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Fluid–Structure Interaction
Modeling for Fatigue-Damage
Prediction in Full-Scale
Wind-Turbine Blades
This work presents a collection of advanced computational methods, and their coupling,
that enable prediction of fatigue-damage evolution in full-scale composite blades of wind
turbines operating at realistic wind and rotor speeds. The numerical methodology
involves: (1) a recently developed and validated fatigue-damage model for multilayer
fiber-reinforced composites; (2) a validated coupled fluid–structure interaction (FSI)
framework, wherein the 3D time-dependent aerodynamics based on the Navier–Stokes
equations of incompressible flows is computed using a finite-element-based arbitrary
Lagrangian–Eulerian–variational multiscale (ALE–VMS) technique, and the blade
structures are modeled as rotation-free isogeometric shells; and (3) coupling of the FSI
and fatigue-damage models. The coupled FSI and fatigue-damage formulations are
deployed on the Micon 13M wind turbine equipped with the Sandia CX-100 blades.
Damage initiation, damage progression, and eventual failure of the blades are reported.
[DOI: 10.1115/1.4033080]

Keywords: fatigue damage, DDDAS, IGA, FSI, CX-100 blade, Micon 65/13M wind
turbine

1 Introduction

Wind turbines operate for hundreds of millions of cycles during
their lifetime. Due to cyclic loading, fatigue damage in blades, as
well as in other wind-turbine structural and mechanical compo-
nents, becomes an important issue. A thorough overview of the
early techniques for wind-turbine fatigue-damage estimation may
be found in Ref. [1], where it was noted that rigorous blade testing
in a laboratory environment, as well as in real operating condi-
tions, is necessary to develop realistic fatigue-damage forecasts.
However, using sensor and measurements alone is not sufficient
to accurately describe the blade damage initiation and progres-
sion. This is because sensor arrays typically produce signals from
a limited number of spatial points, and more importantly, the
quantities measured do not directly quantify damage.

As the computational methods mature, high-fidelity models
based on these methods are starting to be adopted for damage
prognosis in large-scale structures [2,3]. However, computational
modeling alone is also not sufficient for making prediction about
damage evolution because even the more sophisticated approach
contains many assumptions about geometry, material composi-
tion, constitutive modeling, boundary and initial conditions, etc.,
which do not always reflect physical reality.

Ideally, the computational model should be enriched, as much
as possible, with sensor and measurements data that are used to
periodically update the model inputs to maintain consistency with
the measured data, and thus physical reality. Conversely, the
appropriately updated computational model is, in turn, able to pro-
duce higher-fidelity outputs for the quantities directly linked to
structural damage (e.g., the spatial damage-index distribution), for
which direct measurements are not available. This conceptual
framework, in which sensor and measurement data for a given
physical system coexist in a symbiotic relationship with an

advanced computational model of that system, is referred to as the
dynamic data-driven application system (DDDAS) [4]. As shown
in recent work, DDDAS provides a pathway for accurate damage
prediction in large-scale composite structures [3] and presents a
new, important paradigm in other engineering applications [5–8].

Structures made of laminated composites, such as the
wind-turbine blades, exhibit complex mechanical behavior [9]
and, when it comes to fatigue-damage modeling, present signifi-
cant challenges stemming from the multiscale nature of the
damage process [10–12]. The fatigue-damage model, proposed in
Refs. [13] and [14] and employed in the present paper, falls in the
class of continuum damage models (CDMs) for fiber-reinforced
composites, in which space- and time-dependent damage variables
are evolved to quantitatively predict damage growth as a function
of loading cycles [13,14]. The model was deployed as part of the
DDDAS framework to predict failure of a full-scale wind-turbine
blade in a laboratory fatigue test in Ref. [3].

Using standalone structural mechanics simulations, even in the
presence of sensor data, is also insufficient for predicting fatigue-
damage growth in wind-turbine blades. As shown in Ref. [15],
aerodynamic loading, and the structure response to that loading,
contributes significantly to blade fatigue damage. However, it is
virtually impossible to rigorously and accurately account for
aerodynamic loading in laboratory fatigue tests. To increase the
realism of the studies, one may attempt to study fatigue damage
“in the field” as the turbines operate. However, wind-turbine
blades are built to last hundreds of millions of cycles (here one
cycle is assumed to be one full revolution of the rotor), and, unless
premature blade failure occurs due to external factors, one needs
to wait for upward of a decade to see significant effects of fatigue
damage, which is not practical. On the other hand, the blade
fatigue-damage problem may be approached numerically, with
the help of DDDAS, and using appropriate coupling of advanced
FSI and CDM, which is what we present here.

The FSI framework employed in the present paper was origi-
nally developed by the senior author in Ref. [16] and successfully
applied to the simulation of horizontal- and vertical-axis wind
turbines at full-scale in Refs. [16–21]. For the aerodynamics and
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turbulence modeling, we make use of the VMS formulation [22]
posed on a moving spatial domain using the ALE technique [23].
This methodology was named ALE–VMS in Ref. [24]. It should
be noted that VMS-based methods for fluid mechanics showed
excellent results in many engineering applications involving
turbulent flows, complex geometry, and moving domains—see
Refs. [25–44] for the examples of challenging computations
performed using VMS methodology in the context of ALE,
space–time (ST), and fixed-grid techniques. The structural
mechanics modeling makes use of the rotation-free thin shell
formulation [45–48], discretized with smooth nonuniform rational
B-spline (NURBS) basis functions commonly employed in
isogeometric analysis (IGA) [49,50]. The IGA shell is used in the
modeling of the wind-turbine composite blades, both as part of
the FSI as well as fatigue-damage evolution simulations. For
recent development in, and applications of, IGA, the reader is
referred to Refs. [51–62].

The paper is outlined as follows. In Sec. 2, the FSI framework
and its coupling with the CDM for fatigue in laminated-composite
structures are presented in some detail. As part of this section, the
results of a full-scale laboratory fatigue test of the Sandia CX-100
wind-turbine blade [17,63,64] and the corresponding simulation
are summarized, focusing on the use of the DDDAS concept,
which enabled calibration of the damage-model input parameters.
In Sec. 3, using the calibrated damage model of the same blade,
we perform a coupled FSI and CDM simulation of the Micon
65/13M wind turbine, equipped with the CX-100 blades, under
realistic wind and rotor-speed conditions. Fatigue-damage initia-
tion and propagation results, as well as final failure, are compared
to that in the laboratory test. Significant differences between the
two cases are observed, which underscores the importance of con-
sidering realistic structure loading when studying blade fatigue
damage. In Sec. 4, we draw conclusions.

2 FSI and Fatigue-Damage Modeling

2.1 FSI and Aerodynamics Formulations. Defining Su; Sp,
and Sd to be the trial function spaces for the air velocity and pres-
sure, and structural velocity, respectively, and Vu; Vp, and Vd to
be the corresponding test-function spaces, variational formulation
for a coupled FSI problem can be stated in the abstract form as
follows: Find the air velocity and pressure, u1 2 Su and p 2 Sp,
and structural velocity u2 2 Sd, such that for all test functions,
w1 2 Vu; q 2 Vp, and w2 2 Vd

B1ðfw1; qg; fu1; pg; ûÞ � F1ðfw1; qgÞ þ B2ðw2;u2Þ � F2ðw2Þ

�
ð
ðCtÞI
ðw1 � w2Þ � r1ðu1; pÞn1 dC

�
ð
ðCtÞI

dr1ðw1; qÞn1 � ðu1 � u2Þ dC

þ
ð
ðCtÞI
ðw1 � w2Þ � bðu1 � u2Þ dC ¼ 0 (1)

Here, B1 and F1 are the semilinear form and linear functional,
respectively, corresponding to the weak formulation of the
aerodynamics problem posed on a time-dependent domain
ðXtÞ1 2 Rd , d¼ 2, 3, with boundary ðCtÞ1; r1 is the fluid Cauchy
stress, dr1 is its variation, and n1 is the unit outward normal vec-
tor to the aerodynamics domain boundary. The aerodynamics is
governed by the Navier–Stokes equations of incompressible
flows. In addition, B2 and F2 are the semilinear form and linear
functional, respectively, corresponding to the weak form of the
structural mechanics problem posed on a time-dependent domain
ðXtÞ2 2 Rd with boundary ðCtÞ2. Furthermore, ðCtÞI 2 Rd is the
interface between the air and structure domains where the conti-
nuity and traction compatibility is enforced by means of the last
three terms on the left-hand side of Eq. (1).

Equation (1) presents the augmented Lagrangian formulation of
FSI, first proposed in Ref. [16], where the Lagrange multiplier
variable was formally eliminated to produce an efficient formula-
tion using only primal variables (i.e., fluid and structure velocities
and fluid pressure). The aerodynamics part of the formulation is
discretized using the ALE–VMS technique [24,25,28,29]. The
aerodynamics formulation also includes weakly enforced no-slip
conditions, which were introduced in Ref. [65] to improve the per-
formance of the ALE–VMS formulations in the presence of turbu-
lent boundary layers [66–69]. Weak no-slip boundary conditions
were successfully used in a variety of applications in order to
relax the boundary-layer resolution requirements without sacrific-
ing accuracy of the flow solution, including prediction of aerody-
namic and hydrodynamic loads on structures [69–73]. The last
term on the left-hand side of in Eq. (1) involves a parameter b,
which is set equal to the boundary-stabilization parameter sB of
the weak-boundary-conditions formulation (see, e.g., Ref. [72]).

In applications to wind-turbine FSI [17,19,20,26,74], as well as
other challenging cases [75,76], one often needs to account in the
modeling for mechanical or structural components that are in
relative motion (e.g., the spinning rotor and stationary tower in
the case of wind-turbine FSI). To capture the rotor–tower interac-
tion, the sliding-interface technique from Refs. [18] and [77] is
employed. We note that a similar method, called the slip-interface
technique, was proposed more recently in the context of ST FEM
in Ref. [36]. We also note that in Ref. [20], the sliding-interface
formulation was extended to nonstationary sliding interfaces in
order to handle wind-turbine rotor yawing motions.

2.2 IGA Shell. The main structural components of the wind tur-
bine are modeled as thin-shell structures. We make use of the
rotation-free Kirchhoff–Love shell formulation [45] discretized using
NURBS-based IGA [49,50]. To accommodate multiple NURBS
patches and still carry out the analysis without rotational degrees-of-
freedom, the bending-strip method employed [46,47,78]. At the
space-discrete level, the B2 and F2 forms from Eq. (1) become

Bh
2 wh

2;u
h
2

� �
¼
ð

C0ð Þ2
wh

2 � q2hth

duh
2

dt
dC

þ
ð

C0ð Þ2
deh � Kextee

h þKcoupj
h

� �
dC

þ
ð

C0ð Þ2
djh � Kcoupe

h þKbendj
h

� �
dC

þ
ð

Cb
0ð Þ2

djh �Kb
bendj

h dC (2)

Fh
2ðwh

2Þ ¼
ð
ðC0Þ2

wh
2 � fh

2 dCþ
ð
ðCtÞ2h

wh
2 � hh

2 dC (3)

In the above formulation, ðC0Þ2 and ðCtÞ2 are the shell midsurface
in the reference and deformed configuration, respectively, ðCtÞ2h is
the shell subdomain with a prescribed traction boundary condition
hh

2; ðCb
0Þ2 denotes the bending-strip domain in the reference config-

uration, hth is the local shell thickness, q2 is the through-thickness-
averaged density, eh and jh are vectors of membrane-strain and
curvature-change coefficients, respectively, deh and djh are their
variations, and d � =dt denotes the material time derivative.

Matrices Kexte; Kcoup, and Kbend are the extensional, coupling,
and bending stiffnesses, respectively, which, using the classical
laminated plate theory [79], may be computed as follows:

Kexte ¼
ð

hth

C dn3 ¼
Xn

k¼1

Cktk (4)

Kcoup ¼
ð

hth

n3C dn3 ¼
Xn

k¼1

Cktkzk (5)
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Kbend ¼
ð

hth

n3
2C dn3 ¼

Xn

k¼1

Ck tkz2
k þ

t3
k

12

� �
(6)

Here, n3 is the through-thickness coordinate, tk denotes the thick-
ness of the kth ply, zk denotes its centroid, and Ck is a constitutive
material matrix for the kth ply in the local coordinate system com-
puted as

Ck ¼ TTð/kÞ ~Ck Tð/kÞ (7)

Tð/kÞ ¼
cos2/k sin2/k sin /k cos /k

sin2/k cos2/k �sin /k cos /k

�2 sin /k cos /k 2 sin /k cos /k cos2/k � sin2/k

2
4

3
5

(8)

where Tð/kÞ is a transformation matrix defined by the fiber orien-
tation angle in the ply /k, and ~Ck is the constitutive matrix for the
orthotropic material written with respect to the principal material
axes (or lamina axes) of the ply.

In Eq. (2), Kb
bend is the bending stiffness of the bending strips

that has a nonzero component only in the direction transverse to
the patch interface, thus correctly transferring bending moment
across patches without introducing any artificial stiffness into the
system.

2.3 Fatigue-Damage Model and Its Calibration. The
fatigue-damage model, proposed in Refs. [13] and [14] and
adapted to IGA-based Kirchhoff–Love shells in Ref. [3], is briefly
recalled here. The ply-level constitutive matrix ~Ck takes on the
following form:

~Ck ¼
1

1� �21�12

E1 1� D11ð Þ �21E1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� D11ð Þ 1� D22ð Þ

p
0

�12E2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� D11ð Þ 1� D22ð Þ

p
E2 1� D22ð Þ 0

0 0 G12 1� D12ð Þ

2
664

3
775 (9)

where �’s are the Poisson’s ratios, E1 and E2 are the Young’s
moduli in the fiber and matrix directions, respectively, G12 is the
shear modulus, and D11, D22, and D12 are, respectively, the fiber,
matrix, and shear damage indices expressed as

Dij ¼ dt
ij þ dc

ij ði; j ¼ 1; 2Þ (10)

where dt
ij and dc

ij are the corresponding damage variables with the

superscripts “t” and “c” used to distinguish between tensile and
compressive damage modes. For the case of high-cycle fatigue,
assuming no damage growth occurs within the cycle, the evolu-
tion law for the damage variables is defined in terms of damage
growth rate per cycle as

d dt;c
ij

� �
dN

¼ f ck; d
t;c
ij ;D12;Rij

� �
i; j ¼ 1; 2ð Þ (11)

where N denotes the cycle number, and Ref. [3] provides the
detailed expressions for f. The damage growth rate is, in particu-
lar, an empirical function of material parameters ck (total of nine
parameters for fully reversible cyclic loading) that govern damage
initiation and propagation, and failure indices

Rij ¼
R2D

ij

1þ R2D
ij � R1D

ij

� � i; j ¼ 1; 2ð Þ (12)

which can be seen as a combination of indices based on decoupled
longitudinal, transverse, and shear failure modes (R1D

ij ’s), and
indices based on the Tsai–Wu failure surface (R2D

ij ’s) wherein the
failure modes are coupled [80].

2.3.1 Fatigue-Damage Model Calibration Using DDDAS.
Prior to conducting full-scale FSI simulations with damage, we
briefly revisit the calibration of the damage model originally per-
formed in Ref. [3] for a full-scale CX-100 wind-turbine blade
[17,63,64].

The blade geometry is illustrated in Fig.1. Up to a 1-m station
from the root of the CX-100 blade has a circular cross section. At
a 1.4-m station, the blade transitions into the NREL S821 airfoil
with a twist angle of 17.5 deg. At a 4.2-m station, the blade blends

into the NREL S819 airfoil, which is used almost all the way to
the tip where the NREL S820 airfoil is placed. The airfoils are
lofted along the blade axis direction to produce an NURBS blade
surface for thin-shell analysis. The blade composite layup is
somewhat complex and is provided in detail in Ref. [17]. Figure 2
shows the layup employed in the key blade zones such as the
leading edge, trailing edge, spar cap, and shear web. The materials
employed and their properties are summarized in Table 1. The
blade mesh is comprised of 4647 quadratic NURBS elements (see
Fig. 2). This mesh was chosen based on the results of the blade
natural frequency analysis presented in Ref. [17].

To calibrate the fatigue-damage model, we make use of the
time-dependent data generated in the actual CX-100 blade fatigue
test conducted at the National Wind Technology Center (NWTC)
[81,82]. The blade was clamped at the root and fatigue-loaded
until failure using a hydraulic excitation technique, with forcing
applied at a 1.6 m axial station. Additional mass was placed at
6.7 m station to amplify the blade response. The computational
model of the blade was calibrated at the three points during the
fatigue test, after 1.5� 106, 5� 106, and 7� 106 cycles, respec-
tively. A two-level comparison between the computations and test

Fig. 1 Axial chord-length and twist-angle distribution for the
CX-100 blade. The airfoil profiles used along the blade axis are
also indicated.
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data was performed in a dynamic manner (see Fig. 3). At the level
of an individual loading cycle, the amplitude of the blade excita-
tion was adjusted to match the predicted accelerations near the
blade tip with those recorded by an accelerometer in the test. This
ensured that the applied loading in the computational model was
consistent with that of the actual fatigue test. At the level of dam-
age progression, the extent of predicted damage was compared to
that observed in the fatigue test, and the material constants ck

from Eq. (11) were adjusted to achieve a good match.
When the blade reached about 8� 106 loading cycles, it failed,

both in the experiment and in the computation. Furthermore, the
location of the zone with most damage predicted by the simulation
agreed very well with the crack location observed in the test (see
Fig. 3). Most importantly, as a result of steering the fatigue-
damage simulation with sensor data, we were able to extract the
calibrated values of the damage-model parameters and use them
in a fatigue-damage study with full FSI presented later in the
paper.

2.4 Algorithms for FSI Coupling and Fatigue Damage. As
was reported in prior work on wind-turbine FSI, block-iterative
coupling strategy [83–87] is the most efficient choice for the pres-
ent application [20]. Furthermore, since we are interested in high-
cycle fatigue for wind-turbine blades and use a CDM that assumes
that damage growth occurs on a time scale that is much slower
than a single rotor revolution, it is felt be sufficient to use a
“frozen” damage state during FSI computations of the spinning
rotor. These observations motivated the following overall
algorithm:

(1) We integrate the damage evolution law given by Eq. (11)
using an explicit Euler method. The damage evolution is
computed at every Gaussian quadrature point of the blade
surface and at each composite ply. To enhance the compu-
tational efficiency, a “cycle-jump” technique is employed,
where the stress state that drives the damage model is
obtained by solving the coupled FSI equations every
NJUMP cycles of the damage evolution, where NJUMP is
a user-controlled parameter.

(2) Every time a new stress state is needed to integrate the
damage-evolution equations, we perform a full dynamic
FSI simulation for a time interval corresponding to a full
(or partial) loading cycle and extract the required stress
data. The FSI equations are integrated in time using the
generalized-a method [88–90] and a block-iterative cou-
pling solution strategy at each time step.

While using the cycle-jump technique makes the problem com-
putable, further reduction in computational time may be achieved
by making the following observation: One rotor revolution may
be decomposed into three 120 deg segments (see Fig. 4). As blade
1 moves through zone I, blade 2 moves through zone II, and blade
III moves through zone III. Because gravity and rotor–stator inter-
action are taken into account, loads experienced by the blades in

Fig. 2 NURBS mesh of the CX-100 blade cut at a 4 m station to show the position of the
shear web together and airfoil profile at this section. Laminate stacking at the leading edge,
trailing edge, spar cap, and shear web zones is also shown.

Table 1 Materials and their properties employed in the CX-100
blade

E1 E2 G12 q
Material name (GPa) (GPa) (GPa) �12 ðkg=m3Þ

Gel coat 3.44 3.44 1.38 0.30 1235
Fill epoxy 2.41 2.41 0.96 0.30 1154
Fiberglass 7.58 7.58 4.00 0.30 1678
End-grain balsa 0.12 0.12 0.02 0.30 230
DBM1708 (645 deg fiberglass) 9.58 9.58 6.89 0.39 1814
DBM1208 (645 deg fiberglass) 9.58 9.58 6.89 0.39 1814
C520 (0 deg fiberglass) 37.30 7.60 6.89 0.31 1874
0 deg carbon, 500 gsm 105.40 6.82 3.32 0.28 1480
Carbon-fiberglass triaxial fabric 84.10 8.76 4.38 0.21 1560
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each zone differ in a significant manner. Nevertheless, the
three blades moving through their respective zones, collectively,
experience the same loading as a single blade undergoing a full
revolution. As a result, we perform the FSI computation of a full
machine with three blades for only 1/3 of a revolution every
NJUMP cycles. However, when collecting blade-stress data to

integrate the damage-evolution equations, time history of the
stress from all three blades is employed.

Remark. In the FSI calculations, the initial conditions chosen
are often such that the coupled system undergoes unphysical
transients, which eventually settle to produce a physical time-
dependent response. In the present computations, in order to

Fig. 3 Cycle count versus date for the fatigue test of the CX-100 blade. Triangular points
indicate the calibration stations at which the simulation results for damage growth and
acceleration history were compared to fatigue test data. The use of the DDDAS concept
enabled accurate prediction of blade-damage growth and final failure.

Fig. 4 Decomposition of the rotor motion into three 120 deg segments. Simulation of the
full machine with three blades for only 1/3 of the revolution is equivalent to simulating
a single blade for a full revolution, from the standpoint of obtaining a full blade-stress time
history for driving the fatigue-damage model.
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preclude this unphysical transient response from affecting the
blade-damage evolution, in the beginning of the simulation, as
well as after each NJUMP cycle, the FSI simulation is carried out
for 1/3 of the revolution to ensure that the undesired transients
settle.

Fig. 5 Time history of the blade-tip deflection at 100,000,
10,000,000, and 100,000,000 cycles

Fig. 6 Isocontours of air speed (in m/s) on a plane cut after
100,000 (left) and 150,000,000 (right) cycles. The right graphic
corresponds to the cycle right before the blade failure.
Large bending deformation is due to significant loss of blade
stiffness.

Fig. 7 Damage index D1 in the DBM-1708 layer near the blade aerodynamic zone after
10,000,000, 40,000,000, 100,000,000, and 150,000,000 cycles (left to right and top to
bottom)
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3 Full-Machine FSI and Blade Fatigue-Damage

Simulation

We present the FSI-simulation and blade fatigue-damage predic-
tion results for the full-scale Micon 65/13M [63] wind turbine. This
is a fixed-pitch, upwind horizontal-axis turbine with rated power
production of 100 kW, and with the rotor comprised of three CX-
100 blades described previously. FSI simulations of this turbine
with undamaged blades were reported in Ref. [17], where the
reader can find all the details on the computational domain and
mesh design, as well as the favorable comparison of the aerody-
namic torque predicted with that obtained from field tests of this
machine. In the current simulations, the computational setup is
identical to that presented in Ref. [17]. The wind-turbine rotor spins
at 55 rpm and is subjected to a wind speed of 10.5 m/s. The NJUMP
parameter varies between O(104) and O(107) cycles to capture the
initial fast stiffness degradation, the region of slow damage growth,
and the rapid loss of stiffness prior to blade failure.

The simulations showed that fatigue damage initiates and starts
to grow after about 40� 106 cycles. Local failure occurs after
about 100� 106 cycles near the leading edge, where the circular
root section transitions to the NREL S821 airfoil profile. The fail-
ure is due to fiber cracking in the DBM-1708 ply closer to the
outer surface. (See Fig. 2 for a layup of the leading-edge zone.)
After 150� 106 cycles, the damage propagates through the blade,
eventually leading to loss of stiffness and large bending deforma-
tion (see Figs. 5 and 6). Figure 5 also shows the overall softening
of the blade by the time the number of cycles reaches 100� 106,
as evidenced by larger displacement and longer oscillation period
in the tip-displacement time-history curve. Figure 7 shows the
contour plot of damage index D1 in the DBM-1708 ply at the
outer surface of the leading-edge zone. Note that the manner in
which damage initiates and progresses during the wind-turbine
operation is quite different than what was observed in the labora-
tory fatigue test (see Fig. 3 for comparison). This discrepancy is
attributable to the significant differences between laboratory
blade-loading conditions and those occurring in the field.

4 Conclusions

A framework that enables the prediction of fatigue-damage
evolution in full-scale composite blades of wind turbines operat-
ing at realistic wind and rotor speeds was presented. The frame-
work involves high-fidelity FSI, its coupling with a continuum
fatigue-damage model of laminated composites, and computa-
tional steering by means of a DDDAS concept. The use of
high-fidelity FSI simulations was motivated by the necessity to
accurately compute the aerodynamic loads on the spinning rotor
and correctly predict the blade-stress distribution, which is the
main driver of the fatigue-damage model. The framework was
deployed on a full-scale Micon 13M wind turbine and resulted in
realistic prediction of blade damage growth and blade failure. To
our knowledge, such simulations are reported for the first time in
the open literature.
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