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This paper presents selected results and aspects of themultidisciplinary and interdisciplinary research oriented for the experimental
and numerical study of the structural dynamics of a bend-twist coupled full scale section of awind turbine blade structure.Themain
goal of the conducted research is to validate finite elementmodel of themodified wind turbine blade sectionmounted in the flexible
support structure accordingly to the experimental results. Bend-twist coupling was implemented by adding angled unidirectional
layers on the suction and pressure side of the blade. Dynamic test and simulations were performed on a section of a full scale wind
turbine blade provided byVestasWind SystemsA/S.Thenumerical results are compared to the experimentalmeasurements and the
discrepancies are assessed by natural frequency difference andmodal assurance criterion. Based on sensitivity analysis, set of model
parameters was selected for the model updating process. Design of experiment and response surface method was implemented to
find values of model parameters yielding results closest to the experimental. The updated finite element model is producing results
more consistent with the measurement outcomes.

1. Introduction

Wind turbine blades must be designed to resist the extreme
load cases and fatigue loads from normal operation. Sudden
wind gusts are often too quick for the active pitch control
system to react and may shorten the fatigue life substantially.
This problem may be overcome by an aeroelastic tailoring
of the blades. Particular implementation of the anisotropic
composite material can introduce the bend-twist coupling
in the blade [1–4]. In [5] a new beam element, which
is able to take the behavior of anisotropic materials into
account, is developed and implemented into the aeroelastic
code HAWC2. This makes it possible to simulate wind
turbines with structural couplings in the blades.The coupling
causes the feathering blade to twist under the bending load
and as a result decreases the angle of attack. The original
wind turbine blade section made of composite material

was statically tested and modeled with model validation
analysis [6, 7]. Based on the analysis outcomes the bend-
twist coupling design of existing blade was modified by
means of additional composite material layers. In [8] an
overview of the statistical and modal analysis experiments
on the original and modified blade section is presented. In
this paper the updating of the modified wind turbine blade
section’s finite element model using experimental modal
analysis is presented. Finite element (FE) model updating
has become an important tool used in structural dynamics
[9, 10]. Anumber of FEmodel updating procedures have been
proposed [11–13]. Direct, noniterativemethods update the FE
model properties in one-step procedure [14]. The methods
based on sensitivity of the parameters solve the optimization
problem in an iterative procedure. Examples of application
of static strain measurements for FE model updating are
noted [15]. Multiobjective optimization technique applied
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2 Shock and Vibration

Figure 1: Experimental set-up showing the wind turbine blade section mounted on the test rig with the coordinate system.

Table 1: Basic information about geometry and material properties used for modeling of supporting structure.

Geometry [mm] Pipes C-Shapes I-Shapes Plywood
Inner radius 170 Outer radius 160 Standard UPN 200 Two bolted standard UPN 200 Thickness 180

Emodulus [GPa] 200 200 200 13.2
Density [kg/m3] 7890 7890 7890 736
Poisson’s Ratio 0.3 0.3 0.3 0.01

to update the FE models of civil engineering structures
in structural dynamics is reported [16–18]. Iterative updat-
ing using sensitivity based methods requires large number
of computations of FE models with modified parameter
values [9, 19, 20]. Response surface method (RSM) based
meta-model is an approximation of the FE model which
could be replaced in the updating procedure [21, 22]. RSM
method is widely used in engineering applications [19, 23,
24]. Sections 2 and 3 of this paper present the structural
dynamics identification, which was performed by means
of experimental modal analysis. The RSM based FE model
updating procedure using design of experiment (DOE) to
estimate the structural parameters based onmeasurednatural
frequencies and mode shapes is presented in Section 4. The
FE model was updated and validated against experimentally
identified dynamic behavior of the modified blade section
with support structure.The influence of the support structure
dynamics on the test specimen is discussed.

2. Object of the Investigations

Theobject of investigation is an 8-meter long section cut from
a 23-meter wind turbine blade. Blade section is mounted in
the two root clamps (Figure 1).

The blade is a hollow structure with two shells. The two
shells form the suction and pressure side of the blade. To join
the two shells together the structural web is incorporated.
Investigated blade designed by Vestas has a load carrying
box girder.The original blade section was modified with four
layers of UD1200, which were laminated on the pressure and
suction side of the blade with the fibers angle of 25∘ to create
a measurable flapwise bend-twist coupling. The additional
layers were laminated as indicated in [6, 7]. Support structure
is built with use of cylindrical beams (steel pipes), “I” and
“C” shaped UNP-profiles, and airfoil contour-cut plywood

clamps. Geometry and material properties are presented in
Table 1.

3. Experimental and Numerical Investigation
of Structural Dynamics of Modified Blade
Section

The modified blade section was investigated by means of
experimental modal analysis. Particular focus was on the
influence of the support structure in the correlation analysis
between numerical and experimental modal models [25, 26].

3.1. Experimental Campaign and Results. Blade section was
excited with two electrodynamic shakers attached at the
tip end in the flapwise and edgewise directions. Frequency
response functions were measured and stored within 0 and
120Hz frequency range.

For adequate identification of the blade dynamic dis-
placement, accelerations of the vibrations were measured in
130 points. Thirteen equidistant measurement cross-sections
were defined along the span-wise direction (𝑍) every 0.5
(m). Each cross-section contains five measurement points
in which accelerations were acquired along the flapwise (𝑋)
and edgewise (𝑌) direction. These points are located at the
leading edge, trailing edge, on the line of airfoil maximum
thickness, and in the midpoints between the previous three.
Measurement directions were precisely defined based on the
CAD geometry of the blade section.

Model quality assessment was an integrated part of the
investigation. Except time invariance another conditionmust
be observed to satisfy of modal analysis assumptions: linear-
ity,Maxwell’s reciprocity principle, and observability. Possible
sources of nonlinearities within investigated structure are
material properties, geometrical properties, and the existence

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Shock and Vibration 3

of bond connections verification of a superposition rule is one
of the methods of detecting nonlinearities. Linearity check
was done for the level of driving voltage ranging from 0.5
(V) to 2 (V) with a step of 0.5 (V). Results are presented in
Figure 2. Frequency response function (FRF) between input
signal and output spectrum defined as acceleration over force
remains constant independently of excitation voltage level.
This proves that the structure dynamic behavior is linear
within bandwidth of interest.

The reciprocity check is based on Maxwell’s principle,
which states that the FRFs obtained by applying the force
on point 1 and measuring the response in 2 and vice versa
should be the same.The results for the two checks performed
confirmed applicability of the reciprocity rule.

During the processing of the data, some significant noise
was observed in the acquired FRFs in the low frequency
region. The driving point coherence functions show a small
drop in this region, meaning a nonideal excitation (Figure 3).

The modal parameter identification technique was not
able to clearly stabilize modes in this region, possibly result-
ing in some local errors in the mode shapes below 7Hz. The
estimation provided natural frequencies, mode shapes, and
corresponding damping ratios in the frequency bandwidth 0–
60Hz. First five out of 12 identifiedmode shapes are provided
in Figure 4. MAC (modal assurance criterion) can be used to
compare twomodalmodels [27]. If a linear relationship exists
between the two complex vectors, theMAC value will be near
to 1. If they are linearly independent, the MAC value will be
small (near zero). Figure 5 shows a comparison between the
AutoMAC of the modal model obtained by considering only
the sensors on the blade and the one where also the response
of the supporting structure is included.

Low valued off-diagonal terms for the blade only model
ensure linear independence of estimated modal vectors. The
correlation between off-diagonal terms is increased when
including the supporting structure in the analysis.This is due
to the fact that the clamping is not perfectly rigid and the
support has its own dynamic behavior which influences the
measured response of the blade.

In Figure 5, red color corresponds to MAC value equal
100. Light green color reflects the MAC value 0. Modes
corresponding to frequencies 8Hz, 28Hz, 31Hz, and 33Hz
are related to dynamic properties of the supporting structure.
Additionally, appraisal of (a) and (c) in Figure 5 shows
that the numerical model basing solely on blade geometry
yields less distinctive mode shapes. Comparing Figures 5(a)
and 5(c), the correlation of the off-main diagonal terms of
the AutoMAC is lower which is a desired situation due to
distinction of mode shapes. The model producing undistin-
guished mode shapes is not suitable for model updating.

3.2. FE Model of the Blade Section with Support Structure.
The numerical model adopts MSC.Patran/Nastran blade FE
model (Figure 6). It is comprised of 8-noded shell elements
(Quad8) and the 20-noded solid elements (Hex20). This
model has approximately 600 000 degrees of freedom [6].The
original FE model of the blade was developed to study the
static response.The blade sectionwas fully fixed at the chosen
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Figure 2: Linearity check for one of the points on the blade. Voltage
values = 0.5 V, 1 V, 1, 5 V, and 2V.
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Figure 3: Coherence functions for the two driving points. It is used
as measure of the FRF quality. Ideally it should take value equal to 1.

cross-section near the boundary to represent the clamped
configuration of the test rig.

The boundary conditions which were adequately repre-
senting support structure in static analysis [6, 7, 28] were used
in the initial theoretical modal analysis. In the correlation
analysis of the test and FE modal models it turned out
that a nonnegligible discrepancy in mode shapes occurs.
Relatively light and flexible support (Figure 5(b)) has signif-
icant contribution on the mode shapes of studied structure
which can be observed in the MAC values (Figure 5(c)). In
order to eliminate abovementioned problem, an additional
support structure model had to be introduced into the blade
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4 Shock and Vibration
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(a) 1st bend flap, 𝜔 = 4.48Hz
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(b) 1st bend edge, 𝜔 = 8.44Hz
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Y

X

Z
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(d) 2nd bend edge, 𝜔 = 33.31Hz
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Mode 8: 40.9234Hz, 0.63%

(e) 1st torsion, 𝜔 = 40.92Hz
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Mode 12: 57.2933Hz, 1.06%

(f) Bend-torsion, 𝜔 = 57.29Hz

Figure 4: Estimated experimental mode shapes of the modified blade section and support structure.

section test set-up FE model. The main assumption prior
modification of original FE model was to keep additional FE
model as simple as possible, due to the fact that numerical
model was yet relatively large, while making it possible to
correlate simulation results with measured data in all points
used in the test phase.

As it can be seen in Figure 6 left, the real supporting struc-
ture comprises of pipes, UNP-profiles, and support clams of
contour-cut plywood. Basic information about geometry and
material properties exploited in derived additional FE model
are presented in Table 1.

The additional FE model consists of beam elements
(CBEAM in Nastran notation), shell elements representing
plywood (QUAD8), elastic springs representing mountings

between beam elements (CELAS1), rigid bars connecting
plywood and I shape clamp beams (RBE2 and), and addi-
tional rigid bars with ends at position corresponding to the
position of measuring points from test setup (RBAR). Rigid
connection between plywood and I shapes is justified because
of the large difference in E modules of both materials. Rep-
resentation of FE-to-test matching with rigid bars does not
introduce additional stiffness to the system and is acceptable
as long as global mode shapes of support are of interest only.
After preparation of support FE model, both additional and
the original FE models were merged. Nodes at the interface
between blade and supporting structure, that is, between
plywood and outer surface of the blade, have restrained
rotational DOFs. Such an approach was taken because in the
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Matrix graph (modal assurance criterion)
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(c) AutoMac complete structure

Figure 5: AutoMACmatrices for experimental modal models with sensors only on the modified blade section (a), support structure (b), and
blade section with support structure (c).

X
Y Z

Figure 6: FE model of the blade section clamped to the support structure. Yellow bulbs denote test and FE geometry correlation node
mapping.
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6 Shock and Vibration
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Figure 7: MAC matrix for test and FE simulation modal vectors of modified blade without support structure.

real structure interface between profile-cut plywood and the
blade is realized on approximately 200mm of width, while in
the numerical model only single row of nodes is used.

3.3. Correlation Analysis for the Simulation and Test Results.
Based on the estimated experimental modal model and
modified blade FEM analysis models the correlation analysis
can be applied.TheFEmodel should yield natural frequencies
values and mode shapes conforming to the measured. Modal
assurance criterion is used as the original-modified blade
simulation and also test-simulation correlation metrics.

The global coordinate system used to define the test
model differs from that used for the FE model. In order to
make the models match it is necessary to apply geometric
correlation by translation and rotation of the test model
(Figure 6). Next step is node mapping. The number of
measurement nodes is much less than the FE nodes. Modal
vectors are compared only for the nodes from FE which are
located closest to the measurement points. Only the portion
of the blade after the clamp is considered.

The blade section model was solved to compute mode
shapes in the 0–60Hz frequency bandwidth. Calculations
were carried out at the CI TASK, Academic Computer Center
inGdańsk on a 50Tflop cluster.Modal assurance criterionwas
calculated for the corresponding modes in order to associate
the closest numerical and experimental mode shapes The
procedure accounted for both natural frequency value and
the mode shape consistency (Table 2).

The following modes were investigated: 1st and 2nd
flapwise bending, 1st and 2nd edgewise bending, and 1st
torsional (Figure 4). The MAC matrix in Figure 7 clearly
shows that the off-diagonal terms are low valued which
confirms linear independence of estimated modal vectors.
The best test and simulation modal vectors consistency can
be observed for the 2nd flapwise mode (Table 2).

The consistency of the results can be recognized as satis-
factory; however the present differences need to be further

Table 2: Initial consistency of the modal model parameters.

Initial WT blade
TEST FE

Freq. 1 Freq. 2 MAC value Freq. 2−Freq.
1 (Hz)

Freq. 2−Freq. 1
(% of Freq. 1)

4.5 4.2 0.636 −0.24 −5.4

8.4 10.5 0.94 2.1 24.9

19.2 17.2 0.963 −2.03 −10.5

33.3 36.3 0.503 3.02 9.1

40.9 42.2 0.76 1.33 3.3

43.8 39.6 0.479 −4.2 −9.6

57.3 49.8 0.857 −7.5 −13.1

investigated. Observing the values of the MAC criterion
between test and simulation modes (Figure 7), differences
can be notified. They are caused by the influence of the
support structure and not perfectly excited 1st bendingmode.
Further investigation of observed differences is presented in
Section 4.

4. Updating of the Numerical Model to the
Test Results

Satisfactory conformity of the static tests and simulations
results has proven the validity of the FE model of modified
blade section. Structural dynamics analysis revealed the
unsatisfactorily large difference in between tests and simu-
lations. The main reason for these differences is associated
to the influence of the flexibility of the support structure.
It is complex structure constructed with numerous pipes
clamping rings, screwed I beams, and plywood. Part of
the structure is constrained to the next structure. For the
improvement of the FE model the three-step routine was
realized. In the first step sensitivity analysis of the model was
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Figure 8: Frequency sensitivity matrix graphically presenting normalized magnitude of the impact of selected design variables (inputs) on
the modes frequencies of interest (outputs).

computed in order to determinemodel parameters which are
most influential on the investigated modes. In the second
step the design of experiment (DOE) procedure to produce
statistical data tabulating input-output relationships. In the
third step the response surface model (RSM) is calculated to
determine how model parameters influences on the natural
frequencies. Study of responses obtained from particular
values of themodel parameters allows to update the FEmodel
of support structure.

4.1. Sensitivity Analysis. Parameters of the original blade
section model were assumed to be constant and were not a
subject of updating analysis. 56 parameters characterizing the
support structure and additional composite unidirectional
layers model were defined as a design variable for the prelim-
inary sensitivity analysis.They comprisedmaterial properties
such as elasticity modulus, shear modulus and density of the
additional composite unidirectional layers, plywood clamps,
the rubber pads, the steel pipes, and the bushings. This study
was realized to:

(i) identify parameters (inputs) which have no impact on
the mode frequencies of interest (outputs);

(ii) identify inputs that cause significant change in the
outputs.

Outcome of the frequency sensitivity analysis is presented
in Figure 8. The total mass of the system was not known
therefore themass sensitivity was not computed. Based on the
outcomes of the analysis the set of 7 parameters was selected
as input variables for the design of experiment (Table 3).

Frequency sensitivity analysis provided information
about most influential material properties of the supporting
structure and additional composite layers. There are several
uncertainties related to unknown properties of support struc-
ture construction components (Figure 9). C shape beams are

Table 3: Updated parameters as variables in the model and their
initial values.

Name Initial
I Bush K1 2.96𝐸 7

Steel pipes E 2.09𝐸 11

Steel E 1.99𝐸 11

MAT9 7 G13 2.49𝐸 10

MAT9 7 G14 −1.57𝐸 10

MAT9 7 G24 −7.32𝐸 9

MAT9 7 G34 −6.85𝐸 9

MAT9 8 G56 −2.65𝐸 8

drilled; I shape clamp beams consist of two bolted C shape
beams, plywood properties, and connections of components.
Based on the frequency sensitivity analysis outcomes the
material properties of the supporting structure and additional
composite layers were selected to be updated parameters.

4.2. Design of Experiment. Computation of the FE model of
the system under investigation takes large number of hours
for a single run. Therefore applying optimization analysis
which would require large number of runs is not a best avail-
ablemethod ofmodel updating. In the systemwith numerous
variable inputs (factors) which affect the outputs (responses)
the design of experiment procedure can be used to gather
data. The result data is used to develop an approximate
model (such as response surfacemethod) linking outputs and
inputs. Experimental design which was used is full factorial.
It required computation of 2k combinations where k is a
number of factors.With 7 factors (Table 3) applied number of
runs was 128. It yielded 21 terms present in quadratic model.
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8 Shock and Vibration

I and C type beams connections with pipes Connection model with bush type properties

Figure 9: Mountings of supporting structure modeled with steel pipes, steel, and bushing properties.
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Figure 10: Example of 3D scatter plot of two inputs (factors) impact on the output (response) 7th mode frequency.

Analysis of DOE data was performed to identify inputs
(factors) which introduce significant change in output
(response). For this purpose numerous scatter plots were
drawn and analyzed. Example of 3D scatter plot is shown
in Figure 10. It also allows to screen for response values
computed from model which are closest to the values
obtained frommeasurement.TheDOE scatter plot shows the
output (response) values for each level of each input (factor)
variable. It can be observed that the location and scale vary
for both within a factor variable (nominal, minimum, and
maximum) and between different factor variables (Young

modulus of steel pipes and Young modulus of steel bars).
Review of the scatter plots for number of variables allows
to identify important factors (inputs) and provides a ranked
list of important factors from a results of design of experi-
ment.

Next to the scatter plot the histogram plots were drawn to
present the distribution of the computed responses. It is pos-
sible to identify the center, spread, and outliers. Example of
the histogram plot for the 9thmode frequency is presented in
Figure 11. Vertical axis shows number of runs corresponding
to the response on horizontal axis.
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Figure 11: Histogram plot of 9th mode frequency distribution.
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Figure 12: Quadratic response surface models 3D perspective plot for the same input variables and (a) 4th mode, (b) 5th mode, and (c) 7th
mode frequency.
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Figure 13: MAC matrix, test versus updated FE model of the blade with flexible support.

Table 4: Updated parameters and their final values.

Name Final
I Bush K1 3.289𝐸 7

Steel pipes E 1.9𝐸 11

Steel E 2.0𝐸 11

MAT9 7 G13 1.122𝐸 10

MAT9 7 G14 −1.424𝐸 10

MAT9 7 G24 −6.644𝐸 9

MAT9 7 G34 −6.225𝐸 9

MAT9 8 G56 −2.413𝐸 8

Histogram of 9th mode frequency shows the results
distribution is almost symmetric with most of the results
located in the proximity of nominal value. Data is not skewed
nor contains outliers and the distribution ismoderate tailed—
the number of runs is dying off out in the tails of the
histogram.

4.3. Response Surface Model. Based on design of experiment,
response surface method was computed using polynomial
model of several factors, including terms for quadratic cross-
products displayed in Figure 12.

The RSM methodology allows for further processing
of the DOE results. 3D graphs are plotted based on the
available design variables contributions. The inherent trend
of the factor-response multidimensional relationship was
computed for selected inputs applying Taylor polynomial.
Statistical model allows to approximate data and correctly
predicts the response without lengthy and costly simulation
runs.

Based on the analysis of the RSMmodel the values of the
FEmodel parameters (factors/inputs) were selected (Table 4).

As a result a correlation analysis of updated and validated
FE model shows significant improvement in comparison to
the results from original FE model (Figure 13). Test modes of
40.9 (Hz) and 43.8 (Hz) correspond betterwith the FEmodes.

Comparison of frequency value differences of initial
(Table 2) and final models (Table 5) shows that the highest
discrepancy between simulation and experimental frequen-
cies could be observed for torsional mode for both initial and
finalmodel. Frequency difference between FE initial and final
model for Test modes 4.5 (Hz) has decreased from −5.4% to
−2.2% and for 19.2 (Hz) mode from −10.5% to −7.3%.

5. Conclusions

This paper presents some results and aspects of the multi-
disciplinary and interdisciplinary research oriented for the
numerical study in updating of the finite element model
of a wind turbine blade section using experimental modal
analysis results.

Experimental test data examples were shown and used for
two purposes: firstly to evaluate the influence of the flexible
support structure ontomeasurement results of the bend-twist
coupled blade section and secondly to use the test results
for FE models updating. The common observation from dis-
played investigations is that the blade sectionmodel accuracy
strongly depends on the boundary conditions represented in
the model. Simple approaches based on constraining degrees
of freedom led to discrepancies in between experimental and
numerical results. Presented research introduced complex
parametric model of the flexible support structure which
led to more realistic structural behavior of the object-
support system. In detail the plywood plates and steel profiles
were included and contact elements were applied to model
the contact between the clamps and the blade section. As
expected that the more sophisticated support structure FE
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Table 5: Final consistency of the modal model parameters.

Final WT blade (versus initial)
TEST FE

Freq. 1 Freq. 2 MAC value Freq. 2−Freq.
1 (Hz)

Freq. 2−Freq. 1
(% of Freq. 1)

4.5 4.4 0.634 (0.636) −0.1 (−0.24) −2.2 (−5.4)
8.4 10.2 0.942 (0.94) 1.73 (2.1) 20.6 (24.9)
19.2 17.8 0.962 (0.963) −1.41 (−2.03) −7.3 (−10.5)
33.3 26 0.722 (0.503) −7.3 (3.02) −21.9 (9.1)
40.9 38.8 0.602 (0.76) −2.11 (1.33) −5.2 (3.3)
43.8 42.1 0.538 (0.479) −1.72 (−4.2) −3.9 (−9.6)
57.3 50.3 0.802 (0.857) −7.03 (−7.5) −12.3 (−13.1)

representation has improved the consistency in between test
and simulations. Design of experiment with response surface
model study allowed successful updating of the FE model
confirmed by modal assurance criterion. The comparison
of experimental and numerical models clearly shows the
influence of support structure flexibility.
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