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Abstract

The rotor-nacelle-assembly (RNA) is an integral part of wind turbines, and it may contribute significantly to their total
system mass. Notwithstanding its importance, it is a general practice to simplify the RNA as a concentrated mass in the
structural response analysis of wind turbines. The rotor eccentricity and the rotary inertia of blades are two key structural
parameters of a typical RNA. The first is often considered in the seismic performance assessment of wind turbines,
however, the effect of the rotary inertia of blades is typically neglected. It is yet unknown how the dual consideration of
these two parameters can influence the structural response and subsequently, the seismic vulnerability of wind turbines.
This study investigates the combined effect of the two RNA parameters on the tower damage modes and failure
probabilities of offshore wind turbines (OWT) under ground excitation due to shallow crustal earthquakes. Four different
pairs of rotor eccentricity and rotary inertia of the blades are used. The modal analysis shows that the higher modes are
affected by the inclusion of these two parameters. Intrestingly, the non-linear dynamic analysis reveals the shift of the
damage onset towards the upper and slenderer part of the tower. The fragility analysis further highlights the significant
uncertainty associated with the measured failure probabilities of the OWT tower. The probability of failure is considerably
lower if the rotary inertia and rotor eccentricity are ignored which demonstrates that the common modelling
simplifications can potentially lead to unconservative design.
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1. Introduction

In a probabilistic seismic risk assessment (PSRA) framework, structural analysis is vital to evaluate the
response of a structure to various intensities of a characteristic earthquake hazard. It involves the development
of a numerical model that facilitates the preliminary analysis of of the nonlinear dynamic behavior of the
structure. The modeling complexity can range from a simple 1-dimensional (1D) beam element model [1,2] to
a high-fidelity 3D finite element model (FEM) [3,4]. The choice of the model complexity depends on the
desired computational efficiency and the nature of the required structural response. For instance, the simple
1D beam elements are efficient for simulating the global structural response [5] whereas the detailed 3D FEM
is suitable for identifying local failure mechanisms of a structural component [6-8].

Regardless, the reliability of the structural response depends on how rigorously the uncertainties in
structural parameters that define the computational model are considered [9]. Such parameters may include
mass, stiffness, damping, strength, boundary conditions, among others. Generally, the ground motion
variability is considered more significant in affecting the structural response or the engineering demand
parameters (EDP) in a PSRA [10], therefore, structural parameters are often simplified to reduce the
computational effort. In the case of wind turbines, the rotor-nacelle-assembly (RNA) at the tower top is often
idealized as a point mass [2,5-8,11]. This is done because the RNA details, such as the rotor diameter, and the
mass of the nacelle, hub, and the blades are easy to find. On the contrary, it is often difficult to acquire the
local details of the blades, including their shape profile, material distribution and strength. This hinders the
accurate modelling of the blade models into the global FEM of a wind turbine. Hence, the lumped mass
idealization of the RNA serves as the common and a time-efficient choice, particularly, when the non-linear
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structural analysis involves a large number of seismic time histories [2,6,11] even though this approach is
unable to capture the influence of local blade modes and the effects of their modal damping on the global
system response.

It is important to note that the nacelle and the rotor (hub and the blades combined) of a typical RNA are
horizontally and vertically-eccentric to the tower. The nacelle constitutes a major portion of the total RNA
mass (Mgrna) Which can nearly be equal to half of the total wind turbine’s mass [12]. Mgrna is shown to be one
of the key parameters in determining the tower failure in offshore wind turbines (OWT) under crustal
earthquakes [5]. Moreover, the blades are long and slender structures that tend to induce rotary inertia effects
at the tower, which can be generically considered into the structural analysis if the blades are modeled explicitly
[3]. However, in the case of the lumped mass approach, this feature needs to be invoked into the idealized
system using analytical computations [2]. Within the context of the simplified RNA, the literature shows a
mixed practice for the mutual consideration of the two RNA parameters, i.e. (i) rotary inertia of the blades,
and (ii) the rotor/RNA eccentricity. Only a limited number of studies have considered the rotary inertia effects
in conjunction with the rotor eccentricity, taken as either only vertical [2,5] or in both horizontal and vertical
directions [7,8,13]. Moreover, so far, it remains unclear how the interaction of the two aforementioned
parameters would impact the structural response of wind turbines under transient seismic loading.

Along these lines, this study aims at addressing the above research gap by investigating the influence of
rotary inertia of the blades and the rotor eccentricity on the nonlinear structural response and failure
probabilities of OWTSs. Because it has been shown that the OWTSs are vulnerable to crustal earthquakes [2,5],
a suite of 50 shallow crustal earthquake records is selected for nonlinear dynamic analysis. The changes in the
tower damage modes and the seismic fragility [14] of OWTs is then examined using four different
combinations of the rotary inertia and the rotor eccentricity. First, Mrna assigned to the tower top while
ignoring the rotary inertia of the blades (Ir). Next, the Ir is calculated assuming a uniform distribution of the
blade mass (mg) across the blade length (rg) as it is applied at the tower top along with Mgna. Third, Mgna and
Ir are considered with a vertical eccentricity from the tower top. Fourth, the nacelle (mn) and the rotor mass
(mg) are considered separately at their center of mass locations, where the Ir is applied at mg. (i.e., the nacelle
and rotor are vertically and horizontally eccentric to the tower top). The modal, non-linear dynamic and
fragility analysis results are then discussed to point out the implications of the different pairs of RNA
parameters on the high-order vibration modes, tower damage modes and the failure probabilities of OWTSs.

2. Structural and load modeling

The monopile-supported NREL 5MW reference OWT is considered as the case study [12,15]. The numerical
model of the OWT is developed using the open-source software OpenSees [16]. The main tower, transition
piece, and the monopile are modeled by means of non-linear displacement-based elements, which are efficient
in capturing the progressing of material non-linearity across the tower [2,5]. Details on the structural
specifications, reference axis, and finite element modeling (FEM) of the OWT are shown in Fig. 1(a). The
monopile is assumed to embed 36 m into the seabed, which is an elastic homogeneous layer of soil with a unit
weight of 10 kN/m® and internal friction angle of 35°. The soil-pile interaction is modeled considering the
monopile as a Winkler beam supported by the API [17] based on non-linear springs (see [2] for more details).

2.1 RNA modeling

The RNA is primarily modeled using the conventional lumped mass approach and it is sub-divided into four-
different configurations, referred to as M1 to M4, as shown in Fig. 1(b). M1 considers the total RNA mass
(Mrna) at the tower top, where only the effects of the translational masses are considered. M2 to M4 further
defines the rotary inertia of the blades (Ir) at the tower top about X, Y, and Z-direction, using the expressions
listed in Table 1 [2], where mg is the blade mass, and rz is the blade length. It is noted that M1 and M2 do not
take into account the eccentricity of the Mrna. M3 considers Mgrna located at the rotor shaft at a vertical distance
of ezs from the tower top, whereas M4 models the nacelle and the rotor (hub and three blades) separately at a
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horizontal and vertical eccentricity of (exn ,ezn) and (exr ,ezgr) from the tower top, respectively. Rigid links are
used to achieve a tied kinematic interaction between the tower top and RNA nodes, as shown in Fig. 1(b).

Table 1 — Estimation of Ir for different RNA models

Ir M1 M2 M3 M4

Ix 0 mgrs

Iy 0 0.5mgr + 3mgexd 0.5mprys
Iz 0 0.5mpre + 3mgexi 0.5mpry

2.2 Static and dynamic loads

The static loads include the self-weight, hydrostatic effects of the water mass around the tower/transition piece,
the soil mass in and around the monopile, and the wind load as shown in Fig. 1(a). The wind loads are applied
at the tower and the rotor as nodal loads, whereas the rest of the static loads are considered as the nodal masses.
The wind forces at the tower are calculated for normal wind conditions [18] and the wind thrust at the hub is
estimated as the function of the rotor swept, formed by the revolution of the blades, following [19]. The seismic
loads are considered dynamically and are applied as acceleration time-histories at the monopile springs in all
three directions (X, Y, and Z). Due to the limited availability of the geotechnical details, the effects of site
amplification and the wave propagation could not be reflected on the input time histories, therefore, the ground
motions are uniform at all monopile spring supports.
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Fig. 1 — Schematic representation of the OWT geometry, FEM, and the RNA models
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3. Earthquake records

Fig. 3 shows the epicentral locations of the 50 shallow crustal records selected for non-linear time history
analysis. The records have a magnitude (M) and source-to-site distance (R) range of 6.4 to 7.8 and 0 to 35 km,
respectively. The mean peak ground acceleration (PGA) and peak ground velocity (PGV) is 0.452 g and 68.38
cm/s. The selection criteria are formed on the basis of previous studies that suggested crustal records with
PGV > 30 cm/s can be detrimental for OWTs [5]. The response spectra of the three components (X, Y, and Z)
of the selected records are shown in Fig. 3.
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Fig. 2 — Epicentral locations of the shallow crustal records used for time-history analysis
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Fig. 3 — Spectral response spectra of the three ground motions components

4. Seismic vulnerability analysis

The influence of rotary inertia and rotor eccentricity on the seismic vulnerability of OWTs is examined using
the fragility curves. The fragility function evaluates the conditional probability (p) of an engineering demand
parameter (EDP) to exceed a prescribed limit state (LS) at a given earthquake intensity measure (IM) [14]. In
this study, the tower’s demand-to-capacity ratio (DCR) is adopted as the performance metric (EDP) at both
serviceability limit state (SLS) and ultimate limit state (ULS). The demand (D) is obtained as the structural
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responses from the non-linear time history analysis and the capacity (C) is prescribed at each LS. The
maximum tower top rotation of +£0.5° is taken as the SLS, following Det Norske Veritas (DNV) guidelines for
monopiles [20]. The strength and stability criteria for thin-walled shells, provided in Annex D of Part 1-6 of
the Eurocode 3 is selected for the ULS [21]. Moreover, the first spectral acceleration-averaged over the three
ground motion components S;”“(T;) is taken as the potential IM to represent the structural response and the

vulnerability for a suite of N earthquake records [5].

The parameters of the fragility model, the EDP, the LS criteria, and the IM; chosen for this study are
expressed in Eq. (1) to (8), which are categorically summarised in Table 2. The terms ¢ and z in Eq. (3) and
(4) are the meridional and planar shear stress demands on the tower and the foundation, and these are obtained
as the structural responses (see [2,21] for more details).

Table 2 — Expressions to estimate the selected EDP at an LS, IM and the fragility function

DCRs.s = (Tower top rotation)/0.5° @
DCRy1 s = max {S,, Sp} )
: . VoZ+312 3
(EDP).s Von-Mises stress (ceq) design | Sy = D/C = 004/ fy = = ;;37 <1, (3)
check
(fy = 355 MPa)
Buckling strength check Sy = (0/0y Rd)kx + (/720 Rd)kr <1 (4)
IM Sgyz(Tl) = [SX(T{) .Sg(le) - SZ(TH)Y/3 (5)
p[DCRys > 1|S37(TD)] = @ [INnpen, 1529y Bocryisicry | (6)
— xXyz
Fragility Model In r’DCRLSISf;yZ(Tl) =Ina+bln Sa (Tl) (7)

2 (8)
Bocrysisirry = \/ ZILs (In DCRus; =g, y57r,y,) /(N = 2)

5. Results and Discussions

5.1 Modal Analysis

The modal analysis is performed to identify the dynamic characteristics of the OWT with different RNA
models (M1 to M4). Fig.4 shows the first four-tower bending mode shapes which are identical for M1 to M4.
The difference in their dynamic behavior can be observed by the vibration periods (T) and the participation
masses (MP) in the X, Y, and Z-direction, shown in Table 2. In all four cases, there is a uniform distribution
of active translational (X, Y) masses among the higher modes. The active masses at each mode (MPx and
MPv) tend to reduce when rotary inertia and rotor eccentricity is considered, i.e., M2 to M4. M1 requires 19
modes to achieve approximately 100%, 100%, and 90% mass contribution in X, Y, and Z-direction, whereas
for M2 to M4 it takes 22 modes to achieve the same mass. Moreover, the effects of rotary inertia increase the
vibration periods, which is more prominent at higher-order (X and Y) modes in M2 to M4, however, there is
no effect on the vertical vibrations.
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Fig. 4 — First four normalized tower bending mode shapes in the x-direction for M1 to M4
Table 2 — Rotary inertia and eccentricity effects on the modal analysis
T [sec] MPx [%0] MPy [%0] MPz [%0]
ML | M2 | M3 | M4 | ML M2 M3 | M4 |ML1|M2|M3|M4|M1|M2|M3| M4

Mode

3.84213.917|4.016 | 4.015| - - - - [175]16.8|16.6|16.6| - - - -

3.842|3.881|3.979(3.981|17.5|17.1|17.0|16.9| - - - - - - - -

0.550(0.759|0.764 | 0.765 | - - - - 110863 | 66|66 | - - - -

0.550|0.652|0.664 |0.671|108| 79 | 8.1 | 7.9 | - - - - - - - -

0.22410.370|0.364 |0.364 | - - - - 192186 |86|86]| - - - -

0.224|0.3280.323|0.328| 9.2 | 7.3 | 76 | 7.6 | - - - - - - - -

0.153]0.183|0.181|0.181| - - - - - | 77]176]76(50.1| - - -

0.115/0.177|0.175|0.176 | 00 | 71 | 7.0 | 71 | 6.7 | - - - - - - -

©| 00| Nl o o | W| N| =

0.115]0.153|0.153|0.153| 6.7 | - - - - - - - - 150.1{50.1|50.0

5.2 Tower stress profiles

The effects of rotary inertia and rotor eccentricity on the tower damage modes are examined on the basis of
the tower stresses. Fig. 6 shows the normalized tower stress profiles corresponding to a pair of records that
caused the ULS exceedance, which originated in Los Angeles (USA) and Tohoku (Japan). Fig. 6 (a & b) also
highlights the key attributes of these records, including the magnitude (M), rupture distance (R), peak ground
acceleration (PGA) and the peak ground velocity (PGV). Since the prescribed ULS criterion (Eg. (2)) is driven
by the buckling strength of a hollow cylindrical shell, the zones of the tower length, where DCRus>1, represent
a failure by compression (buckling) [5], which is true for M1 to M4 in Fig. 6 (a & b).
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It is noteworthy that the M1 stress profiles are almost identical in Fig. 6 (a & b) and the damage occurs at the
same location, i.e., in the middle of the main tower. On the contrary, even though the stress profiles and the
damage zones for M2 to M4 are mutually comparable, they differ significantly under the two records. For
instance, in the case of Los Angeles, the damage for M2 to M4 occurs in the vicinity of the tower top, whereas,
in case of Tohoku, the damage initiates below the mid-tower length and leads up to the top. In addition, the
onset of damage appears to shift higher, i.e., towards the slender part of the tower, under the influence of rotary
inertia (M2) and the additional rotor eccentricity (M2, M4). Thus, M2 to M4 undergo changes in failure modes
as well as their onset locations in comparison to M1, which apart from the absence of rotary inertia can also
be attributed to the difference in their high-mode natural frequencies of vibration [6].
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Fig. 6 — Normalized tower stress profiles, showing failure at ULS under crustal records

5.3 Failure probabilities

Fig. 5 shows the probabilities of the DCR exceeding unity, (o[DCR.s>1]), at the SLS and ULS. As shown in
Fig. 5(a), rotary inertia has a slight-to-negligible influence on the seismic vulnerability of OWTs at the SLS.
The fragility curves represent identical, yet high probabilities of reaching the SLS at relatively lower values of
S;Y%(Ty) than the ULS. It is shown in Fig. 5(b) that the seismic vulnerability of OWTs at ULS differs
significantly when the rotary inertia is considered. At a given value of S;”*(T;) e.g., 0.75g,
p[DCRuLs>1|0.75g] for M1 is 0.58, which increases to 0.75 when rotary inertia is introduced in M2. The value
of p[DCRuLs>1|0.75¢] further increases to 0.88 due to the influence of the vertical eccentricity (ezs) of the
RNA (M3), which remains unaffected by the additional horizontal eccentricity of the nacelle (ezn) and the
rotor (ezr) in M4,
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Fig. 5 — Influence of the rotary inertia on the failure probabilities of the 5SMW OWT

6. Conclusions and suggestions

The conventional lumped mass approach is generally used to represent the rotor-nacelle-assembly (RNA) in
the non-linear dynamic analysis of wind turbines. The present study discusses that the effects of rotary inertia
of the blades and eccentricity of the RNA mass are often overlooked and this exclusion can impact the
structural response because the RNA contributes significantly to the global mass of the total system. The study
also investigates the influence of the rotary inertia and the rotor eccentricity on the damage and failure
probabilities of offshore wind turbines (OWT) tower under shallow crustal earthquakes. The conclusions
drawn are as follows:

1. Therotary inertia due to blades and the RNA mass eccentricity elongates the vibration periods of the OWT
in comparison to the OWT model where the two parameters are neglected (i.e., simplified model M1). The
difference is more prominent for the high-order tower bending modes.

2. Conventional model M1 leads to a single damage mode, around the middle of the main tower. On the other
hand, when the rotary inertia (M2) and the vertical (M3) and the additional horizontal (M4) eccentricity
of the RNA are considered the OWT damage can be localized at two different locations. Failure can occur
either near the tower top or start from the middle leading up to the top.

3. The inclusion of the rotary inertia tends to shift the onset of damage to the slenderer section, i.e., the upper
part of the tower, and it can move further upwards if the rotor eccentricity is introduced. This can be crucial
for the design evaluations of the OWT towers in areas susceptible to shallow crustal earthquakes.

4. The consideration of rotary inertia and the rotor eccentricity has a negligible effect on the allowable tower
top deformations. However, at the ultimate limit state (ULS), the OWT that considers the rotary inertia
with eccentric RNA (M3, M4) shows the highest probability of the tower failure, which is considerably
lower compared to the one predicted when the combined effect of these two parameters is ignored.

In closing, lack of accurate consideration of blades and the RNA mass eccentricity, may lead to prediction of
damages modes at different locations while the seismic vulnerability of the OWTs as a whole can be
underestimated, at least in areas of shallow crustal earthquake. Furthermore, the lumped mass approach doesn't
consider the deformability of the actual blades, which may then affect the structural response due to the
presence of the local blade modes, if considered. This also limits the consideration of the structural damping
associated with the blade modes in the transient response history analysis. Thus, a refined study is needed to
capture a more realistic understanding of the structural behavior and the seismic vulnerability of OWTs.
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