon of scouring at bridge piers has ever been studied extensively over the
past half century from various aspects, including local scour mechanisms associated
with flow characteristics, prediction of the maximum scour depth, etc. Compre-
hensive descriptions of scour around a pile or bridge pier in steady currents have
been given in Refs. [12, 13].

For a pile foundation installed in the marine environment, several phenomena
with regard to the flow pattern would arise including a horseshoe vortex (HSV, or
sometimes necklace vortex due to its shape) in front of the pile, wave vortices
convected through the pile’s lee-side, and the contraction streamlines at the side
edges of the pile. These changes induce an increased sediment transport capacity.
If the scouring potential created by the large-scale eddy structures is strong enough
to overcome the particles’ resistance to motion, local scour will be initiated around
the pile (see Figure 2). As scour hole develops, the strength of the large-scale eddy
structures will gradually be weakened, thereby reducing the transport rate from
the local scour region. Equilibrium is reestablished if the sediment inflow of the
scour hole is equal to the outflow for live-bed scour, or the shear stress caused by
vortices is equal to the critical shear stress of incipient sediment motion at the
bottom of the scour hole for clear-water scour. Twomajor issues concerning the local
scouring process, namely the equilibrium scour depth and the time scale, usually
need to be quantitatively characterized and are detailed in Sections 2.2 and 2.3,
respectively. We herein focus on reexamining the general scouring mechanisms,
which mainly involve characterization of the flow pattern under different incoming
flow conditions.

A surface-mounted cylinder induces the boundary layer separation from the
upstream bed in the incoming flow, resulting in a HSV system at the upstream
junction corner of the cylinder. The existing test observations indicated that the
HSV (including the down-flow) upstream of a cylinder is the most evident and
significant contributor to the scour process in currents alone. Much work has been
done for the HSV at a cylinder in steady currents. Many researchers investigated the
HSV at a flatbed for the laminar case [14–16]. However, most of the practical HSVs
occur with turbulent approach boundary layers [17]. Baker [18] used smoke- and
oil-flow visualization to observe the turbulent HSV system. The variation in the

Figure 2.
General flow patterns involving local scour around a monopile.
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position of the primary horseshoe vortex with the flow parameters was presented
graphically. Dargahi [19] tried to examine the coupling between the flow field and
scouring around a circular pile. The consequences of an unsteady vortex pattern
were indicated. With the development of the scour hole, the vortex rapidly grows in
size and strength as additional fluid attains a downward component and the
strength of the down flow increases (see [20]). This conclusion was also verified by
the subsequent flow measurements [21, 22].

Kirkil et al. [23] investigated the influence of large-scale coherent structures and
macroturbulence events on the scour hole development at a cylinder. The results
indicated that the pressure fluctuations and turbulent kinetic energy levels inside
the primary necklace vortex were much larger than those associated with the
turbulence inside the boundary layer flow approaching the cylinder. Strong ejec-
tions and uplift events were observed in the region just behind the cylinder.
Recently, the evolution of the HSV in a scour hole around a circular pile was studied
by Guan et al. [24] using 2D Particle Image Velocimetry (PIV) technique. The
results indicated that the horseshoe vortex system evolves from one initial small
vortex to three vortices along the upstream slope of the developing scour hole. Both
the strength and size of the main vortex increase with increasing scour hole size.
Most existing studies regarding the HSV at a scour hole in steady currents mainly
focus on describing the evolution of the HSV itself rather than revealing the time-
dependent coupling between the HSV and the scour hole. There is still a great need
to improve the understanding of this complex coupling process (see [25]).

In contrast to the substantial amount of accumulated knowledge for HSV in
steady currents, relatively fewer studies (e.g., [26]) can be found regarding the flow
patterns around a cylinder under waves, although the two-dimensional vortex flow
behind a free cylinder subject to an oscillatory flow is well understood (e.g., [27]).
Sumer et al. [28] concluded that the scour around a pile in waves is governed by the
action of both lee-wake vortices and the horseshoe vortex. Their observations
showed that the lee-wake vortices shed from the cylinder act like cyclones, sweep-
ing the sediment grains into its core region and then lifting the grains upward via
the updraft in the vortices. The extension and circulation of the lee-wake vortices
are governed primarily by the Keulegan Carpenter (KC) number [27]. The KC
number is defined as

KC ¼ UwmT=D (1)

where Uwm is the maximum velocity of the undisturbed wave-induced oscilla-
tory flow at the sea bottom above the wave boundary layer, D is the pile diameter,
and T is the wave period. In contrast to the controlling role of the lee-wake vortices
in eroding the sediment grains around a cylinder, the HSV would be less significant
because the wave boundary layer is usually thin (see [29, 30]), especially for
relatively small KC numbers [26]. Regarding monopile foundations for OWTs, the
corresponding value of KC number is usually low due to the large diameter [31].
Therefore, the effect of the HSV might be insignificant for the scour development
around a monopile under waves.

In general, the controlling mechanism of the scour process around pile founda-
tion in wave-alone or in current-alone condition has been well established. Yet for
the condition of combined waves and currents, which is a common scenario in
marine environments, the physical mechanism for the scouring phenomenon is less
understood. When the waves and currents coexist, the sediment is normally picked
up by the waves due to its higher capacity of lifting sands and transported by the
currents due to its higher capacity of carrying sands. Nevertheless, the effect of
waves and currents’ coexistence is more than just a superimposition of their
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capacities of initiating and carrying sediment, due to a nonlinear interaction
between waves and currents within and outside the bottom boundary layer [32–34].
The only experimental investigation so far on the flow pattern around a vertical pile
in a combined current-wave flow was made by Sumer et al. [26]. Their results
showed that introducing the following currents in the waves increases the size and
lifespan of the horseshoe vortex and lowers the critical KC number for the threshold
of horseshoe vortex. The horseshoe vortex exists for smaller KC with increasing the
current-to-wave velocity ratio. This result is related to the increase in the adverse
pressure gradient in front of the pile caused by the superimposed currents. For
small values of KC (such as KC≈O 10ð Þ), the presence of the horseshoe vortex is
quite limited in both space and time domain, and its influence on the scour is much
less than that in steady currents (KC≈∞). That is, with decreasing KC, the effect of
horseshoe vortex decreases and that of the vortex shedding increases accordingly.

2.2 Equilibrium scour depth

The equilibrium scour depth prediction is a key concern in the geotechnical
design for the coastal and offshore foundations. On the basis of laboratory flume
tests and field data, many empirical equations have been proposed with respect to
the equilibrium scour depth around a cylinder over the past few decades.

For the bridge scour in steady currents, Melville and Sutherland equation [35]
and the Colorado State University (CSU) equation [36] are two of the most com-
monly used scour equations. They give somewhat conservative estimates of scour
depth, the former perhaps more so than the latter [37]. Other well-known scour
equations were reviewed by Deng and Cai [38]. The accuracy of several most
commonly adopted scour equations were evaluated and compared by Johnson [37],
Mueller [39] and Sheppard et al. [40], using a large set of field data.

Unlike the pier-scour in bridge waterways, the local scour at offshore monopile
foundations should consider the action of waves. For scour depth around pile
exposed to waves alone, the number of prediction equation is much fewer com-
pared with that under steady currents. An empirical expression for scour depth at a
circular slender pile exposed to regular waves was established [28]:

S=D≈1:3 1� exp �0:03 KC� 6ð Þð Þ½ � for KC≥ 6 (2)

where S is the equilibrium scour depth at the pile. Note that Eq. (2) is valid for
the live-bed conditions. Sumer et al. [41] further investigated the effect of the soil
density on the scour depth at a pile in waves. The scour depth was significantly
increased when the bed soil was changed from medium dense sand to dense sand.
Dey et al. [42] 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
given in [28], having different coefficients and exponents. Recently, Zanke et al.
[43] proposed the following unifying equation for the prediction of equilibrium
scour depth around a pile under the action of waves, tidal or steady currents.

S=D ¼ 2:5 1–0:5 Ucr=Uð Þ xrel (3)

where xrel = xeff /(1 + xeff), xeff = 0.03(1 – 0.35Ucr/U) (KC-6), U is the mean
velocity in case of steady currents, and Ucr is the critical velocity for initiation of
sediment motion.

For shallow-water subsea locations, waves often coexist with currents, propa-
gating either following or opposing the currents. This brings the soil response
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around marine structures more complicated than that due to waves or currents
alone. Nevertheless, the related research is relatively few. Sumer and Fredsøe [44]
conducted a series of tests of irregular waves propagating either along or perpen-
dicular to the current, indicating that the scour depth for combined waves and
currents is influenced by the KC number and the current-to-wave velocity ratio.
The current-to-wave velocity ratio is defined as Ucw = Uc/(Uc + Uwm), in which Uc

represents the undisturbed near-bed current velocity component of the combined
flow, and Uwm is the maximum velocity of the undisturbed wave-induced oscilla-
tory flow at the sea bottom above the wave boundary layer. Sumer and Fredsøe [45]
carried out re-analyses of scour data in [44] and derived the following empirical
expression for the scour depth under combined waves and current:

S=D ¼ Sc=D 1� exp �A KC� Bð Þ½ �f g for KC≥B (4)

in which Sc is the scour depth for the current-only case, and the parameters A

and B are given as A ¼ 0:03þ 0:75U2:6
cw and B = 6exp(�4.7Ucw). The validity range

of Eq. (4) is limited to 4 < KC < 25. The value of Sc/D can be expressed with a mean
value Sc/D = 1.3 and a standard deviation σS/D = 0.7. The maximum scour depth for
the live-bed scour regime is suggested to take as Sc/D = 1.3 + σS/D = 2.0 or Sc/
D = 1.3 + 2σS/D = 2.7 for design purpose. The large variation range of Sc/D in Eq. (4)
could produce a great arbitrariness and uncertainty in the practical engineering
application. Moreover, the accuracy of Eq. (4) is not very much optimistic [46].
Rudolph and Bos [47] carried out model tests on scour around a monopile under
combined waves and currents with oblique directions, focusing on the range 1
< KC < 10. They proposed an improved scour depth prediction formula based on
Sumer and Fredsøe [45] by analyzing their new data and preceding data.

Recently, Qi and Gao [31, 48] conducted an experimental investigation of the
local scour development under combined waves and currents at a monopile. The
influence of the wave propagating direction relative to currents is obvious. The
experimental results indicated that the wave-current interaction had a substantial
effect on the time-development of local scour and the resulting equilibrium scour
depth. An average-velocity-based Froude number (Fra) was proposed to correlate
with the equilibrium scour depth (S/D) at offshore monopile foundation in
combined waves and currents [48]. The definition of Fra is

Fra ¼ Ua=
ffiffiffiffiffiffi

gD
p

(5)

in which Ua (¼
1

T=4

Ð T=4
0 Uc þ Uwm sin 2πt=Tð Þð Þdt ¼ Uc þ

2
π
Uwm) is the average

water particle velocity during one-quarter cycle of oscillation under combined
waves and currents, when the oscillatory motion and the currents are in the same
direction; t is the time and g denotes the gravitational acceleration. The equilibrium
scour depths (live-bed scour regime) under combined waves and currents obtained
from the experiments were plotted as a function of Fra (see Figure 3a), along with
those of in [44, 49]. Following empirical expression for the correlation between S/D
and Fra was given for predicting equilibrium scour depth under live-bed conditions.

lg S=Dð Þ ¼ �0:8 exp 0:14=Frað Þ þ 1:11 0:1<Fra < 1:1;0:4<KC< 26ð Þ (6)

Eq. (6) indicates that the scour depth approaches its mathematical asymptotic
value (S/D ≈ 2.0) as Fra increases (e.g., larger than 1.0). Note that this asymptotic
value is in the range of a typical scour depth prediction (S/D ≈ 1.7–2.4) by previous
local scour equations around a pile for current-alone conditions. The prediction
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using the empirical correlation generally distributes in the range of 25% error lines
(see Figure 3b), which is superior to the existing formula.

As aforementioned, most existing equations for predicting the equilibrium scour
depth around a cylinder are based predominantly on scaled laboratory flume data.
Therefore, the inherent scaling issue is worthy of clarifying before extrapolating the
results of small scale scour experiments to prototype [50]. The scale effect is essen-
tially attributable to the use of three independent length scales in local scour exper-
iments: cylinder diameter, sediment size, and water depth [51]. The three length
scales lead to several controlling similarity parameters that inevitably cannot be
satisfied concurrently. Two aspects are specifically drawing attention involving the
scale effect: one associated with inadequate similitude of large scale turbulence
generated around a cylinder during scour tests and the other with the distortion of
sediment size scaling.

The similitude of large scale turbulence requires preservation of flow patterns so
that pressure heads along flow path scale directly with the geometric scale relating
the small cylinder in a flume test to a prototype pile. The Froude number defined
with incoming flow velocity and pile diameter is proved useful for reflecting the

Figure 3.
(a) S/D vs. Fra for combined waves and currents; (b) comparison of measured and predicted scour depths [48].
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similitude associated with flow-field [51, 52]. It was concluded that the flume-based
equations for predicting equilibrium scour depth at a cylinder may not adequately
account for the similitude of large scale turbulence and thus commonly lead to over-
conservative estimations in prototype applications [51].

Most flume experiments were forced to use particles of comparable size to full-
scale particles due to requirements of both the similitude associated with particle
mobility and the natural size limit to which bed particles become cohesive. As such,
the similarity of sediment size with respect to pile diameter cannot be maintained.
According to Melville and Chiew [53], D/d50 barely has effect on the scour devel-
opment for D/d50 > 50, with d50 as the median grain size of the sediment. However,
some more recent research indicates a decrease in S/D at very large values of D/d50
[54, 55]. Consequently, a prototype scour depth prediction based on the flume scour
data is greater than that in the field, that is, a relatively conservative or safe
prediction. A comparison between the maximum calculated scour data from differ-
ent formulations used in standard and technical recommendations for the design of
offshore wind farms and available scour data in European wind farms found in
technical reports was once conducted by Matutano et al. [9]. The observed maxi-
mum scour depths were largely less than estimated in most offshore wind farms
studied, which is consistent with the similarity analysis.

It should be noted that various offshore standards like DNV�GL [8] recommend
Eq. (2) proposed in [26] to estimate the scour depth around monopile foundations
for the OWTs under combined waves and currents. This could be inappropriate and
potentially lead to great inaccuracies [56].

2.3 Time scale

The time scale of scour process (T0) is a certain amount of elapsed time for a
substantial amount of scour to develop [45], which is essential for predicting the
scour depth at any instant in a certain wave and/or current condition. In the case of
live-bed scour, the equilibrium scour depth is achieved faster than the clear-water
case, generating a smaller time scale. The time scale of scour process can be defined
in several ways according to different mathematical functions for approximating
the scour development toward the equilibrium stage [57]. For example, Briaud et al.

[58] proposed a hyperbolic function St ¼ Se
t

tþT0

� �

, where Se is the equilibrium

scour depth. Alternatively, a more commonly used definition was proposed in [59]:

St ¼ Se 1� exp � t
T0

� �� �

. The value of the time scale can be obtained by fitting the

measured scour depth development curve with these functions of St. The normal-
ized time scale is usually defined as

T ∗ ¼ T0
g s� 1ð Þd350
� �

1
2

D2 (7)

where s is the specific gravity of sand grains.
For steady currents, the normalized time scale is associated with the ratio of

boundary layer thickness to pile diameter (δ=D) and the Shields parameter (θ),
using following empirical expression for live-bed scour regime [59].

T ∗ ¼
1

2000

δ

D
θ�2:2 (8)

The Shields parameter (θ) is defined as
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θ ¼
U2

f

g ρs=ρw � 1ð Þd50
(9)

in which Uf is the maximum value of the undisturbed friction velocity, ρs is the
sediment grain density, and ρw is the water density. The detailed calculation
procedure of θ is given by Soulsby [60].

In the case of waves, the time scale of the scour process around a cylinder is
governed by two parameters, namely the KC number and the Shields parameter.
The empirical expression of T* based on KC and θ for live-bed scour regime can be
represented by [59].

T ∗ ¼ 10�6 KC

θ

� �3

(10)

Under combined waves and currents, Petersen et al. [61] concluded that the
time scale of scour varies with the KC number, the Shields parameter associated
with the wave component of the flow (θw), and Ucw. The time scale of scour
increases significantly when even a slight current is superimposing on a wave. On
the basis of the data of Refs. [61, 62] and their own, Chen and Li [63] proposed a
piecewise fitting formula for the time scale of scour under combined waves and
currents (see Figure 4)

T0
∗ ¼

8:67 � 10�5θ�5:15
w U28:1 0:152�θð Þ

cw for 0:3<Ucw <0:44

1:35� 10�4θ�2:2
w U�6:8

cw for 0:44≤Ucw ≤0:7

(

(11)

2.4 Backfilling process

Backfilling process is the deposition of sediment into a scour hole previously
generated, when the pile is exposed to a changing flow environment (the flow

Figure 4.
Comparison of predictions using Eq. (11) and calculated results of normalized time scale based on observed
data under combined wave-current conditions [63].
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environment changing from, e.g., a steady current to a wave, from a steady current
to combined waves and currents, or from a wave to a smaller wave). For the
monopile foundations of the OWTs, the flow climate changes continuously, hence
leading to scour and backfilling in an alternating fashion. The backfilling process
needs to be quantitatively estimated to establish models for predicting the time
history of scour and backfilling for large periods of time (see [64]).

Hartvig et al. [65] experimentally studied the scour and backfilling around a pile
subjected to alternating sequences of currents with and without superimposed
irregular waves. The results indicated that initially current-scoured beds, when
subjected to waves, are backfilled about 10 times slower than the scoured ones.
Sumer et al. [49] later presented a systematic investigation of the scour holes
backfilling under waves or combined waves and currents around a pile. The results
showed that the scour depth corresponding to the equilibrium state of backfilling is
the same as that corresponding to the equilibrium state of scour around the pile for
the same wave or combined waves and currents climate. That is, the final equilib-
rium scour is uninfluenced by the loading history of the flow but only dependent on
the flow condition at the last stage if the last loading stage is sufficiently long. The
time scale of backfilling is much larger than that of scour when the KC number
associated with the backfilling is KC < O(10) (typical wind farm application).
Various empirical equations involving the time scale were further proposed for
different flow environment changes.

Backfilling can reduce the scale of the scour hole, which is beneficial to the
bearing behavior of a monopile unprotected against scour. Sørensen et al. [66]
assessed the relative density of the backfilled soil around a model monopile of
0.55 m diameter based on the test in a large wave channel. The relative density of
the backfill material was found to be rather large, varying between 65 and 80%.
Note that these values were obtained from only one set of laboratory tests, and
lower densities may exist. The backfilled soil was found to increase the soil support
to a monopile foundation significantly. Therefore, an optimized design with respect
to both the fatigue limit state and the ultimate limit state can be achieved by
considering the time variation of the scour depth [67].

3. Effects of local scour on the lateral response of a monopile

3.1 Lateral bearing behavior

The lateral response of a pile is commonly evaluated using a load transfer
approach, with “p-y” curves quantifying the nonlinear interaction between the pile
and the surrounding soil. The p-y curves idealize the soil as a series of independent
springs distributed along the pile length, with each spring describing the nonlinear
relationship between the lateral soil resistance (p) and the lateral deflection of the
pile (y). Various formulations for p-y curves have been developed for sands, for
example Refs. [68–71]. The results in Refs. [68, 69] form the basis of the widely
used API method [72].

Scour around submarine structures leads to a reduction in the effective stresses
and hence strength and stiffness of the soil at a given depth around a pile. As scour
depth is predicted to scale with the pile diameter, scouring can impact greatly on the
overall response of large-diameter monopiles due to the low slenderness ratio (typ-
ically between about 3 and 10). As shown in Figure 5, scour reduces the pile
embedment depth from L to L’ and increases the load eccentricity (cantilever
length) from e to e’, changing the profiles of lateral soil resistance p, inducing much
larger deformations of the pile and reducing the foundations stiffness.
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Scour can cause the p-y response at a given absolute depth z (measured from the
original soil surface or “mudline”) to soften, reducing both initial stiffness and the
limiting resistance. In design codes such as DNV�GL [8], local scour is often con-
sidered to cause complete loss of soil resistance down to the depth of scour below
the original seabed while estimating the pile capacities. Although such a design
practice is simple, it often leads to extreme conservative pile foundation design and
subsequent unnecessary cost [73]. In recent years, the importance of scour hole
dimensions for pile capacities has been increasingly recognized.

In an analytical study [74], general scour effects were incorporated by updating
the parameters per unit length (pult) at a given depth to account for the over-
consolidation induced by removal of a scour depth of sand. Lin et al. [75] and Yang
et al. [76] further modified the ultimate lateral resistance due to changes in the
shallow wedge-type failure mechanism to consider the effects of the local scour.
Results indicated that the local scour hole would result in much higher lateral soil
resistance for a given depth than for the general scour case, that is, complete removal
of the soil surface layer. Tseng et al. [77] combined the approach of Sørensen [78] for
modifying the initial modulus of subgrade reaction (kpy) and the approach of Lin
et al. [75] for modifying pult to evaluate the scour effect on the deformation response
of monopile foundations. According to the case analysis, when the p-y curve method
suggested by the design guidelines for an offshore wind turbine was used to design
the monopile foundation for an OWT, the foundation deformation was
underestimated for a scour depth of less than pile diameter, and foundation stiffness
was underestimated for a scour depth of greater than pile diameter.

A series of centrifuge tests were conducted by Qi et al. [73] to investigate the
scour effects on p-y curves. A practical approach to incorporate effects of scour on
the p-y curves was proposed by adopting an effective soil depth (ze) in the deter-
mination of p-y curves. The effective soil depth was expressed by

ze
D

¼
z0

D
þ tanh f

z0

D

� �

S

D

f≈1:5 for local‐scour

f ¼ 0 for general‐scour

	

(12)

where the effective soil depth ze is a weighted-average of the soil depth relative
to the original mudline z and the soil depth below the current scour base z0 (¼ z� S,

Figure 5.
Illustration of scour effect on the lateral response of a shallowly embedded pile [73].
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S is the scour depth), f is an empirical parameter indicating the transition rate for
the effective soil depth from ze = z’ at the current mudline to ze≈z as the soil depth
increases. The recommended value of f = 1.5 for local-scour conditions was based on
the tests with 30° slope angle of the scour hole. As the slope angle of the scour hole
decreases, the effect of the sloping overburden soil above the level of the scour base
reduces and the value of f should be reduced accordingly. This conclusion conforms
to the results of a recent study by Lin and Wu [79].

Local scour not only exaggerates the deformation and reduces the stiffness of the
monopile foundation, but also changes its bearing mechanism. Monopile founda-
tions for the OWTs generally behave rigidly, rotating as a whole and developing a
“toe-kick” phenomenon. Figure 6 illustrates the mobilized soil resistance compo-
nents of a laterally loaded short pile. Significant base shear and axial resistance will
be mobilized at the pile tip if the slenderness ratio gets sufficiently small. Moreover,
vertical side resistances emerge around the pile shaft due to the mobilized horizon-
tal displacement of the pile tip and rotation of the pile. Numerical investigations by
Bekken [80] and Byrne et al. [81] have confirmed the significant contributions due
to the horizontal pile tip displacement and rotation of the pile on the resistance of a
monopile.

To investigate the scour effect on the behavior of a laterally loaded monopile, a
three-dimensional finite element model was proposed and verified by Qi and Gao
[83]. The results indicated that the scour could induce a significant transition of pile
behavior for a typical monopile foundation of the OWTs. Figure 7(a) shows the
variation of yp/yn with EsL

4/EpIp, in which yn denotes the lateral pile displacement at
the loading position obtained from the 3D finite element results, and yp denotes the
lateral pile displacement according to the conventional p-y method. The non-
dimensional expression of EsL

4/EpIp is aimed to reflect the rigidity of the pile
foundation [7, 84], where Ip denotes the second moment of area of a pile and EpIp

Figure 6.
Resistance components of a laterally loaded monopile foundation [82].
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represents the bending stiffness of the pile. It is seen that for an approximate range
of EsL

4/EpIp > 50, the value of yp/yn is generally equal to 1.0, while the value of yp/yn
obviously deviates from the value of yp/yn = 1.0 for EsL

4/EpIp < 50. The deviation of
yp/yn implies that due to the scour-induced increase of pile rigidity (see Figure 7
(b)), the pile’s tip and shaft resistance could become a significant component of the
whole soil resistance. The parameter Ls in Figure 7(b) denotes the pile embedment
depth after scour. The traditional p-y approach only takes account of the lateral soil
resistance and thus the scour would render the traditional p-y approach inapplicable
for post-scour conditions.

There are relatively fewer studies concerning the scour effect on the pile behav-
ior under cyclic loading compared with aforementioned studies on the monotonic
pile behavior [85]. Achmus et al. [86] numerically quantified the scour-induced
increase of pile deformation by adopting a degradation stiffness model to account
for cyclic loading. The results indicated an evident accumulation of lateral defor-
mation under cyclic loading. Up to now, no systematic investigations into the
influence of scour on the cyclic pile behavior can be found in the literatures.
This issue needs to be further studied. Moreover, local scour and backfilling occurs

Figure 7.
(a) Variation of yp/yn with EsL

4/EpIp; (b) effect of scour depth normalized with pile embedment depth S/L on
EsLs

4/EpIp [83].
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around a monopile foundation in an alternating fashion due to the continuously
changing flow climate in marine conditions. This variation of scour depth should
also be included while evaluating the long-term cyclic pile behavior.

3.2 Natural frequency and fatigue life (FL)

Compared to other types of OWT foundations such as gravity base, tripod, and
suction bucket, the monopile is a dynamically sensitive structure due to its flexibil-
ity. The primary excitation forces arise from the wind, waves, and the rotor excita-
tions. The fundamental frequency f0 (the first tower bending frequency) of the
structure is the most important controlling parameter for its dynamic response.

The OWTs are usually designed as soft-stiff structures in order to avoid reso-
nances, meaning that f0 is above the rotational frequency of the rotor f1P but below
the blade-passing frequency f3P (see Figure 8). The excitation frequencies related to
environmental loads from wind and waves are typically below the 1P frequency for
OWTs with relatively small installed capacities, for example, smaller than 3.6 MW
[87, 88]. Nevertheless, for a 6–8 MWmodern OWT on a monopile, designed for the
soft-stiff frequency range, f0 would be around 0.20–0.23 Hz [89]. In this frequency
range, the fundamental mode of the structure would resonate with the waves at low
wind speeds and be exposed to high spectral energy of waves during higher wind
speeds. Due to the narrow soft-stiff frequency range for the OWTs on monopile
foundations, even a small natural frequency shift from the initial design value may
finally lead to resonance and the resulting stress in the materials of the monopile
will be higher than in the quasi-static case. This high stress would potentially reduce
the FL of the OWTs significantly.

Scour around the monopile leads to significant reduction of f0. This would make
f0 align with the frequency of the passing sea waves or the rotational frequency of
the rotor (f1p) under certain circumstances, exposing structures to the threat of
resonances. Sørensen and Ibsen [67] calculated the undamped natural frequencies
of an existing offshore wind farm at HornsRev1 by means of the Winkler model
approach. The stiffness derived from p-y curves given in the API code was adopted
in their desk study, without accounting for the degradation of stiffness due to cyclic
loading. The results revealed that the first natural frequency decreases with
approximately 5% when the scour depth reached 1.3D. Prendergast et al. [90]
conducted finite element numerical modeling to examine the scour effects on the
natural frequency of a 3.6 MW OWT on a monopile in typical offshore sand
deposits. The numerical model was validated by scale model tests and proved
capable of tracking the scour-induced change in the natural frequency of the sys-
tem. A reduction of up to 8.5% in natural frequency was observed in loose sand for

Figure 8.
Illustration of typical excitation ranges of a modern 6–8 MW OWT. Wave spectra represent different wind
speeds. Not in scale [89].
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S/D = 1.3. A comparison among cases with different soil stiffness profiles suggests
that scour-induced resonance of an OWT on a monopile is most likely to occur in
loose deposits. Prendergast et al. [91] recently improved the numerical model to
further include the effect of spatial variability in soil properties derived from mea-
sured Cone Penetration Test (CPT) data. A stochastic ground model was developed
to account for the uncertainty in soil-structure interaction stiffness for a given
offshore site. The results indicated that the first natural system frequency reduces
while the range of predicted system frequencies increases as the scour progresses.
This means that the results of frequency-based SHM (structural health monitoring)
technique for assessing scour magnitude-based solely on first natural frequency
measurements becomes less certain for a deeper scour hole.

Several recent studies have focused on the scour effects associated with the FL of
OWTs. Damgaard et al. [92] performed fully coupled aero-hydro-elastic simula-
tions to evaluate the scour effects on the fatigue loads for parked OWTs. It was
shown that a scour hole of 1.3D deep increases the fatigue damage equivalent
moment with approximately 40%. Note that time-varying stiffness/damping prop-
erties of the soil due to long-term cyclic loading [93, 94] and scour depth variation
due to backfilling are not accounted for. Rezaei et al. [95] presented a study of scour
and backfilling effects on the FL of a 5 MWmonopile supported OWT, using quasi-
static, modal, and time-domain fatigue analyses. It was demonstrated that a scour
depth of 1.5D could result in a 45% reduction of the FL of the wind turbine
structure. Backfilling is beneficial to extend FL of the OWTs. Nevertheless, the
relative density barely has effect on the FL of the OWTs.

4. Concluding remarks

Monopile is the most commonly adopted foundation type for OWTs. Local scour
induced by waves and/or currents can jeopardize the function of the structure
system to a great extent. In contrast to bridge scour which has been sufficiently
studied over the past half century, an important feature of scour phenomenon
around an offshore monopile stems from the various flow conditions in a marine
environment, namely waves only, currents only, and combined waves and currents.
In view of the complexity of incoming flow conditions, several crucial aspects
related to local scour around a monopile foundation are reviewed, including the
fundamental scour mechanisms, the maximum scour depth, the time scale, and the
backfilling process. The inherent scaling issue arising from extrapolating the results
of small scale scour experiments to prototype is clarified.

The driving depth of an offshore monopile can be significantly reduced by the
local scour due to the low slenderness ratio, consequently imposing great influence
on twofold structural responses. First, scour will cause the p-y response at a given
absolute depth to soften, reducing both initial stiffness and the limiting resistance.
Moreover, scour would render the traditional p-y approach inapplicable for post-
scour conditions due to the change of bearing mechanism. Second, scour around the
monopile leads to significant reduction of the fundamental frequency. This would
make the fundamental frequency align with the frequency of the passing sea waves
or the rotational frequency of the rotor under certain circumstances, exposing
structures to the threat of resonances.

The current upward trends in both water depth and size of OWTs have led to
consequential growth mainly in the horizontal loading. Monopiles with diameters
up to 10 m have been proposed as a feasible option to support the OWTs with
approximately 10 MW installed capacity. To efficiently minimize the cost while
remaining safety, more meticulous considerations for monopile design are in need
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involving the scour depth prediction and evaluation of scour effects on structural
responses. An alternative hybrid foundation system comprising a monopile and a
bearing plate (or skirted footing) has been demonstrated to enhance the lateral
bearing capacity compared with a monopile [96–99]. Nevertheless, the enhanced
capacity of the hybrid foundation largely relies on the proper interaction between
the bearing plate and the soils at the shallow zone of the seabed, where local scour
and wave-induced pore pressure could occur [100–108]. The extent of local scour
and scour effects on both the bearing capacity and natural frequency of a hybrid
monopile need to be further investigated.
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