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a b s t r a c t

In comparison with monopile support structures commonly used for offshore wind turbines (OWTs) in
shallow water, fixed bottom support structures for deeper water such as jackets tend to lack axisymme-
try and have different capacities when loaded in different directions. Design of such a structure may
therefore benefit from consideration of the directional characteristics of loading. This paper focuses on
a rational and efficient approach to assess the structural safety of jacket type OWTs under directionally
dependent extreme environmental loads. The Incremental Wind–Wave Analysis (IWWA) framework is
reviewed and used to assess capacity of jacket-type OWTs under directional environmental wind–wave
conditions. The approach uses static pushover analysis of OWT jackets subject to combined wind and
wave load patterns corresponding to increasing mean return periods (MRPs). The wind and wave condi-
tions are calculated independently and assumed to occur simultaneously. The loading direction and
jacket orientation are both included in the analysis. To illustrate the approach, metocean conditions at
different sites along the U.S. Atlantic coast are obtained from the historical database of the National
Oceanic and Atmospheric Administration (NOAA) Data Buoy Center. Two models are introduced for esti-
mating the occurrence probability of wave direction, one of which directly uses the frequency of wave
directions and the other uses a Gaussian kernel to represent the range of wave directions represented
by given directional spectra. For each combination of wind–wave direction and structural orientation,
an IWWA analysis gives the capacity in terms of the MRP conditions leading to formation of a fully devel-
oped plastic mechanism in the jacket. Those capacities, convolved with MRP models for loading intensity,
yield direction-dependent structural reliabilities, and when those reliabilities are convolved with the
probability density function for load direction, a total failure probability is obtained that accounts for
wave directionality. Example analyses are conducted for an OWT supported by a four-leg jacket adapted
from a design published as part of the European Union UpWind Project. Effects of extreme load direction-
ality, structural orientation, structural geometry and site specification on the ultimate capacity of the
jacket are carefully discussed.

! 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Renewable energy continues to contribute an increasing
amount of energy to the global energy system and wind energy
shows particular promise as a sustainable source of energy. It is
planned that 20.0% of the electricity demand of the United States
and 28.5% of the demand of the European Union will come from

wind energy by 2030 [1,2]. The efficiency of offshore wind energy
extraction will play a significant role in meeting these wind energy
targets. Construction of offshore wind turbines (OWTs) requires
different types of support structures for different water depths
and geotechnical conditions, e.g. monopiles for shallow water up
to 25–30 m, jackets and tripods for deep water (30–80 m depth)
and floating platforms for water deeper than 80 m. Continued
development of design and risk assessment techniques for such
structures can play an important role in continuing to lower the
overall cost of energy for offshore wind since the support structure
can account for approximately 25% of the initial capital cost of an
OWT [3].
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Most of the support structure types, except monopiles, are not
axisymmetric. For example, a typical OWT jacket has 3 or 4 legs
and a triangular or square cross-section. These kinds of non-
axisymmetric support structures have different stiffness and
capacity when loaded in different directions. The American Petro-
leum Institute (API) suggests that a minimum of 8 directional anal-
yses are required for symmetrical, rectangular and square
platforms, a minimum of 12 directions are required for tripod jack-
ets, and even more additional directions are required for other
unsymmetrical structures to ensure appropriate structural safety
[4]. Further directional dependence comes from the fact that envi-
ronmental loading intensity (e.g. wind speed and wave height) also
varies with direction. Previous studies that assume wind and
waves are unidirectional and load the support structure from a
deterministic direction clearly cannot fully account for the direc-
tional dependence of capacity and loading that will influence the
reliability of non-axisymmetric OWT support structures [5,6].
Neglecting the effect of directionality in the analyses of OWT sup-
port structures [7,8] surely does not allow for optimization of the
structural orientation to minimize overall failure probability. In
principal, it is possible that the structural orientation correspond-
ing to minimum failure probability may not coincide with that
which aligns the structural orientation with greatest capacity in
the direction of most likely loading. Furthermore, it should be
noted that the orientation of the support structure is essentially
a free parameter in the design since the turbine is free to yaw
and can face into the prevailing wind to maximize energy genera-
tion regardless of structural orientation. Therefore, a framework
including the metocean conditions with directional dependences
is valuable for risk and safety assessment of non-axisymmetric
OWT support structures.

The effect of load directionality on the operational response,
ultimate capacity, fatigue performance, natural frequencies, etc.
of offshore support structures has been the subject of some atten-
tion in the open literatures. Haver [9] studied the effect of wave
directionality both for the quasi-static response and for the
dynamic response of offshore jackets and stated that the extreme
response is very sensitive to the platform orientation when all
the sea states are assumed to approach from one direction. Bea
et al. [10] highlighted the importance of the directional character-
istics of the waves on the magnitude of measured deck forces, a
loading that has been cited as the main reason for localized dam-
age to the superstructure of oil platforms during hurricanes [11].
Li [12] further studied the directional effect of wind and wave
loads on OWT jackets using a quasi-static pushover procedure
and indicated that (i) the direction of the wind and wave force
affects the structure’s failure mechanism and ultimate strength
significantly; (ii) the largest capacity of the jacket is attained when
the jacket is oriented broadside to the dominant wave direction
and the minimum capacity is attained when waves approach at
45" to the sides of a square plan jacket. Philippe et al. [13] found
through modal analysis that natural modes for a particular floating
OWT system are excited differently depending on the approaching
direction of the waves. Mittendorf et al. [14] investigated the influ-
ence of directional irregular wave models on damage equivalent
fatigue loads of OWTs and found that the consideration of the
waves’ directionality results in an approximate reduction of the
observed fatigue loads of up to 20% compared to unidirectional
models.

Many approaches have been developed to obtain directional
environmental loading for analysis and design of non-
axisymmetric offshore structures. One approach is specified in
the API code [4] and recommends a wave height adjustment factor
to account for the wave directionality in the Gulf of Mexico with-
out the use of a directional and irregular nonlinear design wave.
This is a simplified approach that allows an analysis to account

for directional effects [15], but the development of the adjustment
factors requires lengthy metocean monitoring and does not supply
any probability information of the direction of approaching waves.
A second approach to directional analysis is to generate a stochas-
tic wave simulation that includes multidirectional waves corre-
sponding to a directional wave spectrum [9,16–18]. This
approach depends on the directional wave spectrum, which is
always site-specific [19], and requires dynamic time history analy-
sis which can be prohibitively time consuming when structural
nonlinearities are to be included as well. A third approach to direc-
tional analysis borrows from both approaches and attempts to esti-
mate possible directional extremes based on criteria obtained from
existing sources of observed or simulated directional wave statis-
tics [20,21]. Our study is based on the third type of approach to
assess the directional intensities of OWT support structures.

This paper adds to the literature on directional effects for off-
shore structures by: using Incremental Wind–Wave Analysis
(IWWA) [22] to assess structural capacity in a more accurate
load-pattern dependent way; assessing directional effects for a
realistic OWT jacket support structure; illustrating the approach
with wave direction distributions and wind/wave intensity distri-
butions derived from measured data from the U.S. coast; convolv-
ing wind/wave direction and intensity distributions to assess
structural reliability as a function of jacket orientation.

2. Analysis framework

2.1. General configurations and assumptions

Fig. 1(a) shows the general configuration of a jacket-supported
OWT that consists of the entire OWT assembly up to the bottom of
the rotor–nacelle assembly (RNA). hload here refers in particular to
the dominant wave direction, which dominates the failure of
OWT jacket [22]. Since the jacket is a wave dominated structure
(in the absence of yaw error) the wind is treated here as co-
directional with the wave field. The structural configuration of
the jacket is based on the model jacket defined in the European
Union UpWind report [23], and the tower and RNA correspond to
the widely disseminated National Renewable Energy Laboratory
(NREL) 5-MW turbine [24]. Several simplifying assumptions
regarding the loading conditions are made and these allow primary
attention to be paid to the role of load directionality in governing
the response of jacket-supported OWTs to extreme loading. First,
the wind and wave loads are assumed to be co-directional without
wind–wave misalignment. Second, perfect yaw control is assumed
such that the turbine always faces directly into the wind and, as
defined in Fig. 1(b), hrotor ¼ hload, where hrotor is the direction of
the RNA (i.e. the direction normal to the blade plane).

The Incremental Wind–Wave Analysis (IWWA) framework [22]
provides an efficient nonlinear static approach to evaluate the
capacity of OWT support structures subject to arbitrary combina-
tions of wind and wave load. The approach, referred to as the
IWWA1 procedure [22], combines independently evaluated wind
and wave conditions at common mean return periods (MRPs). This
approach neglects the correlation between wind and wave condi-
tions and assumes that the MRPs of the wind and wave conditions
are independent and the wind and wave conditions at equivalent
MRPs occur simultaneously. Industry standards for offshore struc-
tures such as those published by API [4] and IEC [25] prescribe
methods for determining wind and wave conditions from indepen-
dent distributions. However, many papers have studied the effect
of wind and wave correlation through FORM (First Order Reliability
Method) [26] and IFORM (Inverse First Order Reliability Method)
[27–29] and have highlighted that the assumption of indepen-
dence is conservative and unrealistic under actual offshore

K. Wei et al. / Engineering Structures 106 (2016) 68–79 69



conditions. The IWWA framework includes another approach,
referred to as the IWWA2 procedure [22], which uses joint proba-
bility models to estimate wind speed and wave height at design
return periods. A case study of the IWWA approach for a jacket-
supported OWT located off the U.S. Atlantic coast [22] showed that
the difference in the reliability index corresponding to probability
of failure (i.e., when a full plastic mechanism forms in the jacket)
over twenty years is less than 2% when comparing probabilities
calculated based on the IWWA1 procedure and based on the
IWWA2 procedure. This small difference is due to the dominance
of wave loads relative to wind loads on the jacket during extreme
conditions when the turbine is not operational with no yaw error
and when wind and wave are modeled as co-directional. If a yaw
error condition were to be investigated or a different structural
configuration with more equal wind and wave effects were to be
investigated, a larger difference between the IWWA1 and IWWA2
results would be expected. Because the conditions considered in
this paper are similar to that in the referenced case study [22]
and to keep the paper focused on directional effects, the IWWA1
procedure is used in this paper.

Dynamic effects of wind and wave loads, such as wind turbu-
lence, wave irregularity, wind–wave–structure–soil interaction,
inertial loads, time-dependent variance of load direction and
amplitude, are neglected by the static IWWA approach considered
here. The influence of dynamic effects has been addressed by
Golafshani et al. [30] for offshore oil and gas support structures
and they found that, for two different example platforms, the dif-
ference between the dynamic and static results was either negligi-
ble (less than 0.5%) or approximately 14% and that the static
analyses provided a conservative estimate of capacity. The differ-
ence between the two examples is due to differences in the
dynamic behavior of the platform. Although OWTs are more flexi-
ble than O/G platforms and thus may be more susceptible to
dynamic effects, the objectives of this paper are to isolate the
effects of and provide initial insight into the directional depen-
dence of OWT support structural capacity and reliability. For these
reasons, combined with the large computational demands and
additional complications of structural evaluation methods based

on dynamic time history analyses, dynamic effects are ignored here
to keep the paper focused on the directional effects.

2.2. Directional IWWA analysis

Consider an OWT support structure with an orientation of hjacket
and a load direction of hload. These two parameters completely
define the incident direction of wind and wave loading since
wind–wave misalignment is assumed to be zero. In the presence
of wind and wave intensities that are independent of direction, a
single parameter jhjacket " hloadj would suffice for parameterizing
the directional analysis. Although such an assumption regarding
directional dependence of wind and wave intensity is made in this
paper, the two parameter characterization is retained in the defini-
tion of the approach to allow generalization to the case in which
wind and wave intensities vary with direction. The directional
IWWA approach introduced here involves probability models for
hload and for the intensity of the loading. The probability density
function (PDF), which defines the variability in load direction,
can be estimated from data in a variety of ways, two of which
are described later in this paper. The probability model for the
loading intensity consists of generalized extreme value distribu-
tions for the annual maxima of the wind speed and wave height
f Vw

ðv ; hloadÞ and f Hs
ðh; hloadÞ. From these models, which are fit to

data as described in following sections, the value of the wind speed
and wave height at given values of the MRP can be obtained. The
MRP is then used as a single parameter characterization of the
aligned wind and wave loading. It should be noted that in principle
other methods for parameterizing the loading intensity, such as the
inverse first order reliability method (IFORM) [27–29], could be
used within the directional IWWA context, and that independent
models for the wind and wave intensity are used here to simplify
the analysis and presentation and keep the paper focused on the
directionality.

The loading intensities and directions are converted to struc-
tural load effects using a structural model. Once this model has
been developed along with probabilistic models for the loading

Fig. 1. Schematics of the OWT support structure.
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direction and intensity, the following procedure is performed to
complete the directional IWWA analysis.

1. Discretize the range of directions [0", 360"] into nh even inter-
vals with lower and upper boundary values among a periodic

series of Dh
2 ; 3Dh2 ; . . . ; ð2nh"1ÞDh

2

n o
, where nhDh ¼ 360%

2. Set hjacket ¼ hjacket;i; i 2 ½1;nh'
3. Set hload ¼ hload;j; j 2 ½1; nh'
4. Perform a single parameter IWWA [22] to determine the MRP

corresponding to failure of the support structure with an orien-
tation hjacket ¼ hjacket;i under wind and wave loading approaching
from hload ¼ hload;j. Note that the IWWA provides the MRP value
at which the wind and wave loads lead to the formation of a
fully developed collapse mechanism in the structure and
accounts for variation of the load pattern as wave height and
wind speed intensities increase. The result of the IWWA gives
MRPfail (hjacket, hload), the MRP corresponding to failure as a func-
tion of the structural orientation and loading direction.

5. Repeat from step 3, incrementing the value of j so that all load
directions are considered.

6. Repeat from step 2, incrementing the value of i so that all struc-
tural orientations are considered.

Once the IWWA curve and corresponding values of MRPfail
(hjacket, hload) are obtained, the annual failure probability at a given
value of hjacket is

Pf ;1ðhjacketÞ ¼
Z 360

0
Pf ;1ðhjacket ; hloadÞ ( f hload ðhÞdhload ð1Þ

in which

Pf ;1ðhjacket ; hloadÞ )
1

MRPfailðhjacket ; hloadÞ
ð2Þ

is an approximation to the annual failure probability that is widely
considered accurate for MRP > 10 years and is obtained directly
from the directional IWWA curve. Given the annual failure proba-
bility at a specified value of hjacket the failure probability over a spec-
ified design lifetime of length nyears is

Pf ;nyears ðhjacketÞ ¼ 1" ð1" Pf ;1ðhjacketÞÞnyears ð3Þ

and the problem of selecting an optimal orientation ĥjacket for the
support structure can be cast as the minimization problem

ĥjacket ¼ arg minhjacket
ðPf ;nyears ðhjacketÞ; hjacketÞ ð4Þ

3. Definition of probabilistic models

3.1. Occurrence probability of dominant wave directions

Historical measurements of ocean wave conditions can be used
to calibrate the PDF of the direction of the wave with maximum
power spectral density, which is needed for a directional IWWA,
and such data usually take the form of a directional wave spectrum
Sðf ; hÞ that give the power associated with the wave field for a
range of incident directions h and frequencies f [31,32]. In the
absence of historical measurements, ocean wave modeling and
numerical simulations are useful alternatives for calibrating wave
direction PDFs [19,33]. Although the direction of the wave with
maximum power spectral density (hload since the wind and wave
are assumed to be co-directional) is a continuous random variable
bounded by the domain [0, 360"], calibration of f hload ðhÞ will usually
rely on a finite set of nobs observations of hload, for example, the
historical hourly meteorological database of National Data Buoy

Center (NDBC) [34,35], a part of U.S. National Oceanic and Atmo-
spheric Administration (NOAA).

3.1.1. Direct frequency-based PDF
In the NDBC database, the dominant wave direction (MWD),

where the waves with the maximum energy come from, has been
continuously recorded for the past several years in the form of the
peak direction of spectra obtained from hourly measurements of
the wave field. Therefore, the range of wave directions is dis-
cretized into nh even intervals of Dh, and a direct estimate of the
occurrence probability f hload ðhÞ of wave directions in the interval
[hj, hj +Dh] can be counted by

f hload ðhÞ ¼
Pnobs

i 1½hload;i2½hj ;hjþDh''

nobsDh
; h 2 ½hj; hj þ Dh' ð5Þ

where 1[.] is an indicator variable, which equals 1 if hload falls in the
domain [hj, hj + Dh] and 0 otherwise. This approach essentially
approximates the continuous wave direction PDF by the histogram
of dominant wave directions obtained from data normalized to
have the same dimensions as a PDF. In effect, this approach assigns
the entirety of the probability mass from a given observation to the
dominant wave direction measured during the observation. In the
case where nobs is relatively small, such an approach may result in
a PDF for wave direction that lacks smoothness typical of PDFs of
continuous random variables appearing in physical processes.
Moreover, this approach neglects the spreading of the wave energy
over a range of directions around the dominant wave direction
(MWD).

3.1.2. Gaussian-kernel-smoothed PDF
An alternative approach to approximating f hload ðhÞ considers the

full content of the directional wave spectrum Sðf ; hÞ. Fig. 2(a) shows
an example directional wave spectrum derived from NDBC mea-
surements that illustrates the spread of wave power over a broad
range of directions (approximately ±75" from the dominant wave
direction) but over a relatively narrow band of frequencies. Fig. 2
(b) shows Sðf dom; hÞ, a circumferential section through the direc-
tional spectrum at the frequency fdom corresponding to peak power.
This figure clearly shows the spread of the wave power over a
range of directions centered at the dominant wave direction. Note
that the regions of negative power are numerical artifacts of the
procedure used to reconstruct the directional spectrum from
parameterized data provided, in this case, by NDBC [34,35]. In this
alternative approach to approximating f hload ðhÞ, it is assumed
that the spread of the directional spectrum indicates the possibility
that the extreme wave might come from a direction other than the
dominant wave direction. This is accomplished by fitting a kernel
function to Sðf dom; hÞ and then summing and normalizing such a
kernel for each of the observations. The result of this operation is
to spread the wave direction PDF over a broader range of direc-
tions. In the absence of higher frequency wave direction and ampli-
tude data that would allow direct estimation of f hload ðhÞ it is not
possible to assess which of these approximations provides a better
view of the actual wave field. Both are presented here to illustrate
the range of possible effects. The kernel-based procedure is:

1. Select an observation and extract Sðf dom; hÞ, the spectral power
as a function of direction at the dominant wave frequency.

2. Filter the Sðf dom; hÞ according to

Ŝðf dom; hÞ ¼
Sðf dom; hÞ; Sðf dom; hÞ P 0
0 Sðf dom; hÞ < 0

!
ð6Þ

and remove negative value artifacts in the directional spectrum.
3. Fit a Gaussian kernel Sgaussðf dom; hÞ to Ŝgaussðf dom; hÞ (Fig. 2(c)).
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4. Repeat steps 1–3 for nobs observations of the directional
spectrum.

5. Define the smoothed wave direction PDF as

f hload ðhÞ ¼
1

nobs

Xnobs

i¼1

Sgaussðf dom; hÞ ð7Þ

Fig. 3 shows an example wave direction PDF f hload ðhÞ for a site off
the coast of Massachusetts (MA; Station 44008) as estimated
from the direct frequency-based approach of Eq. (5) and the
smoothed, Gaussian kernel approach of Eq. (7). The use of the
Gaussian kernel significantly alters f hload ðhÞ, lowering peak prob-
ability density values near 180" (South) and adding probability
mass in regions with few occurrences of the dominant wave
direction near 330" (North–northwest).

3.2. Probability model of extreme wind and wave conditions

The single parameter IWWA used in the directional analysis
presented here uses the MRP to characterize the intensity of the
wind and wave loading. The wind condition is measured by a
1 min average at a hub height of 90 m, denoted by Vw and the wave
condition is measured by the extreme wave, denoted He and taken
to be 1.86Hs where Hs is the significant wave height [25]. Data from
environmental measurements are used to obtain a set of annual
maxima of Vw and He. For each of Vw and He a generalized extreme
value distribution [36] is fit to the set of annual maxima and the

(a) Directional wave spectrum (m2/Hz deg)
(b) Circumferential section through directional 
wave spectrum at dominant frequency 

(c) Best fit Gaussian kernel to directional spectrum of (b)

Fig. 2. Procedure of converting directional spectrum information into a smoothed probability model for wave direction.
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Fig. 3. Probability density function (PDF) of most likely wave direction from
measurement of Buoy 44008 off the coast of Massachusetts (red line is PDF based
on the histogram of observed dominant wave direction, i.e. the direct frequency-
based approach; black line is smoothed PDF based on the Gaussian kernel
approach). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

72 K. Wei et al. / Engineering Structures 106 (2016) 68–79



wind speed and wave height corresponding to a given MRP are
extracted from the upper tail of the distribution by

Vw;MRP ¼ F"1
Vw

1" 1
MRP

" #
ð8Þ

with Hs substituted for Vw as appropriate. Eq. (8) applies an approx-
imation that 1

MRP is taken to be the annual probability of exceedance,
which is valid as long as the mean return period is relatively long. It
should be emphasized that the annual maxima approach described
here considers some very long MRPs, up to hundreds of thousands
of years. Such values are not generally used in the engineering
design and are unreliable to estimate, lying far into the upper tail
of the distribution. However, such events can have an important
contribution to the total failure probability, which is needed by
decision makers regarding the risk profile of the structure and
attendant financing. It is also worth mentioning that attempting
to estimate extreme wind speeds and wave heights from a limited
duration of measurements of annual maxima may underestimate
the severity of the conditions, particularly for locations exposed to
hurricanes.

4. Example jacket and environmental data

The procedure described in Sections 2 and 3 for assessing direc-
tional reliability of OWT jackets using the IWWA approach will be
illustrated with a numerical example representative of U.S. Atlantic
coast sites with the potential to experience OWT development in
the coming years and decades. In this section the jacket support
structure used in the example is described along with the corre-
sponding structural model as are the source and characteristics
of the environmental data use in the example.

4.1. Load and structure modeling

The non-axisymmetric OWT support structure investigated
here is a jacket support structure developed to support the NREL
5-MW turbine [24]. The design was made as part of the UpWind
project of the European Union [23] to serve as a research and
development tool. As shown in Fig. 4, the hub height is 90 m above
the mean sea level. The nacelle has a diameter of 3 m and a total
mass of 240,000 kg. The three-bladed rotor has a diameter of
126 m and a mass of 110,000 kg. The jacket is rotationally symmet-
ric with a period of 90" and consists of four legs and four levels of
X-braces and cross braces. The top and bottom widths of the jacket
are 8 m and 12 m, respectively. A reinforced concrete deck with a
mass of 666,000 kg and plan dimensions of 4.0 + 9.6 + 9.6 m is
positioned on top of the jacket as the transition piece or platform
connecting the jacket with the OWT tower. The jacket is assumed
to be fully fixed at the mudline. The Young’s modulus of the jacket
steel is 210 GPa, the yield stress is 345 MPa and the ultimate stress
is 510 GPa at a strain of 0.11. The density is 8500 kg/m3, higher
than the density of steel to account for paint, bolts, welds and all
other additional masses that are not otherwise considered.

The IWWA framework requires a static nonlinear pushover
analysis of the jacket structure under wind and wave loading cor-
responding to a given MRP. Once a value of Vw,MRP has been
extracted from FVw(v), the aerodynamic forces on the OWT are
determined with the aid of the computer-aided engineering tool
FAST [37]. The aerodynamic loads on the rotor are calculated based
on a steady wind with magnitude equal to Vw,MRP and the aerody-
namic loads on the tower are calculated according to the recom-
mendation of the DNV specification [38]. The wind speed is
assumed to vary with height above sea level according to power
law with a wind shear exponent of 0.14 [25].

Hydrodynamic loads on the submerged part of the jacket are
calculated by using nonlinear stream function and Morison’s equa-
tion. Wave force on the jacket is always drag dominated due to the
slender member dimensions. Stream function theory provides the
water particle velocities and accelerations at the crest of the wave,
which is the location of peak force for drag-dominated jacket struc-
tures, and Morison’s equation [39] is then used to calculate three
dimensional inertial and drag forces on each submerged member
of the jacket. For extreme environmental conditions when the
wave height is such that the wave crest contacts the deck of the
jacket, a Morison-type approach is used to calculate the so-called
wave-in-deck force generated by this interaction [4].

The jacket structure is discretized into three-dimensional beam
elements in the commercial finite element package SAP2000 [40]
with eight elements used for each structural member. Joints are
assumed to be rigid. Geometric and material nonlinearity is
included in the model, with material nonlinearity being included
through a fully interacting three dimensional axial force – bending
moment plastic hinge model.

4.2. Environmental (wind and wave) data

Selection of example sites for illustration of the directional
IWWA approach is guided by many factors including: the extensive
wind resource present off the Atlantic coast of the U.S., the water
depth of 50 m that is assumed in the design of the example jacket
structure used here, the desire to represent a broad range of direc-
tional characteristics of the wind and wave conditions, and the
need to select sites for which there is a sufficient database of meto-
cean conditions to estimate the wave direction PDF f hload ðhÞ and the
extreme value distributions f Vw

ðv ; hÞ and f Hs
ðh; hÞ. Three sites have

90 m MSL

Tower

NREL 5 MW

70 m

66 m

4 m

Jacket

Mudline

Sea level (MSL)

Water depth 50 m

Transition
piece

Fig. 4. Elevation view of the UpWind jacket and OWT.
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been selected to serve as illustrations in this study and they are
listed, along with their basic characteristics, in Table 1.

It is important to note that the water depths vary considerably
among the three sites while the jacket studied here was designed
for a 50 m water depth. While it would have been preferable to
identify several sites with similar water depth, there was no such
availability in the NOAA database. To address this inconsistency,

the wave data are modified in the following ways to make them
more appropriate for a site with 50 m water depth:

1. For the MA site the water depth exceeds the 50 m design depth
of the example jacket and the NOAA wave data are not adjusted.
In principle this could result in artificially high wave heights
being imposed on the example jacket, but in the authors’

Table 1
Information of NDBC buoy stations.

Station ID Station name Lat/Long Distance to shore (km) Water depth (m) Hs record length (year) hload record length (year)

44007 Maine (ME) 43.531"/"70.144" 6 23.7 32 5
44008 Massachusetts (MA) 40.502"/"69.247" 160 64.8 32 7
44009 Delaware (DE) 38.461"/"74.703" 32 30.5 28 1

Fig. 5. PDF of the most likely wave direction (direct frequency-based PDF plotted in red and Gaussian-kernel-smoothed PDF plotted in black). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Failure MRP (Unit: years) and corresponding Hs (Unit: m) of the environmental conditions that cause failure of the jacket as a function of |hload " hjacket|.
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experience, wave height is not likely to differ significantly for
sites with 50 m and deeper water depth exposed to similar
wave generating conditions. Therefore the NOAA data are used
directly.

2. For the DE and ME sites, the water depth is much smaller than
the 50 m design water depth of the example jacket structure.
Therefore the NOAA wave data are used only to estimate the
wave direction PDF f hload ðhÞ and the wave height from the MA
site is used. This results in fictitious conditions at the DE and

ME sites. Essentially we assume that sites exists that combine
the directional properties of the DE and ME sites with the wave
height properties of the MA site. In the absence of other NOAA
buoys with water depths consistent with the jacket structure
used here, this hybrid approach has been used to allow numer-
ical examples of the assessment of jacket response to different
directional characteristics.

Although this approach to using the wave conditions at three
different sites with three different water depths is admittedly
somewhat artificial, there simply are not, to the authors’ knowl-
edge, historical wave data at multiple Atlantic coast sites that
meet all the criteria for use as examples in this paper and the
adjustments described above have been made to allow examina-
tion of site-specificity in the directional IWWA results.

5. Directional characteristics of environmental conditions

This section describes analyses of the environmental data col-
lected from the NDBC for the Maine, Massachusetts, and Delaware
sites. The assumption that wind speed and wave height are co-
directional means that the analysis of directionality presented here
focuses solely on the wave direction which is the dominant loading
for the jacket structure. In most of the directional results pre-
sented, the range of h has been discretized into a series of 15" inter-
vals Ihi = [hi " 7.5", hi + 7.5"), i = 1, . . . , 24 with the interval
midpoints given by hi = 15"(i " 1). This discretization is made in
order to allow estimation of the continuous functions f hload ðhÞ and
f Hs

ðh; hÞ from the discrete NOAA data set. The wave height function
has here been assumed independent of direction in the absence of
data strongly indicating otherwise.

Fig. 7. Structural IWWA curves of the jacket under directional extreme wind and wave loading for |hload " hjacket| = 0", 15", 30" and 45".

Fig. 8. Absolute peak stresses (normal stress, bending stress and shear stress) in the
bottom cross-section of the jacket leg at the downwind corner (MPa). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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5.1. Wave direction PDF

Directional wave spectra are extracted from the NOAA data for
each of the three sites and the wave direction PDF is estimated
according to each of the methods—direct frequency-based
approach (Eq. (5)) and Gaussian-kernel-smoothed (Eq. (7))—
described in Section 3.1. The graphical results are presented in
Fig. 5 and show clearly how the Gaussian kernel smooths the wave
direction PDF and spreads probability mass over a greater range of
angles. For Maine this smoothing results in a much smaller peak
probability density and a range of possible wave directions from
60" to 210" rather than 90" to 180" for the direct frequency-based
estimate. For MA the differences between the two estimates of
the wave direction PDF are less pronounced, and for Delaware
smoothing removes two strong peaks in probability mass at 330"
and 150". The results section shows how the directional IWWA
depends on the choice of model for the wave direction PDF. It is also
interesting that all the PDFs are centered on the range from 120" to
150". This is mainly caused by the similarity of their location off the
coast as illustrated in Fig. 5 in which the coast lies to the west or
northwest and open ocean to the east, south, and southeast.

It is important to note that estimation of the wave direction PDF
as is done here is worthwhile when a unidirectional wave field is
used in analysis. If analysis is based on a multidirectional wave
field simulated to correspond to the full directional spectrum then
an alternative approach to directional analysis would directly treat
the parameters of the directional spectrum as random parameters.
Unidirectional wave field simulation is, however, industry stan-
dard at this time and furthermore tools for simulating multi-
directional wave field are not integrated into standard commercial
and research tools for OWT analysis such as FAST.

6. Results and discussion

6.1. Jacket capacity and load direction

As described in Section 4.1, the example jacket used for illustra-
tive purposes here has four legs and rotational symmetry with a
period of 90" and is therefore non-axisymmetric. Fig. 6(a) shows
the MRP of the environmental conditions that cause failure of the
jacket as a function of |hload " hjacket| for the MA site. These results
are extracted from the set of IWWAs shown in Fig. 7. In Fig. 7, cmax

is a scaling factor that indicates by howmuch the loading demands
would need to be scaled to reach the ultimate capacity. When cmax

is smaller than 1, structural ultimate capacity is less than the wind
and wave load demand and hence the structure fails. Results are

qualitatively similar for the other sites with only changes in the
MRP values resulting from the different recurrences of hazard
intensities at the different sites. The capacity of the structure is
highly sensitive to the load direction relative to the structural ori-
entation with the lowest capacity occurring when the loading
approaches at a 45" angle to the structure. The difference in capac-
ity from maximum to minimum is "18% from 31,000 kN to
25,300 kN in terms of base shear, "90% from 260,000 years to
25,000 years in terms of MRP, and "5% from 16.2 m to 15.4 m in
terms of significant wave height. The significant decrease of capac-
ity at a 45" loading angle originates from the fact that when loaded
at 45" the diamond-shaped plan of the structure is more suscepti-
ble to bending than the square plan at 0".

Notice that a tiny difference of the significant wave height
causes a big difference in failure MRP, as shown in Fig. 6(b). This
is because at long MRPs very small increases in wave height and
wind speed correspond to very large increases in the MRP. This
may be related to estimation of the hazard from continuous data
rather than from a synthetic hurricane catalog containing thou-
sands of years of data [41]. Use of such a catalog, while it would
not affect the shape of the dependencies, would cause failure to
occur at much smaller MRPs.

In order to better explain the dependence of the structural
response on directionality, stresses are calculated for the bottom
cross-section of the jacket leg at the downwind corner of the struc-
ture. This location is frequently the site of the formation of a fully
developed mechanism in the pushover analysis. Fig. 8 shows axial,
bending and shear stresses, calculated for 10,000 year wind and
wave conditions with gravity loads as a function of |hload " hjacket|.
In this figure, the highest stresses occur when the loading
approaches at a 45" angle to the structure. This result corresponds
to the decreased capacity at this orientation and the increased like-
lihood of plastic hinge formation.

6.2. Effect of load directionality

To investigate the effect of load directionality on the performance
and reliability of the jacket structure, an example is nowpresented in
which the jacket is assumed to be oriented with hjacket = 0", which
means that the jacket has one of its sides facing north. For each of
the three sites theproduct f hloadðhloadÞ+Pf ðhload hjacket ¼ 0

$$ Þhasbeencal-
culated and is shown in Fig. 9. In this expression Pf (hload|hjacket = 0) =
1/MRPfail is the conditional annual failure probability for the case
where hjacket = 0" and the load is coming from a direction defined by
hload. This conditional probability is probability density to the
calculationof theaggregateprobabilityof failure fora given structural
orientation at a given site.

Fig. 9. Conditional failure functions f hload ðhloadÞ + Pf ðhload hjacket ¼ 0
$$ Þ as a function of hload at three different sites (results based on the direct frequency f hload ðhloadÞ is plotted in red

and results on Gaussian-kernel-smoothed f hload ðhloadÞ plotted in black). (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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Presentation of the conditional probability in Fig. 9 allows one
to see visually how the directional dependence of jacket capacity
and the directional wave PDF combine to render the performance
of the jacket highly dependent on load direction. When the jacket
orientates to the true north (hjacket = 0"), Fig. 9(a–c) illustrates that
waves coming from the diagonal directions of the jacket (45", 135",
225", 315") are relatively more dangerous to the structure but
that the strong peak of the directional wave PDF renders one of
those directions (in this case 135" for all three sites) the most
critical.

6.3. Effect of structural orientation

The final stage of a directional IWWA is to compute the aggre-
gate probability of failure for a range of structural orientations at a
given site to determine the directional dependence of the annual
probability of failure. The directional failure probability in one year
is calculated by Eq. (1), and shown graphically in Fig. 10 for each of
the three sites considered in this paper and for each of the two pro-
posed models for the directional wave PDF. In general the results
can be summarized as follows:

Fig. 10. Overall Pf,1 as a function of structural orientation hjacket (Pf,1 obtained by the direct frequency-based f hload ðhloadÞ is plotted in red and Pf,1 by Gaussian-kernel-smoothed
f hload ðhloadÞ plotted in black). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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1. Structural orientation has a modest effect on probability of fail-
ure for the sites investigated, with the greatest effect being
approximately 20% for the Maine site. The optimized orienta-
tion of the jacket is 30" for ME, 0" for MA and 68" for DE.

2. Implementation of the Gaussian kernel smoothed wave direc-
tion PDF dramatically reduces the predicted dependence of fail-
ure probability on structural orientation, rendering the failure
probability essentially independent of structural orientation.
The reason for this is that implementation of the Gaussian ker-
nel essentially spreads the range of likely wave directions by
±70" and simultaneously lowers the peak of the wave direction
distribution. The Gaussian kernel approach, however, should be
considered less conservative than the direct frequency-based
approach since it delivers a consistent failure probability that
is lower than the maximum failure probability obtained from
the direct frequency-based approach. In order to determine
which model better approximates wave directionality in actual
sea states, data would have to be available that measured the
height and direction of each wave in, for example, a one hour
sample of a sea state. Such data is not currently available.

3. Taking the structural orientation associated with minimum fail-
ure probability to be the optimal structural orientation, the
three sites have dramatically different optimal orientations.
These failure probabilities (Fig. 10) are not readily discernible
from Fig. 9 since that figure shows the failure function only
for hjacket = 0". Each point in Fig. 10 results from integrating a
function such as that shown in Fig. 9 developed for a given
structural orientation.

7. Conclusion

This paper has introduced an approach to assess the structural
safety of jacket-supported OWTs under directionally dependent
extreme environmental loads. The approach advances the Incre-
mental Wind–Wave Analysis (IWWA) [22] of OWT jackets by
including load direction and jacket orientation in the framework.
The novel approach allows structural safety assessment of jacket-
type OWTs subjected to directional wind and wave load patterns
corresponding to increasing mean return periods (MRPs). Two
probability modeling approaches for measuring dominant wave
directions data are provided to supply directional probability infor-
mation of wind–wave loading. For each combination of wind–wave
direction and structural orientation, structural capacity is assessed
by IWWA1 procedure [22], which neglects the correlation between
wind and wave loads and assumes the independent wind and wave
conditions at equivalent MRPs occur simultaneously. Those capac-
ities, convolved with MRP models for loading intensity, yield
direction-dependent structural reliabilities, and, when those relia-
bilities are convolvedwith the probability density function for load-
ing direction, a total failure probability is obtained that accounts for
wave directionality. Example analyses are conducted for a four-leg
jacket-supported OWT inspired by European Union UpWind
Project. Measured directional metocean conditions at three sites
along the U.S. Atlantic coast are used to illustrate the approach.
These calculations illustrate that structural capacity is sensitive to
the load direction relative to the structural orientation and can be
significantly decreased when the loading approaches at a 45" angle
to the structure. When loaded in that direction the capacity is only
80% of that when loaded at 0" angle. The estimation of the wave
direction PDF is important when only a unidirectional wave
field is available for analysis. A study of the effect of structural ori-
entation shows that structural orientation has a modest effect on
probability of failure, with the greatest effect being approximately
20%. Implementation of the Gaussian-kernel-smoothedwave direc-
tion PDF reduces the predicted dependence of failure probability on

structural orientation. The structural orientation can be designed to
minimize the failure probability through an optimization according
to directional metocean conditions.
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