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a b s t r a c t

Offshore wind turbine (OWT) monopile foundations are subjected to cyclic loading from wind, waves,
and operational loads from rotating blades. Lateral monopile capacity can be significantly affected by
cyclic loading, causing failure at cyclic load amplitudes lower than the failure load under monotonic
loading. For monopiles in clay, undrained clay behavior under short-term cyclic soil-pile loading (e.g.
extreme storm conditions) typically includes plastic soil deformation resulting from reductions in soil
modulus and undrained shear strength which occur as a function of pore pressure build-up. These
impacts affect the assessment of the ultimate and serviceability limit states of OWTs via natural fre-
quency degradation and accumulated permanent rotation at the mudline, respectively. This paper
introduced novel combinations of existing p-y curve design methods and compared the impact of short-
term cyclic loading on monopiles in soft, medium, and stiff clay. The results of this paper indicate that
short-term cyclic loading from extreme storm conditions are unlikely to significantly affect natural
frequency and permanent accumulated rotation for OWT monopiles in stiff clays, but monopiles in soft
clay may experience significant degradation. Further consideration is required for medium clays, as load
magnitude played a strong role in both natural frequency and permanent rotation estimation.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Offshore wind turbines (OWTs) are subjected to cyclic envi-
ronmental loading from wind and waves and cyclic operational
loads from rotating blades. Most OWTs are supported by monopile
foundations, which account for more than 75% of currently
installed OWT foundation systems [1,2]. Due to the lack of redun-
dancy in the design of a monopile and the nature of OWT loading,
lateral soil capacity is one of the primary limiting factors for the
design of OWT monopile foundations. Lateral monopile capacity
can be significantly affected by cyclic loading, causing failure at a
cyclic load amplitude lower than the failure load under monotonic
loading [3].

In terms of soil behavior, cyclic loading can be categorized into
long-term or short-term loading: during long-term cyclic loading,
the pore pressure generated by cyclic loading dissipates and
drained soil behavior may be assumed; conversely, short-term cy-
clic loading leads to undissipated pore pressures which decrease

effective stress and consequently reduce soil stiffness and un-
drained shear strength [4e6]. This issue is particularly of impor-
tance for clays, as the time for pore pressure to dissipate is typically
much longer than for sands. Undrained clay behavior under short-
term cyclic soil-pile loading typically includes plastic deformation
of the soil (and subsequent gap formation at the pile head [5e8]),
which comes from the reduction in soil modulus and undrained
shear strength as a function of pore pressure build-up. This paper is
focused on short-term cyclic loading of clays, a situation which
arises for OWTs during storm conditions.

The impacts of short-term cyclic loading for monopiles in clay
affect the assessment of both the ultimate limit state (ULS) and
serviceability limit state (SLS) of OWTs. In the context of geotech-
nical design, the ULS of an OWTmonopile is dictated by lateral soil-
pile resistance, which is affected by cyclic loading. Reduction in
soil-pile stiffness decreases the natural frequency of the entire OWT
structure, causing the OWT natural frequency to shift towards the
wave frequency spectra and to the frequency of a single OWT blade
rotation (or 1P frequency). Under these circumstances, loads can be
dynamically amplified and the simultaneous reduction of founda-
tion capacity from cyclic loading and the amplification of loading* Corresponding author.
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can exceed the ULS of the soil. In terms of SLS, OWT monopiles are
often designed to not exceed 0.5! of tilt or rotation at the mudline
(or other similar value as dictated by the turbine manufacturer).
The 0.5! threshold considered here consists of 0.25! of construction
tolerance and 0.25! of permanent accumulated rotation [9]. This
permanent accumulated rotation arises from inelastic soil behavior
which is typically induced by cyclic wind andwave loads during the
design life of the OWT [9]. In short, short-term cyclic loading of
OWTs during storm conditions can induce two important and
interactive effects: natural frequency degradation of the entire
system and accumulated permanent rotation at the mudline. This
paper considers both effects individually using novel combinations
of existing design methods, since at present there is no consensus
on a coherent design method for estimating either effect.

Laterally loaded OWT monopiles are usually designed and
analyzed using the p-y curvemethod [9], which represents soil-pile
interaction as a series of nonlinear springs along the length of the
pile. Because the experimental work to derive these curves was
originally performed on small-diameter piles, many researchers
have examined the discrepancy between predicted pile response
from the p-y method for large-diameter OWT monopiles and that
which is predicted via finite element models or experimental
modeling, e.g. Refs. [10e13]; however, the perceived complexity
and computational expense of finite element models has prevented
their widespread use, despite the increased accuracy of their
constitutive models [6]. A detailed experimental investigation is
required to assess the true behavior of large diameter monopiles in
clay subjected to cyclic lateral loading; however, in the absence of
such a study, existing cyclic p-y curve models are used in this paper
as a best estimate.

2. Research methodology

This paper uses existing cyclic p-y methods to examine two
effects: natural frequency degradation and permanent accumu-
lated mudline rotation for monopile-supported OWTs in clay.
Regarding natural frequency degradation, a novel, hybrid approach
is proposed using the static Matlock [14] p-y curves determined by
monotonic loading in conjunction with the ultimate soil resistance
(pu) cyclic degradation model proposed by Rajashree & Sundar-
avadivelu [15] as described in Section 3. Section 4 describes how
rainflow counts of stochastic load time histories are used in

conjunction with the established p-y methods to estimate the cu-
mulative effect of cyclic degradation from a 1-h storm. An alter-
native, more generalized approach to cyclic degradation is
introduced in Section 5, wherein the stiffness of p-y springs within
an embedment reduction zone is assumed to be negligible repre-
senting the effect of soil disturbance around the pile. The two
hybrid methods for estimating natural frequency degradation
(Section 6.2) and permanent mudline rotation (Section 6.3) are
summarized schematically in Fig. 1. The magnitude of permanent
mudline rotations is predicted based on the unload-reloadmodulus
proposed by Ref. [14] for cyclically loaded piles. In this paper, the
soil-pile behavior is assumed to be elastic for p-y springs with
loading less than 0.5pu (half the ultimate resistance of the p-y
spring).

In Section 6, the effects of these two hybrid approaches are
assessed for a range of conditions by examining the frequency
degradation and permanent accumulated rotation of the National
Renewable Energy Laboratory (NREL) 5 MWReference Turbine [16]
supported by amonopile installed in homogeneous deposits of soft,
medium, and stiff clay. The turbine and monopile are modeled in
FAST [17] for extreme storm conditions representative of two
different U.S. Atlantic offshore sites (off the coasts of Massachusetts
and Delaware). For both sites, storm conditions are assessed for
multiple return periods ranging from 50 to 500 years. While the
extreme storm loading presented here may not represent SLS
loading in a traditional sense, the assessment of the SLS for
monopiles should be performed for loads which may cause per-
manent deformation of the soil [9]. The embedment reduction
method and the accumulated cyclic degradation method are
compared for both natural frequency degradation and permanent
accumulated rotation, and the results of this paper show that only
the largest load cycles during extreme storms have significant
impact on the natural frequency degradation or accumulated per-
manent rotation.

3. Existing cyclic models for soil stiffness and strength

This section discusses existing models for analyzing monopile
foundations in clay subjected to cyclic lateral loading. In most
design situations, soil-pile interaction is considered through p-y
curves which define the nonlinear relationship between lateral soil
resistance p and displacement y along the length of the pile. Det

Nomenclature

DE Delaware
MA Massachusetts
NREL National Renewable Energy Laboratory
OWT Offshore wind turbine
SLS Serviceability limit state
ULS Ultimate limit state
b Pile diameter
g Acceleration due to gravity
p Soil resistance
pu Ultimate soil resistance
su Undrained shear strength
t Wall thickness
x Depth below mudline
y Soil spring displacement
yc Soil spring displacement at 50% of ultimate soil

resistance

E Young’s modulus
H Horizontal mudline force
Hs Significant wave height
J Empirical factor
K0 Initial spring stiffness
K1 Initial spring stiffness for piecewise linear p-y curve
Ksec Secant spring stiffness
M Mudline moment
N Number of cycles
Tp Peak spectral period
U1-hr,hub One hour average wind speed at hub height
εc Strain at 50% of undrained compression tests of

undisturbed soil samples
g0 Submerged unit weight
lN Degradation factor
r Density of steel
s Standard deviation
x Empirical coefficient
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Norske Veritas [9] recommends the p-y curves proposed by Mat-
lock [14] for lateral soil-pile resistance, though several other p-y
models for clay exist (e.g. Refs. [7,18]). The American Petroleum
Institute (API) [19] recommends the p-y curves developed by Reese
et al. [18] for stiff clays; however, research performed by Ref. [7]
indicated that the clay imbibed water during testing and there-
fore manifested more degradation than other cases. For this reason,
this paper uses the Matlock p-y curve formulation for monopiles in
clay [9]. Further comparison of clay p-y curves and behavior under
cyclic degradation can be found in Ref. [20].

The Matlock p-y curves are currently recommended by design
guidelines (e.g. DNV [9]) for the analysis of laterally loaded OWT
monopile foundations in clay, despite the fact that the curves were
developed for slender piles and OWT monopiles exhibit stiff pile
behavior [10]. The p-y curves are recommended primarily for
assessing the lateral response of the pile using a quasi-static load
associated with the ULS. Although Matlock has introduced a cyclic
version of the p-y curve [14], it is neither cycle nor amplitude
dependent [9], and provides only a lower bound on the soil-pile
lateral stiffness. To overcome this shortcoming in this paper, a
quasi-static p-y degradationmodel by Rajashree& Sundaravadivelu
[15] is used in conjunction with static/monotonic Matlock p-y
curves to explicitly account for the effects of both load amplitude
and number of cycles on soil-pile behavior. This hybrid cyclic p-y
model is used for all calculations presented in this paper.

The estimation of permanent accumulated rotations at the
mudline requires an additional model to define the elastic-plastic
characteristics of the p-y curves. The p-y curves developed by
Matlock [14] were based on monotonic lateral load tests of slender,
small diameter (12.75 in ¼ 0.32 m) piles in soft, saturated clay. In
this paper, static p-y curve behavior is assumed to be perfectly
plastic after the lateral resistance p reaches the ultimate resistance
pu with the full p-y curve defined by

p ¼
0:5pu

y
yc

! "1=3
for y # 8yc

pu for y>8yc

8
><

>:
(1)

where

pu ¼ 3su þ g’xð Þbþ Jsux # 9sub (2)

in which su is the undrained shear strength, g0 is the submerged
unit weight, b is the pile diameter, J is an empirical factor ranging
from 0.25 to 0.5 (for stiff to soft clays, respectively), and x is the
depth below mudline. The depth at which 9sub controls pu is
referred to as the transition point, xr. Spring displacement is
normalized by

yc ¼ 2:5εcb (3)

where εc is the strain occurring at one-half the maximum stress in
laboratory undrained compression tests of undisturbed soil
samples.

Because clay p-y curves have infinite initial stiffness, a finite
estimate of initial stiffness is needed here to estimate initial and
degraded natural frequencies of the OWT system. Two finite initial
stiffness estimates are given in Ref. [9]; the first (denoted as K0
here) is defined as

K0 ¼ x
pu

bε0:25c
(4)

where x is an empirical coefficient equal to 10 for normally
consolidated clay and 30 for overconsolidated clay. If piecewise
linear segments are used to represent the nonlinear p-y curves
however, the recommended endpoint of the first linearized
segment is p/pu ¼ 0.23 and 0.1yc [9], thereby making an alternative
estimation of the initial stiffness defined as

K1 ¼
0:23pu
0:1yc

: (5)

Permanent accumulated rotation after loading is assessed by
assuming that soil springs unload elastically following the
nonlinear loading path of the p-y curve for soil resistance p < 0.5pu
and spring displacements y< yc and linearly for p> 0.5pu and y > yc;
for inelastic soil springs in which p > 0.5pu, the unload/reload
modulus of the springs is assumed to behave as proposed in
Ref. [14]. It should be noted that large mudline pile loads generally
cause springs near the soil surface to load beyond the elastic range,
with increases in mudline loading causing progressively more soil
springs along the length of the pile to enter the inelastic range.
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Fig. 1. Cyclic pile-soil analysis flowchart.
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Both of the initial stiffness estimates are shown in Fig. 2,
assuming x ¼ 30, along with a schematic representation of the
unload/reload modulus assumption from Ref. [14].

The Rajashree & Sundaravadivelu [15] p-y degradation model is
used in conjunctionwith the static Matlock [14] p-y curves to define
soil-pile resistance as a function of load amplitude (via soil spring
displacement) and number of cycles. The p-y degradation model
degrades the initial (first cycle) ultimate soil resistance pu to a
degraded ultimate soil resistance puN after a number of cycles N by

puN ¼ ð1' lNÞpu (6)

with degradation factor lN defined as

lN ¼ y1
0:2b

logðNÞ # 1: (7)

in which y1 is the displacement predicted by the static p-y curve
and b is the pile diameter. The degradation method is therefore a
function of the number of cycles and spring displacement (and
consequently also mudline load amplitude and corresponding pile-
soil deformation shape), but is independent of load frequency. Fig. 3
demonstrates the degradation of a p-y curvewith 10 and 100 cycles
of loading assuming an initial static displacement of 0.01b and
0.05b. For a 6 m diameter pile, a spring displacement of 0.05b
corresponds to 0.3 m, which is relatively significant in the context
of OWT monopile displacements given the mudline displacement
design limitation of 0.2 m used by Ref. [21]. A spring displacement
of 0.01b corresponds to 0.06 m of spring displacement and as
shown in Fig. 3, approximately 5% degradation of the ultimate soil
resistance (p/pu z 0.95).

This form of p-y curve degradation compared favorably to one-
way cyclic experimental testing of a small diameter pile (25.4 mm)
in soft clay using the ultimate soil resistance relationship proposed
byMatlock and for cyclic load magnitudes up to approximately 70%
of the static lateral pile capacity [15]. It is assumed that the same
caveats associated with the p-y curves also apply to the hybrid
Matlock-Rajashree & Sundaravadivelu degradation model pro-
posed here.

4. Cumulative cyclic degradation model

Because the p-y method is recommended for ULS conditions,

cyclic loading effects are typically taken into account using a quasi-
static cyclic load amplitude and applied to a soil-pile system sup-
ported by p-y curves modified to represent the lower bound
resistance of a pile which has reached equilibrium under cycling
[9,19]. Using this method assumes an infinite number of cycles at
constant load amplitude, which neglects the potential cumulative
effects of varying load amplitudes from a storm time history.

In contrast, the cyclic accumulation method developed at the
Norwegian Geotechnical Institute [3,22] considers cumulative cy-
clic degradation for application to piles supported by p-y curves,
wherein cyclic load histories (e.g. from extreme storm loading) are
idealized using load parcels consisting of numbers of load cycles at
different load amplitudes. These load parcels are then applied in
order of increasing load amplitude using a cyclic accumulation/
degradation method between each step to account for the equiv-
alent degradation from the number of load cycles N associated with
that load amplitude.

In the case of the NGI method, the cyclic accumulation method
is applied in a three-dimensional finite element model with the
degradation of soil properties evaluated at each node using a
custom constitutive model informed by cyclic strain contour dia-
grams. While this consideration of cyclic accumulation is likely a
more accurate assessment of pore pressure accumulation and
consequent cyclic degradation, the computational expense and
complexity of the model are limiting factors.

A simplified cyclic degradationmethod is proposed in this paper
based on a hybrid of static/monotonic p-y curves [14] and p-y curve
degradation [15]. The process is as follows:

( Idealize storm load history into i load parcels consisting of
horizontal mudline force, mudline moment, and associated
number of cycles (Hi, Mi, Ni) using rainflow counting (Section
6.1).

( Find the static p-y spring displacement associated with first load
parcel (H1, M1).

( Determine the ultimate soil resistance pu,N1 for each spring ac-
cording to the p-y degradation model (Eqs. (6) and (7)) using N1
and the displacement associated with (H1, M1).

( Load the degraded p-y pile-spring model with (H1, M1) and
unload the degraded p-y pile-spring model using the unloading
rules described in Fig. 1.

( Find the p-y spring displacement for the next load parcel (Hiþ1,
Miþ1) using the current pile-spring model.
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( Further degrade the ultimate soil resistance by
pu,Niþ1 ¼ (1'lNiþ1) pu,N1 for each spring using Niþ1 and the
displacement associated with (Hiþ1, Miþ1).

( Load the degraded p-y pile-spring model with (Hiþ1, Miþ1) and
unload the degraded p-y pile-spring model.

( Repeat process for remainder of load parcels.

An example of this process is demonstrated in Fig. 4 using a
single p-y spring and three load parcels consisting of a lateral force
only (no moment): (1) represents the static/monotonic initial p-y
curve which informs the degradation of the first load parcel; (2)
illustrates the load-unload cycle for the first load parcel, which in
this instance remains elastic; the p-y curve associated with the first
load parcel informs the degradation for the second load parcel; (3)
denotes the peak of the second load parcel which exceeds the
elastic limit and unloads linearly; (4) demonstrates the final per-
manent displacement after the third and final load parcel. It should
also be noted that because degradation occurs between the second
and third load parcels, the linear reloading of the third load parcel
at (3) is at a different slope than the unloading branch of the second
load parcel.

5. Degradation via embedment depth reduction

The p-y degradation model presented by Rajashree & Sundar-
avadivelu [15] primarily degrades the strength of the soil rather
than the stiffness. This section outlines an alternative method
which explicitly reduces the embedment depth of the monopile to
reflect the effects of the degradation of soil stiffness due to short-
term cyclic loading. This method is motivated by observations of
a zone of soil disturbance around the circumference of the pile in
the natural frequency experimentation performed in Ref. [23],
demonstrating inelastic soil behavior post-cycling with a signifi-
cant amount of permanent monopile rotation. The disturbance of
the soil around the perimeter of the pile may be indicative of
gapping, which occurs when soil in the passive zone behind the pile
is loaded beyond the linear range and residual soil displacements
remain post-loading. Upon reloading, the pile travels freely through
the gap before re-contacting soil. This gapping behavior has been
approached in a p-y context using gap elements [24], but generally
speaking it is a difficult behavior to characterize; moreover, in a

linearized p-y model (required for determining the natural fre-
quency of the OWT via eigenvalue analysis), it is not clear how
these gap elements would contribute to soil-pile stiffness.

While the cumulative cyclic degradation model described in the
previous section takes soil disturbance into account implicitly, cy-
clic degradation could also be modeled more simply and explicitly
in terms of embedment reduction (Fig. 5). This method assumes
that there is no stiffness contribution from the p-y soil springs
within a user-defined embedment reduction zone; in this paper,
the results from embedment reduction of 0.5b and 1b are presented
to demonstrate a range of possible behavior.

Scour protection is a very important component of OWT
monopile design [25] and the analysis of scour is directly related to
monopile embedment. Analysis of scour was considered outside
the scope of this paper; however, the embedment reduction
method gives an indication of how erosion due to scour would
impact lateral soil-pile resistance and natural frequency estimation
insofar as scour, gapping, significant soil disturbance similarly
result in the absence of soil at the top of the pile.

OWT natural frequency was calculated as a function of load level
using p-y secant stiffness (Fig. 6) and including embedment
reduction as follows:

( Mudline loads (H,M) were applied to the top of a p-y pile-spring
model, assuming pile springs in the embedment reduction zone
contribute zero lateral stiffness.

( From the resulting displacement y for each spring along the
length of the pile, the soil resistance p for each spring was
determined from Eq. (1).

( The secant stiffness Ksec was then calculated as p/y.
( The natural frequency of the system was calculated via eigen-
value analysis.
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6. Application to the NREL 5 MW reference turbine

The effects of short-term cyclic loading are examined in this
section for the NREL 5 MW Reference Turbine supported by a 6 m
diameter monopile embedded in clay (Fig. 7). The NREL open-
source wind turbine simulation program FAST [17] was used to
calculate structural loads caused by 1 h stochastic wind and wave
time histories representative of the extreme storm for two loca-
tions off the U.S Atlantic coast. Two different approaches (Fig. 1) are
compared here for assessing OWT natural frequency and perma-
nent accumulated pile rotation:

(1) The average maximum horizontal mudline force (H) and
mudline moment (M) from the stochastic time histories is
used with a p-y curve pile-spring system including embed-
ment reduction.

(2) Rainflow counts of the time histories were used to idealize
the stochastic time histories into load parcels of (H,M, N) and
were used in conjunction with the cumulative cyclic degra-
dation method proposed in Section 4.

The pile design in this paper consists of a 6 m diameter pile with
wall thickness of 0.09 m embedded 34 m into homogeneous clay
with submerged unit weight of 9.2 kN/m3. A monopile of these
dimensions is similar to the designs presented in literature (e.g.
Refs. [26e28]). Three different undrained shear strengths are
considered (35 kPa, 50 kPa, and 100 kPa) to examine the degra-
dation and inelastic behavior of soft, medium, and stiff clays, as
shear strength is the most influential property in p-y curve
formulation. In a true design context, the embedment depth of the
piles would likely vary from site to site in order to approach fixity at
the base of the pile (i.e., zero pile kick) and adequate force-
displacement behavior over the range of expected loads; howev-
er, the focus of this paper is to examine the behavior which could
occur as a function of soil properties and not to focus strictly on the
behavior of the pile itself.

6.1. Environmental condition and load effect models

The 1-hr average wind speed at hub height (U1-hr,hub) and sig-
nificant wave height (Hs) from two sites were considered in this
study: a Massachusetts (MA) site between Martha’s Vineyard and
Block Island [29] and the National Data Buoy Center (NDBC) buoy

44009 off the coast of Delaware (DE) [30]. Because water depths for
the MA and DE sites were 15 m and 30 m respectively, Hs values
were scaled linearly for the NREL 5 MW Reference Turbine model’s
20 m water depth. While linearly scaling of Hs may not result in
exact physical representation of waves at different water depths,
the waves generated by this method are physically realistic and
provide a plausible, illustrative example of extreme storm condi-
tions suitable for examining the degradation of soil-pile resistance.

The site conditions (Table 1) represent storm conditions for
mean return periods between 50 and 500 years. In the case of the
MA site, the 50- and 500-year conditions are taken from Ref. [29],
using two methods to estimate the 50-year conditions: 1) using
data only from tropical storms and 2) from approximately 20 years
of measured data. The site conditions for the DE site are calculated
by the authors using independent extreme value distributions fit to
30 years of annual maxima of wind and wave measurements from
the National Data Buoy Center [30].

The peak spectral period Tp was calculated as a function of Hs for
extreme sea states [9] using

Tp ¼ 11:1
ffiffiffiffiffiffiffiffiffiffiffi
Hs=g

p
(8)

where g is the acceleration due to gravity, similar to the approach
taken in Refs. [20,31]. The minimum estimate of Tp is conservative,
as smaller values of Tp shift thewave frequency spectra closer to the
natural frequency of the NREL 5 MW Reference Turbine (thereby
increasing dynamic loads) and also because smaller Tp contributes
to steeper waves and consequently greater particle velocity and
acceleration.

Mudline loads for the NREL 5 MW Reference Turbine were
generated using NREL’s aeroelastic code FAST [17] for the

Fig. 7. NREL 5 MW reference turbine.
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environmental site conditions in Table 1. Six 1-hr time histories per
environmental site condition were simulated with a perfectly fixed
mudline condition, 0! yaw, co-directional wind and waves, and
parked and feathered blades, similar to design load case 6.1a [9,32].
The average of the maximum horizontal mudline force and mud-
line moment from the six 1-hr time histories is denoted as Hmax,avg
and Mmax,avg. Turbulent winds were generated according to the
Kaimal spectrum assuming a turbulence intensity of 0.11. Wind
loads on the OWT blades were calculated using Blade Element
Momentum (BEM) theory assuming a power law for vertical wind
shear with an exponent of 0.14. Linear irregular wave kinematics
were generated using the JONSWAP spectrum and converted into
wave loads using Morison’s equation with Cm and Cd equal to 1.75
and 1.26, respectively. The use of Morison’s equation is valid when
the diameter of the pile foundation is less than 20% of the wave-
length [9]. Using the equations given in Ref. [9] to estimate the
wavelengths of the site conditions in Table 1 as a function of water
depth and wave period, the pile diameter ranges from approxi-
mately 4e6% of the wavelength (estimated to be 100e150 m for a
water depth of 20 m and wave periods from 8.5 s to 11.9 s).

It should be noted that the wave heights and periods shown in
Table 1 may lead to breaking waves, but the effects of these waves
are neglected in this paper. Fig. 8A shows an example of the time
histories of H and M from one 1-hr realization of the 50-year
(storm) condition at the MA site. In Fig. 8B, the assumption of H
and M concurrence is further justified by the similar trends in the
rainflow counts for all six 1-hr realizations of the time histories
from the storm-based 50-year conditions at the MA site.

For degradation analysis it was necessary to idealize the storm

time histories into load parcels of (H,M,N). Because rainflow counts
for H andM are calculated separately and H andM are not perfectly
correlated, there is no precise way of linking N to a simultaneous
pair of (H, M); consequently, a synthetic rainflow count of H was
created deterministically as a function of M using the relationship
between H and M for the FAST time histories from each load sce-
nario. For the storm-based 50-year MA time histories, the average
slope relating H to M is 1/0.0582 with a correlation coefficient of
0.860; after determining the rainflow count for M, a synthetic
rainflow count for H was created by using the number of cycles N
from the moment count and by scaling M by a factor of 0.0582
(Fig. 9). While the synthetic rainflow count overpredicts the num-
ber of cycles at lower amplitudes, the higher amplitude cycles in-
fluence degradation results much more strongly than the lower
amplitude cycles. Additionally, the magnitude of M influences re-
sults more strongly than H. The average correlation coefficient
between H and M for the realizations of the five storms ranged
between 0.8 and 0.9; for storms with lower correlation coefficients,
this synthetic rainflow counting method would likely be too con-
servative. In cases where the moment and shear are found to be
only weakly correlated, a statistical approach could be imple-
mented in which the shear cycle amplitudes and counts are
simulated conditional upon the moment cycle amplitudes and
counts, or alternatively, time history analysis of the foundation
systemwould result in rainflow counts of the force in each of the p-
y springs allowing direct modeling of the degradation of each p-y
spring without the need to assume correlation between moment
and shear. This second procedure would be significantly more
computationally intensive than the procedure presented here and

Table 1
Environmental site conditions and load summary for NREL 5 MW Reference Turbine in 20 m water depth.

Site MA DE

Mean return period 50 years 50 years 500 years 50 years 500 years

Wind-wave estimation method Tropical storm Measured Measured Measured Measured

U1-hr,hub (m/s) 47.6 38.1 42.2 32.8 37.4
Hs (m) 11.3 8.3 9.9 5.4 5.7
Tp (s) 11.9 10.2 11.1 8.2 8.5

Hmax,avg (MN) 6.32 3.64 4.26 2.48 2.51
sH,avg (MN) 1.12 0.861 1.00 0.618 0.633
Mmax,avg (MNm) 119 66.2 80.8 45.5 47.7
sM,avg (MNm) 16.6 13.4 14.4 10.6 10.5

Avg. correlation coefficient (H,M) 0.860 0.834 0.872 0.806 0.817
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Fig. 8. Example (A) One realization of a 1-hr storm load time history and (B) rainflow cycle counts of horizontal mudline force and moment from six random 1-hr storm load
histories for 50-year (storm) MA site.
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is therefore left as a topic for future study.
The average rainflow counts of the six realizations for each load

scenario (Table 2) indicate that the storm-based 50-year MA load
scenario will lead to greater degradation of the ultimate soil
resistance pu and therefore to greater degradation of the OWT
natural frequency and larger permanent accumulated rotation.

6.2. Natural frequency degradation

While calculating the natural frequency of the tower and RNA of
an OWT is relatively straightforward, including soil-structure
interaction in the calculation requires several modeling assump-
tions due to the nonlinearity of soil-structure behavior and the
requirement of linear springs in a natural frequency eigenvalue
analysis. As mentioned in Section 3, two different estimates of
initial stiffness can be used for clays (identified previously as K0 and
K1); considering homogeneous deposits of clay with su ¼ 35 kPa,
50 kPa, and 100 kPa, Table 3 illustrates the slight (<5%) variation in
the estimation of the first natural frequency f1 for the NREL 5MWas
a function of initial stiffness, and approximately 7% difference in f1
between the su ¼ 35 kPa and su ¼ 100 kPa clays.

The 1P and 3P frequencies of the NREL 5 MW are 0.2 Hz and
0.33 Hz, respectively [16]. A natural frequency below the 1P fre-
quency is a likely indication of a resonant condition, as (1) the
frequency region below 1P is largely dominated by the wave fre-
quency spectrum and (2) because natural frequency degradation is
not a discrete process, and therefore the natural frequency must
necessarily conflict with the 1P frequency before falling below 1P.

The natural frequencies in Table 3 are only applicable for very

small loads; for larger loads, the natural frequency of the OWT is
determined by the secant stiffness of the p-y springs (using the
method described in Section 4). Using the average maximum loads
from the six load scenarios in Table 1 and limiting the maximum
stiffness of the springs to K0, Table 4 compares the difference in
large strain natural frequency estimation to initial natural fre-
quency for cases including no embedment depth reduction, 0.5b
pile diameters of embedment reduction, one pile diameter b of
embedment reduction, and cumulative cyclic degradation. For the
cumulative cyclic degradation case, the secant p-y stiffness Ksec was
defined using the peak spring displacement from the final storm
load parcel. Reductions in natural frequency marked with an
asterisk indicate cases in which the natural frequency is below 1P.

Table 4 shows that the dominant load scenario for all analyses is
the 50-year MA storm case. The higher magnitude of the MA loads
had a more significant effect on natural frequency than the lower
magnitude DE loads, resulting in natural frequencies below 1P for
all of the su ¼ 35 kPa cases and for su ¼ 50 kPa when considering
0.5b to 1b of embedment reduction. It is also interesting to note that
the cumulative cyclic degradation method estimates higher natural
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Fig. 9. Example (A) Relationship between horizontal mudline force and mudline moment and (B) comparison of synthetic rainflow cycle count from mudline moment and hor-
izontal mudline force from one realization of a 1-hr storm load history for 50-year (storm) MA site.

Table 2
Average rainflow counts and slope for the MA and DE load scenarios.

Mudline moment amplitude (MNm) MA DE

50 years tropical storm 50 years measured 500 years measured 50 years measured 500 years measured

0 4519 4394 3761 3454 4033
10 357 344 359 431 435
20 215 211 247 238 236
30 111 100 93 52 45
40 46 29 26 4.9 4.7
50 16 8.4 4.3 0.2 0.3
60 5.4 2.3 1.6 0 0
70 1.6 0.6 0 0 0
80 1.3 0.1 0 0 0
90 0.3 0 0 0 0
100 0.4 0 0 0 0

M/H slope (m) 1/0.0582 1/0.0605 1/0.0536 1/0.0470 1/0.0491

Table 3
Estimations of the initial first natural frequency (f1) for the NREL 5 MW reference
turbine.

su f1(K0) f1(K1) Reduction causing f1 < 1P (0.2 Hz)

35 kPa 0.234 Hz 0.245 Hz 15e18%
50 kPa 0.241 Hz 0.250 Hz 17e20%
100 kPa 0.251 Hz 0.257 Hz 20e22%
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frequencies (less reduction as compared to small strain estimates)
when compared to the quasi-static p-y method using average
maximum loads. This is likely due to the fact that the average
maximum loads are significantly larger than the maximum load
cycles from rainflow counting, but in this case using a quasi-static
p-y method with average maximum loads is more conservative
than the cumulative effect of a storm time history.

6.3. Estimation of permanent accumulated mudline rotation

As previously proposed, permanent inelastic soil deformation is
assumed to occur when p-y springs are mobilized beyond p/
pu ¼ 0.5; p-y springs for which p/pu < 0.5 are assumed to behave
elastically. In order to broadly measure the severity of the storm
loading conditions above, the quasi-static average maximum
mudline loads Hmax,avg and Mmax,avg from the most severe storm
case (storm-based 50-year MA) were used to determine the degree
of mobilization (i.e., the ratio of demand p vs. ultimate resistance
pu) for p-y spring-supported monopiles embedded in homoge-
neous clay deposits of su ¼ 100 kPa, 50 kPa, and 35 kPa (Fig. 10). The
soil springs are assumed to be symmetric, thus Fig. 10 demonstrates
the degree of p-y mobilization in terms of the absolute value of p.

For the monopile in stiff clay (su ¼ 100 kPa), even the most se-
vere loading conditions from Table 1 do not push the soil beyond
the elastic range. For the pile in medium (50 kPa) clay, the soil at
approximately the top third of the pile exceeds the elastic range,
and for the soft (35 kPa) clay, the majority of the soil behaves
inelastically. The influence of inelastic soil behavior is further
demonstrated by the load-unload paths of the pile head for these
three cases in Fig. 11, where no permanent accumulated rotation
can be seen for the 100 kPa case, a very small amount of permanent
accumulated rotation for the 50 kPa case, and an exceedance of the
0.25! permanent mudline rotation SLS for the 35 kPa case.

As in the prior section, the permanent accumulated rotation
from the average maximum load cases was compared with the
cumulative cyclic degradation method (Table 5). Permanent rota-
tions less than 0.01! were considered to be negligible (denoted as
“e” in Table 5). The results from the embedment reduction cases of
0.5b and 1b show significantly more permanent rotation than the
cumulative cyclic degradation method for the 50-year MA (tropical
storm) case; considering a monopile in su ¼ 35 kPa clay, the
removal of p-y springs prior to applying the 50-year MA tropical
storm loads exceeded the capacity of the pile for both 0.5b and 1b
amounts of embedment reduction. It should also be noted however
that the average maximum mudline loads used in the embedment
reduction cases exceeds the magnitude of the highest cycles ob-
tained from rainflow counting; as such, the results in Table 5 are
also representative of the effect of load magnitude on the estima-
tion of permanent accumulated rotation.

Fig. 12 compares the cumulative cyclic degradation force-
displacement paths considering monopiles in clays with
su ¼ 35 kPa, 50 kPa, and 100 kPa. The monopile in 100 kPa clay does
not sustain any significant cyclic degradation, which is expected
given the results of the natural frequency study. For themonopile in
50 kPa clay, only the largest amplitude cycles induce inelastic soil
behavior. Both cyclic degradation and highly inelastic behavior are
present for the monopile in 35 kPa clay, with cyclic degradation
clearly demonstrated between the ultimate and penultimate load
parcels.

7. Conclusions

Monopiles are the predominant foundation type for offshore
wind turbines (OWTs) and are typically designed using the p-y
method to model lateral soil behavior. The p-y method is relatively
simple and easy to implement, making it a convenient alternative
to finite element models; however, an important drawback when
applied to OWT monopiles is that p-y models assume flexible pile

Table 4
Percent difference in first natural frequency from initial stiffness estimation (K0) for the average maximum mudline loads and average percent difference for the cumulative
load effect from rainflow counts. Negligible changes in natural frequency are denoted as “e”.

Undrained shear strength (su) MA DE

50 years tropical storm 50 years measured 500 years measured 50 years measured 500 years measured

No embedment reduction 35 kPa '28%* '7.1% '13% '1.5% '1.7%
50 kPa '14% '2.5% '4.4% '0.2% '0.3%
100 kPa '2.6% '0.2% '0.7% e e

0.5b embedment reduction 35 kPa '35%* '12% '18%* '3.2% '3.6%
50 kPa '20%* '4.5% '7.8% '1.0% '1.2%
100 kPa '4.4% '0.8% '1.6% e e

1b embedment reduction 35 kPa '45%* '19%* '26%* '6.7% '7.4%
50 kPa '28%* '8.6% '14% '2.7% '3.0%
100 kPa '8.0% '2.0% '3.1% '0.4% '0.5%

Cumulative load effect 35 kPa '24%* '6.0% '12% '0.8% '1.1%
50 kPa '9.3% '2.0% '4.0% '0.2% '0.3%
100 kPa '1.5% <0.1% '0.5% <0.1% <0.1%

* Denotes cases in which the degraded natural frequency is below 1P.
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behavior and have limited ability to model cyclic effects and per-
manent accumulated rotation after loading. This paper presents
two options for how cyclic degradation may be taken into account
(via cumulative cyclic p-y degradation and quasi-static p-ymethods

with embedment reduction) and how to estimate permanent
accumulated mudline rotation for OWT monopiles in clay. The as-
sumptions inherent in the p-y curve formulation necessitate
experimental validation of the degradation and permanent accu-
mulated rotation methods presented here for large diameter
monopiles. It should be noted that this paper assumed the same
embedment depth for the monopile supporting the NREL 5 MW
Reference Turbine (NREL 5 MW) [16] in soft, medium, and stiff
clays, and a full examination of appropriate embedment depth
(such as the one performed by Ref. [21], e.g.) and monopile design
may change the results presented here. The objective of this paper
was to present an illustrative example of the range of degradation
behavior from the two different cyclic degradation methods. One
hour time histories of extreme storm loading (with turbulent winds
and irregular waves) were assessed in FAST [17] for two sites off the
coast of Massachusetts (MA) and Delaware (DE), considering mean
return periods from 50 to 500 years. For each load scenario, six
different random time histories were generated, and rainflow
counts of the mudline moment M were assessed. For the cumula-
tive cyclic degradation analysis, it was necessary to parcel mudline
loading into a simultaneous pair of horizontal mudline force H and
M associated with a certain number of cycles; consequently, a
synthetic rainflow count of H was produced from the rainflow
count of M using a site-specific coefficient determined from the
relationship between H and M from the FAST time histories.

The natural frequency of the NREL 5 MW was examined for
monopiles in homogeneous clay deposits with undrained shear

Fig. 11. (A) Force-displacement and (B) Moment-rotation load-unload path for undrained shear strengths of 100, 50, and 25 kPa considering average maximum loads from six
random 1-hr storm load histories for 50-year (Tropical Storm) MA site.

Table 5
Permanent accumulated rotation for the average maximum mudline loads and average percent difference for the cumulative load effect from rainflow counts. Rotations
denoted as “e” are negligible.

Undrained shear strength (su) MA DE

50 years tropical storm 50 years measured 500 years measured 50 years measured 500 years measured

No embedment reduction 35 kPa 0.39! e e e e

50 kPa 0.03! e e e e

100 kPa e e e e e

0.5b embedment reduction 35 kPa failure e 0.05! e e

50 kPa 0.20! e e e e

100 kPa e e e e e

1b embedment reduction 35 kPa failure 0.01! 0.15! e e

50 kPa 0.58! e e e e

100 kPa e e e e e

Cumulative load effect 35 kPa 0.15! e 0.01! e e

50 kPa 0.01! e e e e

100 kPa e e e e e
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strength su ¼ 35 kPa, 50 kPa, and 100 kPa (representing soft, me-
dium, and stiff clays respectively) to demonstrate a range of clay
behavior subjected to extreme loading. Because the p-y curve
formulation by Ref. [14] has infinite initial stiffness, the estimates of
initial natural frequency from DNV [9] were compared. Using the
average maximum load from each load scenario, the natural fre-
quency calculated from the secant stiffness of the p-y springs was
also examined. Using the quasi-static average maximum load to
estimate natural frequency was more conservative than using the
cumulative cyclic degradation method.

The serviceability limit state (SLS) imposed on OWT monopiles
requires the designer to assess the accumulated permanent pile
rotation after storm loading to ensure that the mudline rotation
does not exceed a threshold magnitude (typically on the order of
0.25!). Design guidelines do not recommend a specific method for
determining this permanent residual rotation [9], and conse-
quently some designers conservatively choose to design piles
which do not exceed the SLS at peak loading. This paper uses the
cyclic unload-reload modulus proposed in Ref. [14], assuming that
p-y springs behave elastically if loaded at or below half of the ul-
timate resistance pu at spring depth. Using the average maximum
load from the storm-based 50-year MA loads, the monopile in
100 kPa clay remained fully elastic (all springs were loaded< 0.5pu),
partially inelastic for the 50 kPa clay, and almost fully plastic for the
35 kPa clay (nearly all springs loaded > 0.5pu).

The conclusions of this paper indicate that extreme storm
loading of OWT monopiles in stiff clays is unlikely to affect the
natural frequency and permanent accumulated rotation; further
consideration is required for OWT monopiles in medium clays, as
storm load estimation and the number of storms experienced by
the monopile during the design lifetime may affect future perfor-
mance. Under the same design conditions, the monopile in soft clay
is insufficient with respect to both natural frequency degradation
and permanent rotation. The results of this paper also indicate that
load magnitude plays a strong role in both natural frequency and
permanent rotation estimation, so using average maximum loads
from storm time histories was more conservative than using a cu-
mulative cyclic degradation model. The influence of cyclic load
magnitude on permanent accumulate rotation is supported by the
conclusions presented in Ref. [33] from centrifuge testing on a
cyclically-loaded monopile in clays of su ¼ 25 kPae100 kPa.

Validation of these approaches by experimental or high fidelity
(3D nonlinear finite element) numerical analysis is needed to allow
incorporation of foundation response to extreme loads cyclic loads
into design and risk assessment procedures. It is hoped that the
methods and results presented here can provide guidance to ex-
perimentalists interested in designing and executing experimental
programs to investigate performance of monopile foundations in
clay during storms. Moreover, a complete parametric study of the
range of possible monopile designs, soil conditions, and environ-
mental conditions broadly reflective of the US Atlantic Coast would
be a valuable extension to this study, which was focused on
explication of methods for analysis of monopile response under
extreme cyclic loads. The authors intend to engage in such a study
based on other parametric studies of OWT design [34].
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