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Abstract
Most wind turbine blades are assembled piece-by-piece onto the hub of a monopile-type offshore wind turbine using jack-up crane
vessels. Despite the stable foundation of the lifting cranes, themating process exhibits substantial relative responses amidst blade root and
hub. These relative motions are combined effects of wave-induced monopile motions and wind-induced blade root motions, which can
cause impact loads at the blade root’s guide pin in the course of alignment procedure. Environmental parameters including thewind-wave
misalignments play an important role for the safety of the installation tasks and govern the impact scenarios. The present study
investigates the effects of wind-wave misalignments on the blade root mating process on a monopile-type offshore wind turbine. The
dynamic responses including the impact velocities between root and hub in selectedwind-wavemisalignment conditions are investigated
using multibody simulations. Furthermore, based on a finite element study, different impact-induced failure modes at the blade root for
sideways and head-on impact scenarios, developed due to wind-wave misalignment conditions, are investigated. Finally, based on
extreme value analyses of critical responses, safe domain for the mating task under different wind-wave misalignments is compared.
The results show that although misaligned wind-wave conditions develop substantial relative motions between root and hub, aligned
wind-wave conditions induce largest impact velocities and develop critical failure modes at a relatively low threshold velocity of impact.

Keywords Wind turbine blade . Wind-wave misalignment . Monopile . Marine operation . Finite element analysis . T-bolt
connections

1 Introduction

In order to resolve the issues related to global warming and
climate change, there is a continuous demand for renewable
sources of energy. In Europe, wind energy ranks second in
terms of power generation (Wind Europe 2017a), and im-
mense political and scientific interest is placed on the growth
of offshore wind turbines (OWTs). Monopile-type OWTs are
the most popular choice of turbines in shallow waters, and
currently account for more than 87% of the market share
(Wind Europe 2017b). One of the main challenges in the
industry includes high installation and assembly cost (Molla
2015) associated with the project cycle of OWTs, and there-
fore, recent trends involve deploying large size OWTs. This
facilitates having less number of turbine units at an offshore
farm, thus reducing the overall installation cost. However,
several safety issues are inevitably present during the installa-
tion of bigger and heavier turbine components. For example,
components like blades and nacelle are structurally delicate
and demand absolute precision during transportation and
installation.

Article Highlights
• The effects of wind-wave misalignments on the blade root mating pro-
cess on a monopile-type offshore wind turbine is investigated.

• The collinear wind-wave conditions cause sideways impact, whereas
head-on impact is developed dominantly due to misaligned wind-
wave conditions.

• The sideways’ impact of the guide pin with hub is more critical than the
head-on impact, and the failure criteria in the root laminate are met at a
relatively low velocity of impact.

•Collinear wind-wave condition is found to have the lowest percentage of
safe domain for mating task.
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Generally, blades of a monopile-type offshore wind
turbine are installed using jack-up crane vessels (Verma
et al. 2017; Verma et al. 2019a; Ren et al. 2018a)
(Figure 1a). Individual pieces are hoisted to the hub, and
blade root consisting of several bolted connections, to-
gether with the guide pin, is mated with the hub’s flange
holes (Verma et al. 2019b). The guide pins are long-sized
bolts (Figure 1b–c) and are inserted in the blade root to
visually aid the offshore crew (present in the nacelle)
while performing the mating task.

Despite the stable foundation of the jack-up crane ves-
sels, the mating process suffers substantial relative re-
sponses amidst blade root and hub (Jiang et al. 2018;
Ren et al. 2018b; Ren et al. 2019). The blade root motions
are a result of wind-induced loads on the lifted blade,
whereas the hub responses are caused by wave actions
on the preassembled monopile structures. Note that
monopiles are large diameter structures fixed to the sea-
bed and have low damping characteristics (Jiang 2018).
For example, the monopiles have deficient structural, hy-
drodynamic and soil-damping attributes. The damping is
even more critical during the installation phase as the
aerodynamic damping from the rotating blades is missing.
Thus, large dynamic amplification of tower top responses
develops and contributes to excessive relative motions
while performing the mating task. This can induce
impact loads at the guide pin during the alignment
process, causing critical damages at the blade root and

thus, failure of installation task. Verma et al. (2019a) in-
vestigated impact assessment of wind turbine blade root
during offshore mating process where relative responses
under aligned wind-wave conditions were investigated.
Furthermore, damage assessment at the blade root was
studied, and bending of guide pin and delamination of
root laminate were found as failure modes. Nevertheless,
mating operations under misaligned wind-wave condi-
tions were not considered, and damages for such scenarios
were not assessed. In practice, for an offshore site,
wind-wave misalignments are present for all ranges of
wind speeds, and therefore, it is important to investigate
such effects for the success of the wind turbine blade
mating process. Wind-wave misalignment is the measure
of temporal difference between the wind direction and
mean wave directions (Van Vledder 2013), where highest
degree of misalignments is found at low wind speeds, and
minor misalignments are found at high wind speeds (Li
et al. 2015; Van Vledder 2013; Bachynski et al. 2014).

Figure 2a–d present the relative frequency of wind di-
rection, mean wave directions and misalignment between
wind and waves for the North Sea centre. It can be clearly
seen that though the wind and waves are spread out in all
directions, the misalignment between wind-wave is most-
ly concentrated between 0° and 90°. Majority of the mis-
alignment occurs till 30°, with frequency being less than
5% for wind-wave misalignment greater than 60°
(Bachynski et al. 2014). Currently, there are limited pub-
lished literature sources (Jiang et al. 2018; Verma et al.
2019c; Verma et al. 2019d; Verma et al. 2020a; Verma
et al. 2020b) dealing with the effects of wind-wave mis-
alignment on the installation phases of OWTs, although
several studies in the past emphasised operational and
parked conditions of OWTs for design purposes. Barj
et al. (2014), Bachynski et al. (2014) and Zhou et al.
(2017) investigated the effect of misalignment on the op-
erational loads for floating OWTs, whereas Fischer et al.
(2011) investigated the effect of misalignment on
monopile-type OWTs. The response parameters of interest
for such assessments were tower top motions, bending
moments and fatigue damages. On the other hand, in this
study, the mating process of blade is studied, and there-
fore, the response parameters of interest are related to the
critical event that can cause failure of the installation task.
These include (1) impact velocity between root and hub
during mating, (2) impact-induced damages at the blade
root and (3) structural safety assessment of the mating
task for a given wind-wave misalignment condition.

Figure 1 Blade root mating process (https://orsted.com/en) (https://
vessels.offshorewind.biz/vessels/sea challenger) (https://www.siemens.
com)
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The present paper investigates the effect of wind-wave
misalignment for the blade root mating process where dynam-
ic responses including the impact velocities in selected
wind-wave misalignment conditions are investigated using
multibody simulations in HAWC2 (Larsen and Hansen
2007). Furthermore, based on a finite element study in
Abaqus/explicit (Hibbitt et al. 2016), impact-induced failure
modes at the blade root are discussed. Finally, safe domain for
the mating task is compared for different wind-wave misalign-
ment conditions. The remainder of the paper proceeds as fol-
lows. Section 2 presents the analysis procedure and identifies
relevant response parameter for investigating effects of
wind-wave misalignment. Section 3 presents the material
and modelling methods. Section 4 presents and discusses the
results. Finally, Section 5 concludes the paper.

2 Response Parameters and Analysis
Procedure

There are three response parameters identified in this paper to
investigate the effects of wind-wave misalignment on the
wind turbine blade mating process and are described below:

2.1 Impact Velocity between Root and Hub

This is the most critical response parameter of interest for the
blade mating task and determines the impact scenarios for the
blade root’s guide pin. These responses are governed partially
by wind-induced blade root responses and partially by
wave-induced hub motions. Impact velocities in two different
directions and corresponding impact scenarios are defined. (1)

Impact velocity in the side-side direction (V imp
x ) causes head-on

impact of the guide pin (Figure 3). Here, contact region of the

guide pin lies along its axial direction. V imp
x is defined as relative

velocity among root and hub in global x-direction: Vhub
x −V root

x .

While, (2) impact velocity in the fore-aft direction (V imp
y ) causes

sideways’ impact of the guide pin, and contact region lies along

its transverse direction. V imp
y is defined as relative velocity be-

tween root and hub in the global y-direction: Vhub
y −V root

y . These

responses vary with wind-wave misalignment and are obtained
by global response analysis of the installation system.

2.2 Damage Assessment for a Critical Location at the
Blade Root

A wind turbine blade usually includes several T-bolt connec-
tions attached at its root (Ketele 2013; Martınez et al. 2011). A
T-bolt connection comprises of an assembly of steel bolt and
barrel nut, which are drilled into the blade root laminate
(Brøndsted and Nijssen 2013). In Verma et al. (2019a), it
was found that impact loads at blade root causes
through-the-thickness tensile normal stresses (σ33 > 0). This
leads to delamination of the plies at location z of the blade
root (Figure 4), which is the most critical location of failure. In
this paper, damage assessment at location z is performed for
both contact scenarios—sideways’ impact and head-on im-

pact, and allowable impact velocities in the fore-aft (V allow
y )

and side-side direction (V allow
x ) are obtained. A normalised

failure index (I zf S33ð Þ ) is defined which represents stress ex-

posure factor at location z and is given by:

I zf S33ð Þ ¼ σz
33

ZT

� �
ð1Þ

where σz
33 is the through-the-thickness tensile normal stresses

at location z, and ZT denotes through-the-thickness tensile
strength. Note that I zf S33ð Þ≥1 represents failure in the root

laminate at position z.

(a) North Sea centre

(b) Relative frequency of wind direction 

(c) Relative frequency of wave directions  

(d) Relative frequency of absolute values between wind and
wave (defined as “wind-wave misalignment”)  

Figure 2 Different wind and wave directions (wind and wave direction
corresponds to a compass—0° represents East, 90° North, 180°West and
270° represents South)
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2.3 Structural Safety Assessment of the Mating Task
for a Sea State with Given Wind-Wave Misalignment

This response parameter measures whether the sea state with a
given wind-wave misalignment condition is safe or not for the
mating task. Here, extreme value analysis is performed for

velocity of impact in both, fore-aft (V imp
y ) and side-side direc-

tion (V imp
x ), and corresponding extreme value distributions is

obtained for load cases with different wind-wave misalign-
ment conditions.

Furthermore, for a target safety level, characteristic

extreme responses (Vchar
x ;V char

y ) are obtained (Verma

et al. 2019c) and are compared with allowable impact

velocities (V allow
x ;V allow

y ). Only those sea states are con-

sidered safe (xi ∈ S) for the mating task in which the
characteristic extreme responses are less than allowable
impact velocities in both fore-aft and side-side direction.
A criterion was proposed in the previous work (Verma
et al. 2019c) for safety assessment of mating task and is
given by:

∀xi∈Hs; Tp;Uw;βwave

if Vchar
x ≤V allow

x and Vchar
y ≤V allow

y
then xi∈S sea−state safe for matingð Þ
else xi∉S unsafeð Þ

ð2Þ

where xi is the load case considered for analysis, Hs is the sig-
nificant wave height, Tp is the wave spectral peak period, Uw is
the mean wind speed at hub height, βwave is the degree of mis-
alignment for wind-wave, Vchar

x and V char
y are characteristic ex-

treme responses corresponding to a target safety level in
side-side and fore-aft direction of the installation system respec-

tively, and Vallow
x , V allow

y are allowable impact velocities in

side-side and fore-aft direction, respectively. It is to be also
noted that the target exceedance level for calculating the char-
acteristic extreme responses from extreme value distributions is
considered as 10−2 per operation in this study. This value corre-
sponds to the consequence level where there are no damages
developed in the composite root laminate, and another mating
trial is possible after replacing damaged guide pins (Verma et al.
2019c). The target exceedance level of 10−2 for the response
parameters we considered here corresponds to a target safely
level with a failure probability of 10−2, representing 1 failure
per 100 operations (and corresponding consequence), and is
based on such incidents reported in the industry.

Analysis Procedure

Figure 5 presents the analysis procedure followed in this
study for investigating the effect of wind-wave misalign-
ment on the wind turbine blade mating process. There are
three distinct yet interrelated steps, where each step

Figure 3 Illustration of impact scenarios during the blade mating process
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emphasises on the quantification of the above-discussed
response parameters.

The first step includes numerical modelling of the mating
process in HAWC2 code (Larsen and Hansen 2007), where
four different wind-wave misalignment conditions (βwave =
0°, 30°, 60°, 90°) are considered for time domain analysis.
Note that the choice of wind-wave misalignment for the anal-
ysis is site-specific and represents conditions for the North Sea
centre in this study. The hub motions and blade root motions

are calculated and finally V imp
y and V imp

x are obtained for given

wind-wave misalignment conditions.
The second step is impact assessment of the blade root with

hub using finite element analysis. The response parameter I zf

S33ð Þ is evaluated for both impact scenarios, and allowable

impact velocities (V allow
x , Vallow

y ) are obtained for impact sce-

narios in fore-aft and side-side direction.
The final step is the structural safety assessment of the

mating task for given wind-wave misalignment conditions.
The extreme value analysis is performed for the response pa-

rameter V imp
x and V imp

y , and for a target safety level of 10−2 per

operation, characteristic extreme responses (V char
x ;V char

y ) are

obtained for different misalignments. These characteristic re-
sponses are then compared with allowable level of impact

velocities (V allow
x , V allow

y ), and only those sea states (xi) are
considered safe for the mating task for which the criteria de-
fined by Eq. (2) are satisfied. Finally, an overall safe domain
for the mating task which consists of all safe sea states (∀xi ∈
S) is compared for different wind-wave misalignment
conditions.

3 Material and Modelling Methods

The mating process of DTU 10 MW wind turbine blade (Bak
et al. 2013) is considered in this article, and thus, all the pa-
rameters used for modelling are derived from DTU 10 MW
report (Bak et al. 2013). Here, the modelling details of the
installation system using multibody dynamics are described
first. Then, the finite element modelling information for im-
pact analysis between blade root and hub for different scenar-
ios are addressed.

Figure 4 Position of interest at the blade root for assessment

Figure 5 Analysis procedure considered in this study
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3.1 Numerical Modelling of Installation System

The installation system is modelled in HAWC2 numerical
code (Larsen and Hansen 2007). The code can simulate dy-
namics of the wind turbines in the time domain considering
various effects such as wind and waves. The installation sys-
tem consists of two independent sub-systems—(1) preassem-
bled monopile sub-system, and (2) single-blade lift
sub-system (Figure 6). Different modelling aspects are con-
sidered in HAWC2 and are discussed below.

Structural Model

In the HAWC2 code, the structural formulation of the
turbine components depends upon multibody dynamics.
The first structural system, i.e. (1) preassembled monopile
system consists of a monopile, along with a turbine tower,
a nacelle and a hub. The components of this sub-system
are grouped into several flexible bodies, and are modelled
with Timoshenko beam elements linked through a cou-
pling joint. Large rotations and large displacements are
permissible at these joints; however, only small deflec-
tions are allowed within each body.

The (2) single-blade lift-sub-system on the other hand
consists of the wind turbine blade, yoke, tugger lines, lift
and sling wires connected to a fixed crane tip. The wind
turbine blade is discretised with Timoshenko beam ele-
ments, and is defined as one single body. The yoke is
added as a concentrated rigid body defined at the mass
centre of the blade. The tugger lines are 10 m long and
consist of cable bodies joined by spherical joints (Verma
et al. 2019a). It is to be noted that the effect of jack-up
crane vessel is ignored in this study as the vessel is gen-
erally stable due to load bearing legs, and thus has a
minor contribution to crane tip responses. The structural
characteristics of components used in the modelling of
installation system are also mentioned in Table 1.

Pile-Soil Interaction Model

The monopile support structure along with the charac-
teristics of soil layers used in this study is based on the
work of Velarde (2016), where the foundation for DTU
10 MW reference turbine was designed. In Velarde
(2016), only the non-linear p − y curve corresponding
to soil lateral stiffness was reported and this makes
the basis for pile-soil interaction model in our study.
The pile diameter is around 9 m and has a penetration
depth of 45 m. The distributed springs model is utilised,
which considers the pile as a flexible component having
lateral springs spread around the soil layer.

Wave-Induced Hydrodynamic Model

Morison equation (Morison et al. 1950) is used to calculate
hydrodynamic wave-induced loads exerted on the monopile.
The equation consists of inertial as well as drag-associated
terms and is given by:

f s ¼ ρCm
πD2

4

::
xw−ρ Cm−1ð Þ πD

2

4

::
η1

þ 1

2
ρ CdD ẋw−η̇1

� �
jẋw−η̇1j ð3Þ

where ρ is defined as the density of sea water, D is the
monopile diameter, and Cm and Cd in the above equation are
the inertial and drag coefficient and is assumed as 2.0 and 1.0,

respectively (Jiang 2018). Furthermore, ẋw in the above equa-
tion describes the velocity, whereas

::
xw describes the acceler-

ation of water particles at the strip centre.

Wind and Aerodynamic Model

Cross-flow principles are used, which assume the wind flow
as 2D, and neglect the wind flow in the span-wise direction ofFigure 6 Description of numerical modelling of installation system

Table 1 Modelling parameters of installation system used in HAWC2

Parameter Values

Diameter of monopile (m) 9

Pile penetrating depth (m) 45

Water depth (m) 30

Eigen period - first fore-aft mode (s) 4.2

Damping ratio - first fore-aft mode (%) 1

Blade mass (t) 41.7

Blade length (m) 86.4

Blade root diameter (m) 5.4

Yoke weight (t) 50
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the blade. As the blade is non-rotating, steady lift and drag
coefficients are utilised (Bak et al. 2013; Verma et al. 2019b)
to calculate aerodynamic loads exerted on blade sections. The
Mann’s turbulence (Mann 1994) module available in
HAWC2 code is utilised to generate inflow turbulent field in
this study. This module is defined by three parameters—
turbulence length scale factor, eddy lifetime and spectral mul-
tiplier. The details of these parameters can be found in Jiang
et al. (2018).

3.2 Environmental Load Cases for Time Domain
Analysis

In this study, North Sea centre is considered for studying
the effect of wind-wave misalignment during offshore
blade mating task. The offshore site has a water depth
of 29 m, which nears the water depth of 30 m considered
for the monopile foundation in this study. Figure 7a and b
present the histogram of Hs and Tp, respectively, from
10 years of hindcast data (2001–2010). It can be clearly
seen that bulk of Hs for the site is less than 6m, whereas
Tp lies in the range of 2 − 16s.

Given that the mating task is expected to give very
high responses for Hs > 3m, the present paper only

considers time domain analysis for Hs in the range 1m ≤
Hs ≤ 3m where Hs varies with a step of 0.5m. Again, the
analysis considers Tp in the range 4s ≤ Tp ≤ 12s, where Tp
varies with a step of 2s. Also, since the site has
wind-wave misalignments varying between 0° and 90°
(as discussed in Section 1), four cases of wind-wave mis-
alignments (βwave = 0°, 30°, 60° and 90°) are considered
for each load case. For simplicity, only one case of mean
wind speed (Uw = 10m/s) is considered in this paper and
corresponds to turbulence intensity of 0.12 selected from
IEC standard (IEC 2005). Figure 8 presents the bird view
of the installation process, where different wind-wave
misalignments taken in the paper are illustrated. The de-
tails of environmental load cases are mentioned in
Table 2.

(a)  Hs 

(b)  Tp 

Figure 7 Histogram data at North Sea centre

Table 2 Description of environmental load cases

EC βwave (°) Hs (m) Tp (s) Uw (m/s) TI

1 0 1, 1.5, ....3.0 4, 6, ...12 10 0.12

2 30 1, 1.5, ....3.0 4, 6, ...12 10 0.12

3 60 1, 1.5, ....3.0 4, 6, ...12 10 0.12

4 90 1, 1.5, ....3.0 4, 6, ...12 10 0.12

Figure 8 Bird view of mating process with considered wind-wave
misalignment
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3.3 Time Domain Analyses

Time domain analyses are performed at a time step of 0.01s
with each environmental load case analysed for 20 seeds for
stochastic variability. Therefore, a total sum of 2000 environ-
mental cases are considered for the time domain analysis.
Each case has a total time duration of 1000 s, where first
400 s are removed during post-processing to avoid any tran-
sient effects.

3.4 Modelling and Analysis of Blade Root Impact with
Hub

The main purpose of the impact analysis is to relate the
impact velocity obtained for a given wind-wave misalign-
ment condition with the damages obtained at the blade
root. In this way, allowable impact velocities in fore-aft

(Vallow
y ) and side-side (V allow

x ) direction are obtained.

Here, the details for structural modelling and analysis of
blade root impact with hub are discussed for sideways and
head-on impact scenarios. It is assumed that for both the
scenarios, single guide pin at root suffers impact, and thus,
any distribution of contact forces among adjacent bolts is
neglected. It is to be noted that a detailed finite element
modelling technique describing sideways’ impact scenario
was thoroughly presented in Verma et al. (2019a). In this
study, the same model is used for head-on impact but with
a different direction for impact loads, and thus, the details
of finite element model are described only briefly.

Abaqus/explicit (Hibbitt et al. 2016) environment is cho-
sen as the solver environment for impact analysis given
that it is suited for non-linear problems involving large
rotation, large displacements and complex interaction
(Verma et al. 2019e). The DTU 10 MW blade, which is
based on shell-element is considered for impact assessment.

The parent blade model has a span of 86.4 m with a root
radius of 2.7 m and has no detailed connections or joint
descriptions at its root (Verma et al. 2019f). For the pur-
pose of impact assessment, a high-fidelity 3D finite element
model for T-bolt connection is separately developed and is
coupled with remaining region of the blade using
shell-to-solid coupling constraint feature in Abaqus
(Figure 9). The components of the T-bolt connections—
steel guide pin, steel barrel nut and root laminate with
Triaxial layup [+45/ − 45/0] (see dimensions in Figure 9)
—are modelled with eight noded linear brick elements with
reduced integration (C3D8R) elements. The remaining re-
gion of the blade is discretised with four noded thick con-
ventional shell (S4R) elements. The details of the element
size, mesh sensitivity study and contact formulations be-
tween the components of T-bolt connection can be found
in Verma et al. (2019a, 2020).

A simplified structural representation of hub is consid-
ered for impact assessment. The hub is defined as a rigid
body, discretised with four noded bilinear (R3D4) ele-
ments, and is constrained in all degrees of freedom.
General contact attribute together with suitable tangential
and mechanical interaction properties available in
Abaqus/explicit is used to define contact between impact
surface of the guide pin and hub. For the case of side-
ways’ impact, the initial impact surface is transverse to
the guide pin (red arrows, Figure 9), whereas for
head-on impact, the initial impact surface is along its axial
direction (blue arrows, Figure 9). Maximum stress failure
criterion is used as failure prediction model for root lam-
inate, whereas von-Mises equivalent plastic strain criteri-
on is used for damage assessment at barrel nut and guide
pin. The details of these criteria along with corresponding
material properties can also be found in Verma et al.
(2019a, 2020).

Figure 9 Finite element modelling of guide pin impact with hub for sideways and head-on impact scenarios
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It is to be noted that the structural coordinate system for finite
element analysis is different from the ones used in HAWC2
simulation. The sideways’ impact corresponds to initial impact

velocity in x-direction of structural coordinate system (V fem
x )

whereas head-on impact represents impact velocity in z-
-direction of structural coordinate system (V fem

z ). Impact veloc-

ities in the range of 0:1≤ V fem
x ;V fem

z

� �
≤2m=s are used for

impact assessment for sideways and head-on scenarios.

4 Results and Discussion

In this section, response time histories, spectral densities and
corresponding standard deviations are considered for
discussing the effect of wind-wave misalignment on the wind
turbine blade mating process. First, an individual description
of hub-centre and blade root motions are presented, followed
by discussion of impact velocity between root and hub for
different wind-wave misalignment. Then, the damage assess-
ment results for blade root impact with hub are discussed,
where allowable impact velocities for sideways and head-on
impact scenarios are estimated. Finally, a safe domain for
performing mating task under different wind-wave misalign-
ment conditions is compared.

4.1 Hub Motions

Figure 10a and b present the time histories of hub-centre dis-

placement in side-side (Uhub
x ) and fore-aft (Uhub

y ) directions

for mating process in an environmental condition with Hs =
2.5m, Tp = 4s, Uw = 10m/s and different wind-wave misalign-
ments (βwave = 0°, 30°, 60° and 90°). It can be clearly seen that

the motion of hub in side-side direction (U hub
x ) is highest for

largest degree of misalignment (βwave = 90°), with amplitude
of responses further decreasing with shift in degree of mis-
alignment. It is further observed that the motion of hub-centre

in side-side direction (Uhub
x ) is negligible for load case with

completely aligned wind-wave condition (βwave = 0°); see
Figure 10a. On the contrary, the motion of hub-centre in

fore-aft direction (U hub
y ) is largest for load case with βwave

= 0° condition (see Figure 10b), and reduces with increasing
degree of misalignment. For βwave = 90°, the motion of
hub-centre in fore-aft direction is found insignificant.

The same observation is also described through

Figure 10c and d where spectral density curves for U hub
x

and Uhub
y are compared for Hs = 2.5m, Tp = 4s, Uw = 10m/s

and different wind-wave misalignment (βwave = 0°, 30°,
60° and 90°). Given that the eigen period of the monopile
structure in the first fore-aft and side-side bending modes
is approximately 4.25 s, the load case with Tp = 4s causes
resonance-induced amplification of responses, and thus,

the highest peak of frequency is observed at approximate-
ly 0.23 Hz. The frequency peak corresponding to the
monopile’s first side-side mode is maximum for largest
degree of misalignment (βwave = 90°), whereas the fre-
quency peak corresponding to the monopile’s first
fore-aft mode is maximum for aligned wind-wave condi-
tion (βwave = 0°).

Figure 11a–b present the motion of hub-centre in xy-plane
for mating process in different wind-wave misalignment con-
dition (βwave = 0°, 30°, 60° and 90°) and two Tp (Tp = 4s and
Tp = 6s). As expected, for both the values of Tp, the motion of
hub-centre for βwave = 0° is concentrated explicitly in fore-aft

direction (Uhub
y ), whereas motion of hub-centre for βwave =

90° is concentrated solely in side-side direction (Uhub
x ).

(a) Ux
hub

(b) Uy
hub

(c) Ux
hub

(d) Uy
hub

Figure 10 Response time histories and spectral density curve for load
case Hs = 2.5 m, Tp = 4 s, Uw = 10 m/s and for βwave = 0°, 30°, 60°,
and 90°

(a) Tp=4s

(b) Tp=6s

(c) Ux
hub

(d) Uy
hub

Figure 11 Motion of hub-centre in xy-plane and comparison of standard
deviations for load case Hs = 2.5 m, Tp = 4 s, 6 s, 8 s, 10s, 12 s, Uw =
10 m/s and βwave = 0°, 30°, 60° and 90°
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However, it is observed that for βwave = 30°, 60°, the
motions of hub-centre in fore-aft and side-side direc-
tions are correlated. It is to be also noted that the mo-
tion of hub-centre in xy-plane is substantially high for
Tp = 4s, which nears the eigen period of the monopile
structure in both side-side and fore-aft bending mode.
On the other hand, for Tp = 6s, the motion of
hub-centre in xy plane is reduced by more than 40%,
given that the wave frequency is away from the excita-
tion frequency of the monopile structure.

A comparison between the standard deviation of U hub
x and

U hub
y for mating process in varying wind-wave misalignments

(βwave = 0°, 30°, 60° and 90°) and varying values of Tp (Tp =
4s, 6s, 8s, 10s, 12s) is also presented in Figure 11c–d. It is

clearly observed that the standard deviation for bothUhub
x and

U hub
y , is highest for Tp = 4s, and further reduces with increas-

ing values of Tp for all degrees of misalignments. This is
because of the shift in wave spectral peak period away from
the eigen period of the monopile structure. Also, for a given

Tp, standard deviation of U hub
x is largest for βwave = 90°, and

smallest for βwave = 0°, whereas standard deviation of U hub
y is

highest for βwave = 0°, and least for βwave = 90°.

4.2 Blade Root Motions

Figure 12a presents the displacement of blade root in glob-
al x- and y-direction of the installation system for envi-
ronmental condition with Uw = 10m/s. The blade root re-
sponses in y-direction are dominant compared with its
motion in x-direction which is negligible. This is due to
the action of tugger lines which constrains the blade root
motions in x-direction. Figure 12b presents the spectral
density curve for the blade root displacement in global
y-direction, where peak frequency is observed at approx-
imately 0.08Hz, and corresponds to fr1.

4.3 Impact Velocity Between Blade Root and Hub

Figure 13a–b present the impact velocity between blade root

and hub in side-side (V imp
x ) and fore-aft (V imp

y ) direction for

mating process in an environmental condition withHs = 2.5m,
Tp = 4s, Uw = 10m/s and different wind-wave misalignments
(βwave = 0°, 30°, 60° and 90°). It can be seen that the impact

velocity in the side-side direction (V imp
x ) is highest for βwave =

90° with maximum response reaching a value of more than

1.5 m/s. Furthermore, the amplitude of V imp
x reduces with

decrease in the degree of misalignment, with negligible re-
sponse for aligned wind-wave conditions (βwave = 0°). Since

impact velocity in the side-side direction (V imp
x ) is dominant

for large wind-wave misalignments, this implies that head-on
impact scenarios can occur between blade root and hub for

such cases. On the contrary, impact velocity in the fore-aft

direction (V imp
y ) is highest for aligned wind-wave condition

(βwave = 0°), and reduces with further increase in misalign-
ment. Therefore, aligned wind-wave condition can cause side-
ways impact of the blade root guide pin with the hub. Also,

there are acceptable responses for V imp
y for load case with

βwave = 90° because of contribution from blade root responses
in the fore-aft direction.

(a) Time history

(b) Spectral density

Figure 12 Blade root responses for Uw = 10 m/s

(a) Vx
imp

(b) Vy
imp

(c) Vx
imp

(d) Vy
imp

Figure 13 Response time histories and spectral density curve for load
case Hs = 2.5 m, Tp = 4 s, Uw = 10 m/s and for different wind-wave mis-
alignment βwave = 0°, 30°, 60° and 90°
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Figure 13 c–d present the spectral density curve for V imp
x

and V imp
y for mating process in an environmental condition

with Hs = 2.5m, Tp = 4s, Uw = 10m/s and different
wind-wave misalignments (βwave = 0°, 30°, 60° and 90°). As

observed before, the spectral density for V imp
x has highest fre-

quency peak observed for βwave = 90°, whereas spectral den-

sity for V imp
y has highest frequency peak observed for βwave =

0°. It can also be seen in Figure 13d that there is no contribu-

tion of hub response towards V imp
y for βwave = 90°; however,

there is contribution of frequency peak corresponding to the
blade root responses. Note that there are two peaks observed
for spectral density curves corresponding to impact velocity in

fore-aft direction (V imp
y ). First peak corresponds to the first

rotational mode of the blade about global y-axis (0.08Hz),
whereas the other peak corresponds to eigen frequency of
the monopile in the first fore-aft mode (0.23Hz).

On the other hand, there is only one frequency peak ob-

served for V imp
x , which corresponds to eigen frequency of

monopile in first side-side mode. Here, no frequency peak is
observed for blade root motions. This is because in this study,
wind is considered acting from the fore-aft direction of the
installation system.

Figure 14a–b present the standard deviation of V imp
x and

V imp
y for mating process in an environmental condition

corresponding toHs = 2.5m,Uw = 10m/s, wind-wave misalign-
ments (βwave = 0°, 30°, 60° and 90°) and varying values of Tp
(Tp = 4s, 6s, 8s, 10s, 12s). It is seen that the standard deviation

for both V imp
x and V imp

y reduces with increasing values of Tp,
with highest standard deviation obtained for Tp = 4s. Also, for a
given Tp, standard deviation for V imp

x is highest for βwave = 90°,

whereas standard deviation for V imp
y is largest for βwave = 0°.

Furthermore, as discussed, there are acceptable responses for

V imp
y for βwave = 90° and have the same standard deviations

for all values of Tp. This is because there is no contribution of
hub responses for βwave = 90°, and all results correspond to the
blade root responses at Uw = 10m/s. Therefore, for βwave = 90°,
V imp
y is completely dominated by blade root motions.

4.4 Damage Assessment at the Blade Root

In this section, allowable impact velocities are evaluated for

head-on (V allow
x ), and sideways (V allow

y ) impact scenarios,

based on which structural safety assessment of mating task
will be performed for different sea states. Impact velocities

in the range of 0:1 m=s≤ V fem
x ;V fem

z

� �
≤2 m=s are considered

for impact assessment. Figure 15a–b present I zf S33ð Þ obtained

(a) Vx
imp

(b) Vy
imp

Figure 14 Comparison of standard deviations for load case Hs = 2.5 m,
Tp = 4 s, 6 s, 8 s, 10s, 12 s, Uw = 10 m/s and for different wind-wave
misalignment βwave = 0°, 30°, 60° and 90°

(b) Head-on impact (Vx
allow )

(a) Sideways impact (Vy
allow

= 0.76m/s)

Figure 15 Allowable impact velocities
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for different impact velocities corresponding to sideways and
head-on impact scenarios, respectively. It can be seen that for
sideways scenario, impact velocity above 0.76 m/s causes I zf
S33ð Þ ≥1, and thus, 0.76 m/s is considered as allowable im-

pact velocity in fore-aft direction (Vallow
y ¼ 0:76m=s ). On the

other hand, for head-on impact scenario, impact velocity
above 1.35 m/s causes I zf S33ð Þ≥1, and thus, 1.35 m/s is con-

sidered as allowable impact velocity in side-side direction

(V allow
x ¼ 1:35m=s ). This clearly implies that the sideways’

impact scenario, developed largely due to aligned wind-wave
condition, is more critical compared with head-on impact sce-
narios, given that failure in the root laminate is achieved at
relatively less impact velocity. The reason for this is that side-
ways’ impact scenario involves impact loads along the trans-
verse direction of the guide pin (see Figure 15a), causing its
inelastic bending at low impact velocity. On the other hand,
for the case of head-on impact, impact loads are caused in the
axial direction of guide pin bolt (see Figure 15b), where the
bolt has high strength and stiffness, and are designed to take
operational loads.

Furthermore, failure mode consists of s-shape buckling of
guide pin, and the failure in the laminate is developed at a large
impact velocity. A comparison of the failure modes obtained at
the blade root for sideways and head-on impact scenarios above
the threshold level is presented in Figure 16. Here, the results

for sideways’ impact correspond to V fem
x ¼ 0:85m=s, and

head-on impact corresponds to V fem
z ¼ 1:45m=s.

It can be clearly seen that the impact of the blade root
in the sideways direction causes bending of guide pin
with an angle of approximately 12°. On the contrary, im-
pact in the head-on direction causes s-shape buckling of
guide pin. Furthermore, due to these failure modes in the
form of inelastic deformation, guide pin impacts the root
laminate near the inplane hole for both the scenarios, and
thus, transverse through-the-thickness normal tensile
stresses are induced at the critical location z of the blade
root. These are represented by stress exposure factors
coloured in white fringes and correspond to failure index
at location z more than 1 (I zf S33ð Þ > 1 ). Also, note that

the stress exposure factors corresponding to transverse
through-the-thickness compressive stresses (I zf S33ð Þ < 0

) are also developed near the inplane hole, however are
not comparatively that critical for development of delam-
ination at this region. Furthermore, these stresses are de-
veloped in two different and opposite corners of the
inplane hole, for sideways and head-on impact scenarios.
The reason for this is that for sideways’ impact scenarios,
guide pin impacts the inplane hole along the direction of
the bend, whereas for head-on impact, guide pin deforms
in s-shape and impacts the inplane hole in the direction of
its buckled curvature.

4.5 Structural Safety Assessment of Mating Task for
Sea States with Given Wind-Wave Misalignment

In this section, structural safety assessment of blade mating
task will be assessed for load cases with different wind-wave
misalignment conditions and corresponding safe domain for
the installation task will be compared. First, extreme value
distributions and corresponding characteristic extreme re-
sponses are obtained for impact velocities in fore-aft and
side-side direction. Then, these characteristic values are com-
pared with their allowable impact velocities, and only those
sea states are considered safe for mating task for which the
characteristic values are less than the allowable responses.

Figure 17a–b present the Gumbel fitting of extreme responses

for impact velocities in side-side (V imp
x ) and fore-aft direction

(V imp
y ), respectively, for load cases withHs= 2.5m, Tp = 4s,Uw

= 10m/s and different wind-wave misalignments (βwave = 0°,
30°, 60° and 90°). Each load case consists of 20 seeds, where
maximum values are extracted from the time series of impact
velocities and are plotted in the Gumbel probability paper.
Overall, there are 20 data points used for each load case.

It can be clearly seen that the data points describing the

extreme values of V imp
x and V imp

y fit the Gumbel plot satisfac-

torily for all the load cases. It is worth mentioning that the data
points were also fitted to probability papers of other distribu-
tions such as Lognormal, Weibull and Exponential to check the
best fit. It was found that Gumbel distribution provides the best
coefficient of determination (R2) and least standard error (SE).

Furthermore, the parameters μ and β, which describe the
Gumbel distribution, are estimated and are explicitly mentioned
next to the fitted line for load cases with different wind-wave
misalignment (see Figure 17a and b) together with the corre-
sponding R2 and SE values. Note that the cumulative distribu-
tion function of Gumbel distribution is given by (F(Vimp) = exp
(− exp(−(Vimp −μ)/β))) where μ and β are location and scale
parameters, respectively. It can also be observed that the loca-

tion parameter (μ) for V imp
x is largest for βwave = 90° and re-

duces further with reduction in degree of misalignment. On the

other hand, location parameter (μ) for V imp
y is largest for βwave

= 0° and reduces with increase in misalignment. Similar
Gumbel fitting of extreme responses and corresponding

Gumbel parameters for V imp
x and V imp

y were estimated for every

environment conditions examined in the present study.

Extreme value distributions forV imp
x andV imp

y are described

using the values of the estimated parameters (μ and β) in
Figure 17c and d, respectively, for load cases with Hs =
2.5m, Tp = 4s,Uw = 10m/s and different wind-wave misalign-
ments (βwave = 0°, 30°, 60° and 90°). It is clearly observed that

the extreme value distribution for V imp
x on the rightmost side

corresponds to the load case with βwave = 90°, whereas the
distribution on the leftmost side corresponds to βwave = 0°.
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This result is in line with the previous observations where
impact velocity in the side-side direction was found largest
for misaligned wind-wave conditions. Similarly, extreme val-

ue distribution for V imp
y is located on the rightmost side for

aligned wind-wave condition (βwave = 0°).
Figure 18a–b present the characteristic extreme responses for

impact velocities in side-side (V char
x ) and fore-aft directions

(V char
y ), respectively, for load cases with Hs = 2.5m, Tp = 6s,

Uw = 10m/s and different wind-wave misalignments (βwave =

0°, 30°, 60° and 90°). These values are obtained using extreme
value distributions and correspond to a target exceedance level of
10−2. Note that a black-dotted line is also presented in the figures
to represent 10−2 exceedance level, and the point where it inter-
sects the curve corresponds to the characteristic extreme re-

sponses for different load cases. It can be seen thatV char
x is largest

for βwave = 90°, with the value reaching approximately 1.30 m/s.
Furthermore, this value decreases with shift in the degree of
misalignment and is lowest for βwave = 0°.

Figure 16 Comparison of failure modes for impact in sideways and head-on impact scenarios
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On the contrary, V char
y is highest for βwave = 0° and least for

βwave = 90°. Similar results are obtained in Figure 18c–d,

where V char
x and Vchar

y are evaluated for load case with Hs =

2.5m,Uw = 10m/s, different wind-wave misalignments (βwave
= 0°, 30°, 60° and 90°) and with Tp = 8s.

Finally, in order to decide whether the sea state with a given
wind-wave misalignment is safe or not for mating task, it is
required to compare the characteristic extreme responses in
both side-side and fore-aft directions with allowable impact
velocities. Only those sea states are considered safe for which

V char
x and V char

y are less than their corresponding impact veloc-

ities. The V char
x and V char

y presented in Figure 18a–b for the

load case with Hs = 2.5m, Tp = 6s, Uw = 10m/s and different
wind-wave misalignments (βwave = 0°, 30°, 60° and 90°) are

compared with corresponding V allow
x ¼ 1:35m=s and

V allow
y ¼ 0:76m=s, respectively. Note that the characteristic

extreme responses for which the values are less than the al-
lowable responses are marked as green dots (on the dotted
black line), and for those in which the characteristic responses
are larger than allowable values are marked as red dots
(Figure 18a–b).

It can be seen that for the case of V char
x , all load cases with

wind-wave misalignments are marked as green dots, given that
the characteristic responses for all the misalignments are less

than V allow
x ¼ 1:35m=s. However, for Vchar

y , only the load case

with βwave = 90° is marked as a green dot as the characteristic

responses are less than V allow
y ¼ 0:76m=s. The characteristic

responses corresponding to βwave = 0°, 30°, 60° are larger than
V allow
y ¼ 0:76m=s and are hence marked as red dots. This im-

plies that for the load case Hs = 2.5m, Tp = 6s, Uw = 10m/s,
only βwave = 90° belongs to the safe domain of sea state for
the mating task. Also, Figure 18 c–d show the similar compar-
ison for the load case with Tp = 8s, and it is found that for the

case ofV char
x , all misalignments are marked as green dots but for

V char
y , only βwave = 60°, 90° are marked as green dots. Note that

only those sea states are considered safe for which both V char
x

and V char
y are less than Vallow

x and V allow
y , respectively.

Therefore, for the load case Hs = 2.5m, Tp = 8s, Uw = 10m/s,
only βwave = 60° and 90° belong to the safe domain.

Similar calculation for safety assessment is performed
for all the load cases considered in this paper, i.e. Hs in the
range 1m ≤Hs ≤ 3m, Tp in the range 4s ≤ Tp ≤ 12s, Uw =
10m/s and different wind-wave misalignments (βwave =
0°, 30°, 60° and 90°). Figure 19 presents the comparison
between different safe domains analysed for considered

(a) Vx
imp

(b) Vy
imp

(c) Vx
imp

(d) Vy
imp

Figure 17 Gumbel fitting of extreme responses and corresponding
extreme value distribution for load case Hs = 2.5 m, Tp = 4 s, Uw =
10 m/s and βwave = 0°, 30°, 60° and 90°

(a) Vx
char (Tp=4s)

(b) Vy
char (Tp=4s)

(c) Vx
char (Tp=8s)

(d) Vy
char (Tp=8s) 

Figure 18 Characteristic extreme responses for load case: Hs = 2.5 m,
Uw = 10 m/s and for βwave = 0°, 30°, 60° and 90°

Figure 19 Comparison of safe domain for different wind-wave
misalignment
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wind-wave misalignments. Note that the area lying below
the line corresponding to a particular wind-wave misalign-
ment is considered safe for the mating task. It can be clear-
ly seen that the collinear wind-wave condition has the least
percentage of safe domain, whereas βwave = 90° has highest
percentage of safe sea states for the mating task. This is
because of the fact that aligned wind-wave conditions
cause sideways’ impact that are critical and cause damages
to the root laminate at relatively less impact velocity.
Overall, it can be said that, although both, aligned and
misaligned wind-wave conditions can induce large re-
sponses between root and hub during the blade mating
process; it is the aligned wind-wave conditions that are
the most critical as far as the structural safety of the blade
root mating process is concerned.

5 Conclusion

The present paper investigated the effects of wind-wave mis-
alignment on the wind turbine blade mating process. Three
distinct response parameters: (1) impact velocity between root
and hub during mating, (2) impact-induced damages at the
blade root and (3) safety assessment of the mating task for a
given wind-wave misalignment condition, were considered
for discussion. The mating process was numerically modelled
in HAWC2 numerical code, and time domain analyses were
performed for load cases representing environmental condi-
tions for the North Sea centre. Four cases of wind-wave mis-
alignments (βwave = 0°, 30°, 60° and 90°) were considered for
each load case. Additionally, the impact scenarios—sideways
and head-on impact of the guide pin with the hub—were also
numerically modelled using Abaqus/explicit, and correspond-
ing allowable impact velocities in the fore-aft and side-side
directions were obtained. The following are the main conclu-
sions from this study:

1) The displacement of the hub-centre in the side-side mode

(U hub
x ) is highest for load cases with largest wind-wave

misalignment (βwave = 90°), and it further reduces with
shift in the degree of misalignment. On the other hand,
displacement of the hub-centre in the fore-aft direction

(U hub
y ) is largest for aligned wind-wave cases (βwave =

0°), and the amplitude of responses reduces with increase
in misalignment.

2) The load cases with largest degree of wind-wave mis-
alignment have the largest impact velocity in the
side-side direction, and thus for such cases, head-on im-
pact between guide pin and hub are dominant. On the
contrary, aligned wind-wave cases induce largest impact
velocity in the fore-aft direction, and thus cause impact of
the guide pin with the hub in sideways scenario.

3) The sideways’ impact of the guide pin with hub is more
critical than the head-on impact, and the failure criteria in
the root laminate are met at a relatively low velocity of
impact. This is because sideways’ impact scenario in-
volves impact loads along the transverse direction of the
guide pin causing bending of the bolt. On the other hand,
for the case of head-on impact, impact loads are caused in
the axial direction of guide pin, where the bolt has high
strength and stiffness. This causes impact-induced buck-
ling of guide pin, but at a large impact energy. Therefore,
impact scenarios for aligned wind-wave conditions are
more critical for the wind turbine blade mating process.

4) The safety assessment of the mating task was also com-
pared for load cases with different wind-wave misalign-
ment conditions. It was found that βwave = 90° has the
largest domain for safe installation of wind turbine
blades, which reduces with shift in the degree of mis-
alignment. Also, for collinear wind-wave condition
(βwave = 0°), lowest percentage of safe domain for mat-
ing task was obtained. The reason for this is that aligned
wind-wave conditions cause sideways impact, which,
from a structural perspective, is more critical than a
head-on impact scenario, developed due to misaligned
wind-wave conditions.
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