
 
 

Delft University of Technology

Impact of scour on lateral resistance of wind turbine monopiles
An experimental study
Li, Q.; Askarinejad, A.; Gavin, K.

DOI
10.1139/cgj-2020-0219
Publication date
2021
Document Version
Final published version
Published in
Canadian Geotechnical Journal

Citation (APA)
Li, Q., Askarinejad, A., & Gavin, K. (2021). Impact of scour on lateral resistance of wind turbine monopiles:
An experimental study. Canadian Geotechnical Journal, 58(11), 1770-1782. https://doi.org/10.1139/cgj-
2020-0219

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1139/cgj-2020-0219
https://doi.org/10.1139/cgj-2020-0219
https://doi.org/10.1139/cgj-2020-0219


Green Open Access added to TU Delft Institutional Repository 

'You share, we take care!' - Taverne project  
 

https://www.openaccess.nl/en/you-share-we-take-care 

Otherwise as indicated in the copyright section: the publisher 
is the copyright holder of this work and the author uses the 
Dutch legislation to make this work public. 

 
 



ARTICLE

Impact of scour on lateral resistance of wind turbine
monopiles: an experimental study
Q. Li, A. Askarinejad, and K. Gavin

Abstract: The majority of offshore wind structures are supported on large-diameter, rigid monopile foundations. These
piles may be subjected to scour due to the waves and currents that causes a loss of soil support and consequently decreases
the pile capacity and system stiffness. The results of numerical models suggest that the shape of the scour hole affects the
magnitude of pile capacity loss; however, there is a dearth of experimental test data that quantify this effect. This paper
presents a series of centrifuge model tests on an instrumented model pile that investigates the effects of scour-hole geome-
try on the response of a laterally loaded pile embedded in sand. The pile instrumentation allowed load–displacement and
p–y (soil reaction – displacement) curves to be derived. Three scour geometries (global, local wide, and local narrow) and
three scour depths (1D, 1.5D, and 2D; where D is pile diameter) were modelled. For all three scour types, pile moment
capacity decreased almost linearly with increase of scour depth. Simple empirical relations were proposed to evaluate the
detrimental influence of scour on the pile moment capacity. A new method has been developed to allow designers to quan-
tify the effect of scour-hole shape and severity of scour on the pile response.

Key words: offshore wind monopiles, scour, moment capacity, centrifuge modelling, scour-hole shapes, p–y curves.

Résumé : La majorité des structures éoliennes offshore reposent sur des fondations monopiles rigides de grand diamètre.
Ces pieux peuvent être soumis à l’affouillement dû aux vagues et aux courants, ce qui entraîne une perte de support du sol
et, par conséquent, une diminution de la capacité des pieux et de la rigidité du système. Les résultats des modèles numéri-
ques suggèrent que la forme du trou d’affouillement affecte l’ampleur de la perte de capacité des piles, Cependant, les don-
nées expérimentales permettant de quantifier cet effet sont rares. Cet article présente une série de tests de modèles de
centrifugeuses sur une pile modèle instrumentée qui étudie les effets de la géométrie des trous d’affouillement sur la
réponse d’une pile chargée latéralement et enfoncée dans le sable. L’instrumentation des pieux a permis de dériver les
courbes de charge–déplacement et p–y (réaction – déplacement du sol). Trois géométries d’affouillement (globale, locale
large et locale étroite) et trois profondeurs d’affouillement (1D, 1,5D et 2D; où D est le diamètre des pieux) ont été modélisées.
Pour les trois types d’affouillement, la capacité de moment de pieu a diminué presque linéairement avec l’augmentation de la
profondeur d’affouillement. Des relations empiriques simples ont été proposées pour évaluer l’influence néfaste de l’affouille-
ment sur la capacité de moment de pieu. Une nouvelle méthode a été mise au point pour permettre aux concepteurs de quanti-
fier l’effet de la forme du trou d’affouillement et de la gravité de l’affouillement sur la réponse du pieu. [Traduit par la Rédaction]

Mots-clés : monopiles de vent en mer, scour, capacité de moment, modélisation de centrifugeuse, formes de trous de scour,
courbes p–y.

1. Introduction
Monopiles are the most economical foundation system for off-

shore wind turbines (OWTs) installed in shallow coastal waters
(Byrne et al. 2019). The typical slenderness ratio (L/D; where L is
embedded length and D is diameter) for OWT monopiles is
between 3 and 6 (Doherty and Gavin 2012; Wu et al. 2019). Cylin-
drical structures such as OWT monopiles are prone to loss of soil
support due to sand erosion, i.e., scour. Consequently, the pile
lateral capacity and stiffness could be decreased, potentially
resulting in large lateral displacement and rotation. Such effects
can put the superstructure at risk through the generation of ex-
cessive fatigue loading as well as operational issues (Li et al.
2018). The shapes of various types of scour holes are illustrated in
Fig. 1. Typically, scour holes are formed in a shape approximating
an inverted frustum. The slope angle (v ) is roughly equal to the

angle of repose of sand, generally in the range of 30° to 44°
(Richardson and Davis 2001), and the top scour width (Wt) is often
assumed to be twice the scour depth (Richardson and Davis 2001;
Lin et al. 2014). Based on several experimental studies, it has been
shown that the scour depth (Ds) depends on the diameter of the
pile (D), Froude number of the water flow, shear stress applied to
the sand surface due to the flow, and soil strength (Jones et al.
1992; Sørensen and Ibsen 2013). Det Norske Veritas (DNV 2014)
suggested the adoption of an extreme scour depth of 2D. How-
ever, Sørensen and Ibsen (2013) illustrated that this assumption
(Ds = 2D) might be too conservative for wave-induced scour holes.
One approach, and perhaps the simplest, to model the effect of

scour on the lateral behaviour of a monopile is to remove the
affected soil layer completely. This approach simulates a so-called
global scour condition (schematized on the left-hand side of
Fig. 1). Based on various numerical analyses, Li et al. (2013), Lin
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et al. (2010), Mostafa (2012), Qi et al. (2016), and Zhang et al. (2017)
suggested that the assumption of a global scour can be highly
conservative. Similarly, centrifuge tests on piles with L/D = 12.7
conducted by Qi et al. (2016) indicated that removing the entire
soil layer to the scour depth can result in a 49%–68% increase in
lateral displacement of the pile at a fixed load, when compared
to a model where three-dimensional scour-hole dimensions were
incorporated. A more realistic approach is to consider a three-
dimensional shape for a scour hole. In an attempt to follow the
secondmodelling approach, Lin et al. (2014) developed simplified
stiffness models for soil reaction based on the Winkler model
(p–y (soil reaction – displacement) curves) assuming a wedge failure
mechanism for a slender laterally loaded pile (L/D = 35) subjected to
scour. Their model was verified with a three-dimensional finite ele-
ment model. The pile response accounted for both the scour-hole
geometry and the overconsolidation effects of the removed soil on
the remaining soil. It was found that for global scour, the p–y curves
at given depths were essentially identical when comparing between
those below the post-scour surface and those at the same depths
without scour. In contrast, for local scour, the p–y response at a given
depth was found to be much stiffer below the scour-hole base than
at the samedepth below the original soil surface. Lin et al. (2014) con-
cluded that the difference in the effects of global and local scour is
attributed to the beneficial influence of the remaining overburden
soil surrounding the pile in the latter case.
To address the dearth in experimental data concerning the

impact of scour-hole geometry on the response of rigid monop-
iles, this paper presents the results of a series of centrifugemodel
tests that were conducted considering different parameters, such
as scour depth and scour-hole dimension as well as the magnitude
of applied lateral and moment loading. Based on the measured
bending moment distributions, p–y curves were derived and ana-
lysed to evaluate the impact of scour type on the tested piles. Using

this analysis of experimental data, a new design method has been
developed to take the three-dimensional shape of the scour hole
into account. An example of the design method is presented in
Section 4.3 of the paper.

2. Experimental set-up

2.1. Model pile and soil characterisation
The model pile was open-ended and fabricated from a hollow,

circular, aluminium tube with an outer diameter (D) of 18 mm
and an embedment length (L) of 90 mm. Therefore, an L/D ratio of

Fig. 1. Symbols and definitions of scour hole (modified after Li et al. 2020).

Table 1. Model and corresponding prototype pile dimensions and
properties (centrifuge tests were performed at 100g).

Property Model pile Prototype pile*

Length (embedded + load eccentricity) 90 + 144 mm 9 + 14.4 m
Diameter, outer 18 mm 1.8 m
Wall thickness 1 mm 30mm*
Elasticity modulus, E 70 GPa 210 GPa*
Moment of inertia, I 1936 mm4 0.065 m4

Bending stiffness, EI 0.137 kPa·m4 13.7 GPa·m4

*Assuming prototype pile is fabricated from steel.

Fig. 2. Model pile schematic diagram with strain gauge layout
(dimensions in millimetres).

Table 2. Soil properties of Geba sand (De Jager et al. 2017;
Maghsoudloo et al. 2018).

emin emax Gs D50 (mm) CU w cr

0.64 1.07 2.67 0.11 1.55 35°
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5 was achieved, which is in good accordance with those typically
used in the offshore environment. The pile diameter is selected
to minimize boundary effects associated with the centrifuge
strongbox, which houses the pile, and to satisfy constraints asso-
ciated with the mean grain particle size. Certainly, the pile in
this research has a small diameter with respect to those typically
used in the offshore environment (Arany et al. 2017; Prendergast
et al. 2018). However, the pile L/D ratio was closely simulated
between offshore monopile applications and the model pile in
this study.
The pile wall thickness (t) was derived based on the calculations

for minimumwall thickness for monopiles (API 2007; Arany et al.
2017; Li et al. 2020). Byrne et al. (2015) produced a database of piles
and presented that the pile diameters normalized to pile wall
thickness varied from 39 to 80. In the present analysis, the D/t
value is 60, suggesting this pile has a good rigidity (in line with
present developments for offshore wind monopile foundations).
Aluminium was selected as the material to fabricate the pile,
therefore the pile wall thickness could be enlarged while the flex-
ural rigidity was kept the same to satisfy the scaling laws. The pri-
mary dimensions and material properties of the pile can be
found in Table 1. The scaling factor in length is set as 0.01. The
pile was instrumented with 10 levels of strain gauges calibrated
for measuring bending moment (see Fig. 2). The model pile was
jacked into the sand sample prior to spinning up the sample (i.e.,
installation at 1g) with the result that installation effects were
not fully modelled. However, the same preparation method and
testing procedure was followed for all the tests.
The experiments were conducted using dry Geba silica sand.

The mechanical parameters for Geba sand have been determined
by Charles University in Prague at the request of Royal IHC (Masin
2017). The drained triaxial tests have been performed on sand
with a relative density (Dr) = 80% up to an axial strain of at least
20% (�17.7% shear strain) under confining pressures of 50, 100,

and 150 kPa. The critical (post-rupture) shear strength was meas-
ured as w cr = 35°. The geotechnical characteristics of the sand are
summarized in Table 2. The Dr of the prepared sand specimens in
tests was 80%.

2.2. Centrifuge loading actuator
The experiments were performed using the beam centrifuge in

the Geo-Engineering Section of TU Delft (Allersma 1994; Zhang
and Askarinejad 2019). A two-dimensional actuator, which is
shown in Fig. 3, was used to impose lateral load (H) at the pile
head. Applied lateral load was measured by parallel beam load
cell (HTC-SENSORS; TAL220; measuring range 100 N; sensitivity
0.05%). Pile lateral displacements were measured at two loca-
tions: pile top using the signal encoder of the actuator, and 1.7D
above the sand surface using a potentiometer (ETI SYSTEMS;
LCP8S-10; measuring range 0–14 mm; sensitivity 0.2%). These two
measurements facilitate the calculation of both lateral transla-
tion and rotation of the model pile. A specially designed friction-
reducing ball connection was constructed to transfer the lateral
loading with application of minimal rotational constraint at the
pile top. Details of this ball connection are described by Li et al.
(2020) and Chortis et al. (2020).
In the following, the experimental data are expressed in proto-

type scale. For all tests performed in this study, the centrifuge
acceleration level was 100g. Lateral loading was applied at a pre-
determined height e = 8D above the original sand surface, to
mimic the lateral loading and significant overturning moment
resulting from combinations of wind, wave, and current actions.
The pile diameter was 1.8 m and original embedment depth was
9m (L/D = 5).

2.3. Scour-hole formation
A certain scour hole could be determined by scour shape, scour

depth, and scour-hole slope angle. Using the scour bottom width

Fig. 3. Two-dimensional loading actuator and pile testing set-up: (a) schematic diagram and (b) photo. [Colour online.]

Threaded
 rod

Vertical motor

Pile

Centrifuge basket

Lateral motor

Sand

Frame for lateral
actuator

90 mm
(5D)

65 mm
(3.6D)

Potentiometer

Loading
arm

Lateral load cell

Ball connection

Teflon collar

144 mm
(8D)

D

(a) (b)
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(Wb) for differentiating local narrow scour and local wide scour,
the value of 0 and D were chosen in accordance with Mostafa
(2012). It has been documented that local scour depth in sandy
soils (Ds) is 1.3 times pile diameter (D) with a mean of 0.7 (Sumer
et al. 1992). Moreover, the maximum scour depth is reported to
be about 2 times the pile diameter (i.e., Ds/D = 2). Global scour
exposing piles due to storm surge events has been reported in
the literature (Robertson et al. 2007) where the ultimate scour
depth ratio (Ds/D) is 0.75 to 1. This study focused on scour depths
from 1D to 2D, which covers the common scour depth range and,
more importantly, the critical value of scour depth that a wind
turbine will most likely experience. Scour-hole slope angle was
found to be the least important factor among the three scour-
hole geometry parameters (scour type, scour depth, and scour-
hole slope angle) influencing the responses of laterally loaded
piles (Li et al. 2013). Zhang et al. (2017) indicated that an increase

of the scour-hole slope angle from 20° to 60° only results in a
decrease of the pile-head deflection and maximum bending moment
by approximately 5% and 2.5%, respectively, when Ds = 4D andWb = 0.
Lin et al. (2016) observed that for a case with Ds = 3D and Wb = 0,
changing the slope angle from 0° to 60° reduced the maximum
bending moment by only 6%–8%. Li et al. (2013) investigated the
influence of scour slope angle on the pile-head lateral load versus
lateral deflection relationship. They found that when the slope
angle was larger than 13°, the pile-head lateral load versus lateral
deflection curves at different scour slope angles (13°, 24°, 33°,
45°, 90°) overlap each other. This suggests that the effect of the
scour-hole slope angle on the lateral response of the pile is not as
significant when the slope angle is >13°.
Therefore, to cover the main range of expected scour-hole geo-

metries, three scour depths: 1.8 m (1D), 2.7 m (1.5D), and 3.6 m
(2D); and three scour shapes: local narrow scour, local wide scour,

Fig. 4. Schematic illustration of (a) local narrow scour, (b) local wide scour, and (c) global scour (dimensions in metres).
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and global scour, were modelled (Li et al. 2020) (schematically
shown in Fig. 4). Global scour was modelled by removing the soil
layer of thickness equal to different scour depths. For the tests
with local scour, scour holes were created in the shape of inverted
circular cones. To compare the influence of scour-hole shape, the
scour-hole base extended around the pile at a distance varying
between 0 and D (shown as Wb in Fig. 1). Local narrow scour was
definedwhen the scour-hole base had a dimensionWb = 0.When the
scour-hole base had a dimension Wb = D, it was named local wide
scour. The scour-hole slope angle was kept constant at 30°, which
is in line with the experimental investigation of Roulund et al. (2005)
and recommendation of Hoffmans and Verheij (1997). The scour holes
were formed after sand specimen preparation using a grab bucket,
and eachholewas checkedusing specifically fabricatedmoulds.

2.4. Testing programme
Following the creation of a scour hole (when relevant), each

pile was pushed into the given soil location at 1g using the verti-
cal actuator operating at a rate of 0.1 mm/s to the target depth of
L = 5D. Subsequently, the model was subjected to an enhanced
acceleration field of 100g. The lateral load was applied to the pile-
head by the lateral movement of the actuator at a constant rate
of 0.02mm/s.
The testing programme comprised 10 tests: one monotonic

load test with no scour (reference test) and nine monotonic load
tests with three scour types and three scour depths (see Table 3).
The effects of global scour, local narrow scour, and local wide
scour were assessed at scour depths of 1D, 1.5D, and 2D.

3. Centrifuge test results
The results of the laboratory tests were investigated by plotting

the angular rotation of the pile u in response to the applied
moment M, all measured at the sand surface. Normalizing these
parameters enables comparison of results across scales. In this
study, M and u were normalized according to the equations sug-
gested by LeBlanc et al. (2010):

ð1Þ ~M ¼ M
L3Dg

ð2Þ ~u ¼ u

ffiffiffiffiffiffi
pa
Lg

r

where ~M is the normalized moment, g is the sand unit weight,
~u is the normalized pile rotation, and pa is the atmospheric pressure.
The method for data extraction is outlined in Fig. 5 based

on the test data of the no scour case (S–NS). The results indicate
that the pile rotation increases continuously as the applied
moment increases, thus there is no distinct point that can be
used to define failure. Following the recommendation of LeBlanc
et al. (2010), failure was defined by ~u = 4° = 0.0698 rad. The

moment capacity (MR) for the pile under the no scour case was
determined to be 0.84.

3.1. p–y reaction curve construction
Using the strain gauge data, themeasured distribution of bend-

ing moment M(z), with depth z, was used to derive the soil reac-
tion p(z), by double differentiation, and the displacement profile
y(z), by double integration, according to the following equations:

ð3Þ p zð Þ ¼ d2M zð Þ
dz2

ð4Þ y zð Þ ¼
ðð

M zð Þ
EI

dz dz

where M(z) is the bending moment at soil depth z and EI denotes
the pile bending stiffness.
The sixth-order polynomial curve-fitting method was adopted

to fit the moment data points. It was then differentiated twice,
and the soil response p(z) was evaluated.
When determining displacement at any depth, y(z), two inte-

gration constants C1 and C2 were determined from (i) the meas-
ured displacement at the loading position and (ii) an assumed
zero displacement condition at the point with zero lateral soil re-
sistance (Wang and Qi 2008).
The measured bending moment (M) distributions, correspond-

ing deduced distributions of soil resistance (p), and lateral pile
displacement (y) for test S–NS are shown in Fig. 6. It can be seen
that, with increasing lateral load, the bending moment, soil re-
sistance, and pile lateral displacement all increase. The results
generally suggest rigid pile behaviour, with significant displace-
ment of the pile tip developed opposite to the loading direction.
The p–y curves were obtained by combining the soil resistance

(p) and lateral displacement (y) at discrete intervals to produce
curves at each depth, as shown in Fig. 7. Absolute values are plot-
ted, noting that the curves at depths of 7, 8.5, and 9m correspond
to passive soil pressures (negative values of displacement). The
stiffness of the p–y curves increases rapidly with soil depths for
z ≤ 4m, whereas the difference between the p–y curves on the pas-
sive side also appears quite significant (z ≥ 7m).

3.2. Effect of scour type on the lateral pile behaviour
The effect of the scour type, i.e., global, local wide, and local

narrow scour around the monopile, on the lateral behaviour of
the foundation is discussed from three aspects: (i) moment–rotation

Table 3. Parameters for centrifuge tests.

Test name Dr (%) Scour type Scour depth

S–NS 80 NS —

S–LN-1D 80 LN 1D
S–LN-1.5D 80 LN 1.5D
S–LN-2D 80 LN 2D
S–LW-1D 80 LW 1D
S–LW-1.5D 80 LW 1.5D
S–LW-2D 80 LW 2D
S–GL-1D 80 GL 1D
S–GL-1.5D 80 GL 1.5D
S–GL-2D 80 GL 2D

Note: NS, no scour; LN, local narrow; LW, local wide; GL, global.

Fig. 5. Determination of moment capacity (test S–NS).
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at the sand surface, (ii) distribution of bending moment along
the pile, and (iii) soil reaction curves (p–y curves)

3.2.1. Moment–rotation behaviour
Figure 8 shows the moment–rotation curves from centrifuge

tests considering different scour types and scour depths. In all
figures, the pile with no scour shows the highest initial stiffness
and capacity, followed by local narrow scour, local wide scour,
and global scour. Comparing the measurements from the local
wide and global scour cases, results suggest that the remaining
soil above the scour baseline can have considerable effect on
the confining stresses and hence on the lateral stiffness of the
foundation system. The difference in pile stiffness and capacity
between local narrow and local wide scour may be due to the dif-
ference in the amount of soil above the scour baseline.
As suggested by DNV (2016), the typical limiting rotation is 0.5°

at the soil surface, whereas a 0.25° construction tolerance should
be taken into account. Therefore, an allowable accumulated
rotation (AAR) is 0.25° due to various types of loading during
the life time of OWTs (Truong et al. 2019), which corresponds
to ~u AAR = 0.00375 rad. From Fig. 8 it can be seen that, at scour
depths of 1D and 1.5D, scour type has minimal effect on the ini-
tial stiffness of pile lateral bearing behaviour, which suggests
that when performing pile dynamic analysis within a small
strain range, scour type can be regarded as having no effect,
especially at shallow scour depths (Ds < 1.5D). At very large
scour depths (2D for example), effect of scour type should

certainly be taken into consideration, as the initial stiffness of
the pile is significantly influenced by scour type.
Moment reduction factor, MR,reduction, is used to describe the

influence of scour on the moment capacity, which is defined in
the following equation:

ð5Þ MR;reduction ¼ MR;no scour �MR;with scour

MR;no scour

whereMR,reduction denotes the reduction ofMR as a result of scour,
MR,no scour is the moment capacity under no scour conditions,

Fig. 6. Distributions of (a) measured bending moment; (b) lateral soil resistance; (c) lateral pile displacement under different values of
applied moment (test S–NS).

Fig. 7. Experimental p–y curves at different soil depths (test S–NS).
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and MR,with scour is the moment capacity under scour conditions.
The reduction of moment capacity compared with the reference
case, which increases with scour depth, can be seen in Table 4,
which shows reduction of 13%–39% for a scour depth of 1D,
increasing to 46%–69% for a scour depth of 2D.

3.2.2. Bending moment distributions
The normalized bending moment profiles of piles subjected to

an external normalized bending moment of ~M = 0.2 under vari-
ous types and depths of scour are shown in Fig. 9. For all scour
types and depths considered, the bending moment along the pile
increased significantly compared to the no scour case. This would
suggest in practice that an increase of pile diameter and (or) wall
thickness might be required during design of a monopile in-
stalled in an area with potential of scour (Arany et al. 2017). For
scour depths of 1D and 1.5D, the moment profiles developed for
local wide scour and global scour are very similar, and those
for the case of local narrow scour are slightly smaller. Therefore,
it can be concluded that scour shape has no significant effect on

the bending moment profile along the embedded length of the
pile at a shallow scour depth (Ds ≤ 1.5D). However, there is a clear
distinction between results of scour types as scour depth increased
to 2D, due to the enlarged difference in the overburden pressure
above scour baseline. Local narrow scour has the highest amount of
overburden pressure, followed by local wide scour, then global scour.
The decrease in the overburden pressure caused a decrease in the
vertical and lateral effect stresses in the soil below the scour base-
line. As a result, the soil resistance and pile capacity decreased and
pile bendingmoment increased.

Fig. 8. Influence of scour type on the moment–rotation response of piles: (a) scour depth 1D, (b) scour depth 1.5D, and (c) scour depth 2D.
[Colour online.]

Table 4. Reduction of moment capacity (MR,reduction)
as a result of scour.

Scour type Ds = 1D Ds = 1.5D Ds = 2D

Local narrow scour 0.13 0.30 0.46
Local wide scour 0.20 0.45 0.58
Global scour 0.39 0.56 0.69
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3.2.3. p–y reaction curves
The p–y curves at a soil depth of z = 3m are compared for differ-

ent shapes of scour with depth of 1D in Fig. 10. The results indicate
that the no scour case shows the highest soil reaction at this
depth for any level of pile lateral displacement. Moreover, it can
be observed that the soil elements around the piles experiencing
a 1D scour condition show much lower stiffness comparing to
the intact soil surface situation. The difference in the p–y curves
between the cases of local wide and global scour conditions is not
that significant compared with no scour and local narrow scour
conditions.
The effects of scour shape and depth on the p–y curves for various

depths below the original mudline level are illustrated in Fig. 11. It
can be concluded that at scour depths of 1D and 1.5D the p–y curves
are less sensitive to the scour shape. Similarly, for a scour depth of
2D the initial response (y/D< 0.005) of p–y curves is not significantly
affected. This observation implies that the dynamic behaviour of
the pile at small strains might not be affected by the scour shape.
However, at larger strains the pile under local narrow scour mobi-
lizes the highest amount of soil resistance, followed by local wide
scour, then global scour. This observation might be due to the fact
that the major consequential difference between local narrow
scour and local wide scour is the amount of overburden pressure
and resistance provided by the sand slope near the pile, while the
difference between local wide scour and global scour lies in the
overburden pressure provided by the soil above the scour base
mudline.

3.3. Effect of scour depth on themoment–rotation behaviour
of themonopile
Figure 12 shows the influence of scour depth on the rotation

of monopiles subjected to a certain external bending moment
of ~M = 0.2. The results indicate that for all three scour types,
~u increases significantly with the increase of scour depth. For
example, the rotation of the pile can be increased by a factor of
3.48 in the case of a global scour condition with a depth of 2D.
By interpolating data when scour depth Ds 2 [0, 1D), the

Fig. 9. Profiles of bending moment along the pile at various scour types ( ~M = 0.2): (a) scour depth 1D, (b) scour depth 1.5D, and (c) scour
depth 2D. [Colour online.]

Fig. 10. p–y curves at z = 3 m in the cases of no scour, 1D local narrow
scour, 1D local wide scour, and 1D global scour. [Colour online.]
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difference of normalized pile rotation among scour types of
local narrow, local wide, and global at the scour depth Ds/D = 0.5
is not significant.
The effects of scour depth on the moment capacity of laterally

loaded piles subjected to various types of scour are shown in Fig. 13.
The results indicate that for all three scour types, ~M decreases
almost linearly with the increase of scour depth. The rate of this
increase has a direct relationship with the amount of pile nor-
malized rotation, ~u .
Under various kinds of scour types, the decrease of pile capacity

due to the increase of scour depth could be directly related to the
loss of overburden pressure. As mentioned in the previous sec-
tion, a decrease in the overburden pressure leads to a decrease in
the vertical and lateral effect stresses in the soil underneath.
Therefore, the soil resistance and pile capacity decreased, while the
pile bendingmoment increased.

4. Discussion and new design method
Based on the centrifuge tests results, a new design method

was developed to consider the three-dimensional shape of the
local scour holes around the monopile. Section 4.1 will discuss
the basics of the method by introduction of an equivalent
scour depth according to the shape of the local scour. The steps
of the proposed method are presented for a case study in
Section 4.2.

4.1. Equivalent scour depth zequ
The results from the centrifuge tests indicate that the detri-

mental effects of scour are generally less in cases of local scour
compared with those of global scour. Therefore, as a practical

approach to account for the effect of local scour types compared
with global scour on the pile moment capacity, the term addi-
tional soil depth (zadd) is introduced and is defined in eq. 6. In this
approach, the beneficial effect of local scour types is deemed as
an additional soil layer lying above assumed global scour, which
leads to a larger pile embedment length after local scour (L) and
a smaller loading eccentricity (e), as illustrated in Fig. 14. In this
figure, the terms zadd,LN and zadd,LW denote additional soil depth
to account for local narrow scour (LN) and local wide scour (LW)
scour types, respectively. Another term, equivalent scour depth
(zequ), is introduced hereafter, which signifies the effective

Fig. 11. p–y curves at z = 4 m for different scour types: (a) scour depth 1D, (b) scour depth 1.5D, and (c) scour depth 2D.

Fig. 12. Influence of scour depth on the normalized pile rotation
( ~M = 0.2). [Colour online.]
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scour depth after taking into account the compensation effect
by local scour types compared with global scour, which is defined
by eq. 7.

ð6Þ zadd ¼ dDs

ð7Þ zequ ¼ Ds � zadd ¼ Ds 1� dð Þ

Compared with global scour, the improvement in moment
capacity by local scour types is quantified by the additional soil
depth factor, d . Therefore, the condition of global scour is set as
the base level for d , i.e., no compensation effect is introduced
that corresponds to d = 0. Consequently, the condition of no scour

can be set as the upper boundary for d and it can be considered as
full compensation, which corresponds to d = 1. Thus, d for the local
scour types ranges between 0 and 1.
Figure 15 shows the influence of scour type on the normalized

external moment at various scour depths, along with the strategy
to determine the additional soil depth factor (d ) experimentally.
For example, for 1D local narrow and 2D local wide scour condi-
tions, d would be equal to 0.66 and 0.17, respectively. This means
that the equivalent scour depths for these two cases are 0.34D
and 1.66D, respectively. The equivalent scour depths for various
conditions are summarized in Table 5.
As a practical approach to incorporate effects of scour type on

equivalent scour depth (zequ), the data from Table 5 were used to
plot the relationship between zequ/D and Ds/D considering differ-
ent scour types, as shown in Fig. 16. When the scour depth Ds 2
[1D, 2D], linear fits between zequ/D and Ds/D were found and the
following empirical equation was generated:

ð8Þ zequ
D

¼ Ds

D
� f

In this equation, f = 0, for global scour; f = 0.4, for local wide scour;
f = 0.7, for local narrow scour.

Fig. 13. Influence of scour depth on the moment bearing: (a) local narrow scour, (b) local wide scour, and (c) global scour. [Colour online.]

Fig. 14. Illustration of the additional soil depth (zadd). Table 5. Equivalent scour depth (zequ).

Scour type Ds = 1D Ds = 1.5D Ds = 2D

Local narrow scour 0.34D 0.87D 1.3D
Local wide scour 0.67D 1.215D 1.66D
Global scour (= Ds) 1D 1.5D 2D
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However, when the scour depth Ds 2 [0, 1D), the effect of scour
type is not significant on the pile rotation (Fig. 12). Therefore, as a
preliminary attempt linear interpolation technique could be
applied which leads to the following empirical equation:

ð9Þ zequ
D

¼ Ds

D
1� fð Þ

In this way, the beneficial effect of local scour shapes can be
practically considered as shallower global scours, when designing
the pile foundation from a moment capacity perspective. The
derived empirical equation offers a straightforward approach to
calculate the equivalent scour depth (zequ).

4.2. Reduction of pile moment capacity caused by scour
The data from Table 4 were used to plot the relationship

between MR,reduction and scour depth (Ds) considering different
scour types, which is shown in Fig. 17. When the scour depth Ds 2
[1D, 2D], a linear equation was used to fit the data, resulting in the
following general equation:

ð10Þ MR;reduction ¼ 0:35
Ds

D
þ r

In this equation, r is a fitting parameter and is equal to 0.05, –0.16,
and –0.2 for global scour, local wide scour, and local narrow
scour, respectively.
Similar to the technique in the derivation of equivalent scour

depth (zequ) when the scour depth Ds 2 [0, 1D), the linear

interpolation technique could be applied, which leads to the fol-
lowing empirical equation:

ð11Þ MR;reduction ¼ Ds

D
0:35þ rð Þ

Using this method, the detrimental influence of scour on the
moment capacity can be directly related to the scour depth and
scour type. In the practical application, depending on the forma-
tion of the scour hole, as long as the scour type and scour depth

Fig. 15. Determination of the additional soil depth factor (d ): (a) scour depth 1D, (b) scour depth 1.5D, and (c) scour depth 2D. [Colour
online.]

Fig. 16. Influence of scour type on the equivalent scour depth (zequ).
[Colour online.]
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are primarily estimated, the moment capacity reduction factor
MR,reduction can be estimated from Fig. 17, and then be employed
by the following equation to determine the design pile moment
capacity under scour condition (MR,with scour):

ð12Þ MR;with scour ¼ MR;no scour 1�MR;reductionð Þ

In this equation, MR,with scour is the design pile moment capacity
considering the influence of scour and MR,no scour is the design
pile moment capacity when no scour erosion is considered.

4.3. Example
An example is given to demonstrate the use of the proposed

equivalent scour depth method in this section. Consider a rigid
monopile, with L/D = 5, driven into sand with a relative density
of 80%. The task is to determine the equivalent scour depth (zequ)
and the design pile moment capacity under scour conditions
(MR,with scour) from the equivalent moment capacity point of
view, when the pile is subjected to local wide scour with a scour
depth of 1.2D. The design pile moment capacity when there is
no scour erosion is denoted byMR,no scour.
According to Fig. 16 the non-dimensional coefficient f, under

local wide scour conditions, is 0.4. Therefore, zequ can be calcu-
lated using eq. 8:

ð13Þ zequ
D

¼ Ds

D
� f ¼ 1:2D

D
� 0:4 ¼ 0:8

This result indicates that local wide scour with a scour depth of
1.2D is equivalent to global scour with a scour depth of 0.8D.
According to Fig. 17 the non-dimensional coefficient r, under

local wide scour conditions, is –0.16. Therefore, the moment
capacity reduction factor (MR,reduction) can be calculated fromeq.10:

ð14Þ MR;reduction ¼ 0:35
Ds

D
þ r ¼ 0:35� 1:2� 0:16 ¼ 0:26

Accordingly, the design pile moment capacity under this specific
scour condition (MR,with scour) can be calculated according to eq. 12:

ð15Þ MR;with scour ¼ MR;no scour 1�MR;reductionð Þ ¼ 0:74MR;no scour

In summary, the equivalent scour depth is 0.8D and the moment
capacity of the pile would decrease by 26% in the case of a local wide
scour to a depth of 1.2D.

5. Conclusions
As a process of soil erosion, scour broadly occurs around off-

shore wind turbine monopiles, which decreases the pile capacity
and stiffness and might potentially lead to failure of the struc-
ture. A series of centrifuge tests was carried out at 100g on a

model monopile installed in dense sand with an embedment
ratio of 5 to investigate the effect of scour on the foundation lat-
eral response. Three scour types (local narrow, local wide, and
global) and three scour depths (1D, 1.5D, and 2D) were considered
in this investigation, which represent a range of common scour
shapes in real engineering applications. Empirical equations were
derived to evaluate the beneficial effect of local scour types com-
pared with the assumption of global scour conditions, and to assess
the detrimental effect of increased scour depth on pile moment
capacity.The following conclusions can be drawn from this study:

1. Scour type has significant influence on the pile moment–
rotation behaviour. Piles under local narrow scour show the
highest moment capacity, followed by local wide scour, and
global scour conditions. At scour depths of 1D and 1.5D, scour
type has minimal effect on the stiffness of the pile at small
rotations, which signifies that in pile dynamic analysis within
small strain range the effect of scour type could be ignored.
However, the results indicate that in the case of a global scour
condition to a depth of 2D, negative effect of scour on the
stiffness of pile should certainly be taken into consideration.
At the same soil depth (z) and lateral displacement (y), pile

under local narrow scour mobilizes the highest amount of soil
resistance (p), followed by local wide scour, then global scour.
Themajor consequential difference between local narrow scour
and local wide scour was speculated as the amount of overbur-
den pressure and resistance provided by the sand slope near to
the pile, while the difference between local wide scour and
global scour was suspected to be due to the overburden pres-
sure provided by the soil above the scour base. According to
this hypothesis, the beneficial effect of local scour types could
be regarded as additional soil layers lying above global scour.
Empirical equations were derived to calculate the equivalent
scour depth (zequ), which can be implemented in the current
monopile foundation designmethodology.

2. The pile moment capacity was found to decrease almost line-
arly with the increase of scour depth, in all the three scour
types (local narrow scour, local wide scour, and global scour).
The pile initial stiffness decreased with increasing scour depth
as well. Increasing scour depth leads to an increase in the peak
bending moment and moves the location of the peak moment
into deeper soil.
The detrimental effect of scour on the moment capacity,

considering the influence of scour depth and scour type, was
described by empirical equations for a monopile with L/D = 5
installed in dense sand. In the practical application, depend-
ing on the marine hydraulic environment, as long as the type
and depth of the scour hole are estimated, the moment
capacity reduction factor MR,reduction could be calculated and
employed to determine the design pile moment capacity
under scour condition (MR,with scour). In this way, the tradi-
tional design method which neither fully considers the effect
of scour shape nor properly addresses the effect of scour
depth, could be improved.
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List of symbols

C1, C2 integration constants
CU uniformity coefficient
D pile diameter

D50 medium particle size
Dr relative density
Ds scour depth
E elasticity modulus
e loading eccentricity

emax maximum void ratio
emin minimum void ratio

f nondimensional fitting parameter
Gs specific gravity
GL global scour
I moment of inertia
L pile length

LN local narrow scour
LW local wide scour
M bendingmoment
~M normalized moment

MR moment capacity
MR,no scour moment capacity under no scour condition
MR,reduction moment reduction factor
MR,with scour moment capacity under scour condition

NS no scour
p soil reaction
pa atmospheric pressure
r non-dimensional fitting parameter

Wb scour base width
Wt top scour width
y pile displacement
z depth below original mudline

zadd additional soil depth
zadd,LN additional soil depth to account for local narrow

scour
zadd,LW additional soil depth to account for local wide scour

zequ equivalent scour depth
g unit weight of sand
d additional soil depth factor
u pile rotation
~u normalized pile rotation

~u AAR normalized allowable accumulated rotation
w cr critical friction angle of sand
v scour slope angle
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