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In this study, an assessment is made to quantify the influence of random material properties and fabrication/
manufacturing uncertainties on the aeroelastic response and hub vibratory loads of composite rotor blades. The
random variables include lamina stiffness properties, ply thicknesses and fiber orientation angles of the laminate
structures, and the elastic-axis offset from the aerodynamic center in the section of the blade. The stochastic behavior
of the random variables obtained from previous experimental or analytical studies are used to evaluate the stochastic
behavior of the cross-sectional stiffnesses of the blades. The uncertainties in the stiffness properties result in the
dissimilarity of the rotor system, which brings extra non-N,/rev vibrations. It is observed that the probability
histograms of N, /rev hub vibratory loads exhibit a normal distribution, whereas those of non-N, /rev hub loads
show non-Gaussian-type distributions. Numerical results showing the effects of material and geometric uncertainties
on the aeroelastic response and hub vibration behavior of composite rotor blades are illustrated and important

conclusions are drawn based on the observations.
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torsion rigidity

shear modulus
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Superscript

T = transpose of a vector

1. Introduction

IBER-REINFORCED composite materials are widely used in

the aircraft industries because of their superior fatigue charac-
teristics, greater damage tolerances, and larger stiffness-to-weight
ratios as compared with their metal counterparts [1-4]. In helicopter
rotor applications, composite materials can bring additional features
like drastic reduction in the number of parts and bulkiness, especially
for the rotor hub system, which is typically a large source of the
profile drag. Despite these advantages, composite materials gen-
erally increase the level of uncertainties for the overall structural
system. The uncertainties range from the statistical nature of the
material properties of constituent ingredients (e.g., fibers and resin)
to the randomness in the fabrication (e.g., layup and curing) and
manufacturing processes. The uncertainty could affect the global
behavior of the composite rotor system through the individual action
of the blades.

Assessment of uncertainty in the prediction of aeroelastic response
of flight vehicles is a complex process that involves various non-
linearities and interactions between structural and aerodynamic
disciplines. A review paper by Pettit [5] gives acomprehensive survey
on the effects of uncertainties in the aeroelastic analysis, design, and
testing of fixed-wing aircraft. The sources of uncertainties and the
quantification of their influence on the aeroelastic response of air-
craft structures are also investigated. A great deal of research on un-
certainty quantification has been reported in the literature; however,
most of the uncertainty studies have focused on the fixed-wing
aircraft [6-8].

The rotorcraft uncertainty analysis appears more complicated than
that of the fixed-wing aircraft, due to the unsymmetrical nature of the
lift pattern around the rotor disk and the coexistence of nonrotating
and rotating components that play key roles in generating thrust and
control moments of the vehicle. Murugan et al. [9] investigated the
effects of uncertainties of composite materials on the cross-sectional
stiffness properties, natural frequencies, and aeroelastic responses of
composite helicopter rotor blades. Stochastic behaviors of composite
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material properties available in the form of experimental data along
with Monte Carlo simulation technique were used to evaluate the
statistical analysis. They have demonstrated that uncertainty in the
composite material properties got propagated into aeroelastic
response, which led to large deviations, particularly in the higher
harmonic components of rotating blade loads. The uncertainty
analysis of blade responses was further extended to include fixed-
frame hub vibration analysis [10]. It was found that the 4/rev
vibratory loads exhibit considerable deviations from the baseline
deterministic values due to the material uncertainty. They have
considered identical uncertainties in all the four blades that affect
only on 4/rev vibratory loads. However, it will be more realistic to
consider independent uncertainties in each of the blades, which
essentially brings a blade-to-blade dissimilarity.

Typically, the main rotor system is the principal source of vibration
in the helicopter. The sources of vibrations can be divided into two
types: 1) vibrations due to the asymmetric nature of a rotor in forward
flight, which are present even in case of balanced rotor (tracked rotor)
system, and 2) vibrations due to the blade-to-blade dissimilarity,
which results from manufacturing uncertainties, environmental
effects, and highly vibratory loads [11]. The latter will also be caused
by uncertainties in the composite material properties and the
fabrication processes of the blades. Several researchers [12-15]
focused on predicting the rotor vibrations by assuming a dissimilarity
in the rotor system induced by various faults for the structural health
monitoring or the vibration analysis. Roget and Chopra [16] demon-
strated the trailing-edge-flap approach for the reduction of hub loads
induced by dissimilar rotor systems. Recently, Pawar and Jung [17]
demonstrated use of the active twist control method for the vibration
reduction of composite rotor blades with a dissimilar rotor system.

The present study aims at quantifying the influence of uncertainties
encountered in the fabrication and manufacturing stages of com-
posite helicopter blades on the blade responses and hub loads. Various
sources of uncertainties, including the material and geometric
variables, are investigated in the aeroelastic analysis. Special focus is
given to introducing a dissimilarity in the rotor system arising from
the stochastic properties of the composite blades that may bring
new harmonics of vibrations. The mechanical material properties of
composite laminas E,, E,, G,, and v,; layer thicknesses ¢;; fiber
orientation angles 6; of constituent laminas; and the elastic-axis offset
e, from the aerodynamic center for the cross section of the composite
blades are treated as random variables and these are used to determine
the stochastic behaviors of the cross-sectional stiffness values, aero-
elastic response, and hub vibration behavior. A comprehensive aero-
elastic analysis system suitable for composite helicopter rotor blades
with dissimilarities is employed for the vibratory load analysis of
the rotor system. The stochastic behaviors of hub vibratory loads are
determined using the Monte Carlo simulation coupled with the
aeroelastic analysis system.

II. Aeroelastic Analysis of Dissimilar Rotor System

For the comprehensive aeroelastic analysis of composite rotor
blades, the cross-sectional properties of the blade should be deter-
mined a priori. The mixed beam approach developed by Jung et al.
[18]is used to obtain the stiffness constants that represent extension,
torsion, flap bending, lag bending, and couplings. This theory can
model thin-walled multicelled beams with open and closed cross
sections. The influence of elastic couplings, shell wall thickness,
transverse shear, warping, and warping restraint effects is taken into
account in the beam formulation. The 5 x5 stiffness matrix K
relating the generalized beam force vector F and the generalized
displacement vector q can be obtained following the procedures
described in [19] as

F=Kq (1)
where

F=|N T, M, M. M,]|" (la)

(_1 = |_ U.X ¢,X ﬁ_\’.){ ﬂz,x ¢.XX J r (lb)

where N is the axial force; M, and M, are flap bending moment and
lag bending moment, respectively; 7 is the St. Venant twisting
moment; and M,, is the Vlasov bimoment. In addition, U, B, 8., and
¢ are the axial displacement, cross-sectional rotations about the y and
z axes, and elastic twist deformation, respectively. The K in Eq. (1)
represents the beam stiffness matrix at an Euler—Bernoulli level of
approximation for the extension and bending and Vlasov level for the
torsion [18].

Uncertainties in the cross-sectional stiffness properties of a
composite rotor blade inevitably introduce dissimilarities in the rotor
system. A comprehensive aeroelastic analysis system based on the
finite element method in both space and time [20] is used to evaluate
the blade response and hub vibration response of a helicopter with a
dissimilar rotor system. For the aeroelastic analysis, the helicopter
is represented by a nonlinear model of rotating elastic blades
dynamically coupled to a six-degree-of-freedom rigid fuselage. Each
blade undergoes flap (out-of-plane) bending, lag (in-plane) bending,
elastic torsion, and axial displacements. The governing equations
of motion for the blades are derived using Hamilton’s principle
applicable to a nonconservative system:

ST = f"z (8U — 8T — §W,)dyr = 0 @)
¥

where ¥ is the azimuth angle measured along the rotor disk; U, 6T
and §W, are the virtual variation of strain energy, the variation of
kinetic energy, and the external virtual work done, respectively; and
811 represents the total potential of the system. It is noted that §U and
0T include energy contributions from components that are attached
to the blades (e.g., pitch link and lag damper). The aerodynamic
forces acting on the blades contribute to the virtual work variational
8W,. The aerodynamic forces and moments are calculated using the
unsteady aerodynamic model developed by Leishman and Beddoes
[21] along with a free-wake model developed by Bagai and
Leishman [22].

Applying the finite element method into the discretized form of
Hamilton’s principle, one can construct the nonlinear equations of
motion for blades expressed in terms of global nodal degrees of
freedom ¢, which can be written in symbolic form as

M) + C(q. ¥)q(¥) + K@. v)a¥) =F(y.q.q9)  (3)

where M, C, K, and F are the global inertia, damping, stiffness
matrix, and load vector, respectively. The blade structure is dis-
cretized into a number of beam finite elements. A 15-degree-of-
freedom beam element composed of two end nodes and three internal
nodes is used to describe the flap—lag—torsion behavior of hingeless
composite blades [23]. In addition, the blade response along the rotor
azimuth is obtained by using the temporal finite element technique,
in which the time period of one rotor revolution is discretized into a
series of time finite elements. The periodic boundary condition is
imposed by connecting the first and last time finite elements.

For an isotropic rotor system, only the vibratory load harmonics
that are multiples of the number of blades (designated as mN,, /rev,
where m is the integer and N, is the number of blades) are transmitted
to the fuselage through the rotor hub. For a dissimilar rotor system,
however, non-N,, /rev harmonics would also appear and transmit to
the fixed-frame hub parts. Unlike the isotropic blade analysis, when
blades are dissimilar with each other, the blade response should be
evaluated individually [16,17]. Steady and vibratory components
of blade loads for the mth blade are calculated using the force
summation method. In this method, blade inertia and aerodynamic
forces are integrated directly over the length of the blade for blade
loads. The fixed-frame hub loads are then obtained by summing the
contributions from individual blades. A coupled trim procedure is
used to obtain the blade responses, pilot control inputs, and vehicle
orientations in a simultaneous manner. The detailed formulation for
the derivation of equations and their discretization procedures are
given in [20,23].
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Fig. 1 Schematic of the blade and its layup.

III. Results and Discussions

The effects of stochastic variation of material properties and
fabrication/manufacturing uncertainties on the cross-sectional
stiffness values, aeroelastic responses, and hub loads for four-
bladed composite hingeless rotor blades are investigated using the
Monte Carlo simulation (MCS). The uncertainties introduced herein
are classified into three parts: 1) material uncertainty in the composite
laminas, 2) fabrication uncertainty with regard to ply thicknesses
and fiber angles of composite laminates, and 3) manufacturing
uncertainty on the elastic-axis offsets from the aerodynamic center of
the blade. The baseline (deterministic) blade is modeled as a single-
cell thin-walled composite box beam that matches with the realistic
magnitudes of cross-sectional stiffness, inertia, and rotating fre-
quencies of a stiff in-plane helicopter blade [24]. Figure 1 shows the
schematic of the composite blade and its layup geometries for the
wall of the section. The respective dimensions of the box section are
outer width of 203.2 mm, outer depth of 38.1 mm, and wall thickness
of 3.556 mm. The mechanical properties are of AS4/3501-6 graphite/
epoxy lamina. Each wall of the box section consists of a balanced
layup as [04/(15/ — 15)5/(30/ — 30),],. The flight conditions of the
model helicopter are advance ratio u = 0.3, thrust level C;/o=
0.07, and lock number y = 6.34. In addition, tail rotor radius
re/R = 0.2, solidity o, = 0.15, and tail rotor location and offset
from the main rotor hub are x,/R = 1.2 and h,/R = 0.2. Other
vehicle properties are flat-plate area f/7R> = 0.01 and hub vertical
offset 1/ R = 0.2. A shaft-fixed condition along with the propulsive
trim iteration is used for the present aeroelastic analysis.

A. Stochastic Behavior of Cross-Sectional Stiffnesses

The random material properties and fabrication uncertainties are
considered to first evaluate the stiffness constants of the composite
rotor blade. Earlier studies [25-28] have demonstrated that the
randomness of data is present in the composite material laminas
(material uncertainty) and also their laminate structures (fabrication
uncertainty). They found that the normal (Gaussian) distribution with
a deviation could be a reasonable fit to characterize most of the
random variables. Table 1 shows the mean standard deviation (SD)
and statistical distribution of the random variables used in the
material and fabrication uncertainty. To make the analysis more
realistic, all the values given in Table ] are taken from experimental
results [25,26,28].

For the estimation of stochastic behavior of composite blades by
the material and fabrication uncertainty, it is important to decide the
number of samples required for the analysis. The number of samples
can be decided based on the convergence of coefficients of variation
(COV). The COV is defined as the standard deviation divided by the
mean value. Figure 2 shows the COV results for the flap bending

Table 1 Stochastic properties of random variables

Properties Mean value Standard deviation Distribution
E,,GPa 141.96 4.812 Normal
E,, GPa 9.79 0.418 Normal
Gy, GPa 6.00 0.256 Normal
Vip 0.42 0.0153 Normal
ply thickness, mm 5 0.25 Normal
Ply angle, deg 0 1.8 Normal
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Fig. 2 COV of the beam stiffnesses using MCS for the cross-sectional
stiffnesses.

stiffness E1,, lag bending stiffnessET_, and torsion rigidity GJ with
respect to the MCS evaluations. As is seen, at least 4000 to 5000
evaluations are required to obtain the sufficiently convergent
solution. In the present study, 6000 randomly chosen samples are
evaluated unless otherwise stated. To obtain the MCS results, it
generally takes about 2.5 h for the blade stiffnesses and about 60 h for
the aeroelastic responses and hub load calculation. The computation
is performed on a 3 GHz dual-core PC with 4 GB main memory.
Figure 3 shows the histograms for each of the cross-sectional
stiffness properties, taking into account the material uncertainty of
composite blades denoted with percentage deviations from the mean
values. It is seen that the random material properties of composite
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Fig. 3 Probability distribution of cross-sectional stiffnesses of the blade
with the material uncertainty.

laminas become transmitted to the cross-sectional stiffnesses,
resulting in a normal distribution. Table 2 shows the mean and COV
values for the cross-sectional stiffnesses when either the material or
fabrication uncertainty is considered. The material uncertainty case

shows about two-times-larger variation in bending stiffnesses and
similar order of magnitudes in the torsion stiffness, as compared with
the fabrication uncertainty case. In summary, the material uncertainty
affects more on the blade stiffness values than with the fabrication
uncertainty. Similar observations have been found in Shaker et al.
[26], in which stochastic analysis for the free vibration behavior of
laminated composite plates was performed.

B. Stochastic Behavior of Aeroelastic Response

The random characteristics of the cross-sectional stiffness pro-
perties also affect the aeroelastic response of the helicopter rotor
blades. Figure 4 shows the variations in tip responses due to the
stochastic behavior of flap, lag, and torsion stiffness properties of the
composite blades. In this case, only the material uncertainty leading
to about 3% changes of COV in the material properties is considered
(see Table 2). Uncertainties in the cross-sectional stiffnesses are seen
to have a substantial influence on the blade tip responses. The peak-
to-peak response variations of flap, lag, and torsion deflections are
about 15.2, 20.3, and 10.2%, respectively, in comparison with the
baseline (deterministic) values denoted as solid black lines in Fig. 4.
Since larger stiffness values of blades generally induce smaller
structural responses, the lowest responses arise from the combination
of the highest values of beam stiffnesses and vice versa. As can be
seen from Fig. 3, either the highest or the lowest stiffness value has
additional +10% to the baseline values. The aeroelastic response of
the blade with the fabrication uncertainty shows similar patterns with
smaller variations in the magnitudes and is thus omitted due to the
limited space.

The variation of shear centers among the production blades is often
encountered during the manufacturing process, and thus the elastic-
axis (shear center) offsets from the aerodynamic center are treated as
random variables. The Monte Carlo simulation results with this
manufacturing uncertainty are presented in Fig. 5, in which the tip
responses of the blade are presented as a function of azimuth angles.
A SD of 1.5% chord length is assumed for the randomness of elastic
axis along the chord line of the blade. For simplicity of the analysis,
the mean of elastic-axis offsets is set to zero. It is assumed that the
locations of center of gravity and elastic axis coincide with each
other. It is defined as positive when the elastic axis is located toward
the leading edge from the aerodynamic center (quarter-chord).

As can be seen in Fig. 5, a large variation of tip responses,
especially for the flap and torsion deformation, is obtained with the
manufacturing uncertainty introduced through the randomness of
elastic-axis offsets, whereas the chordwise (lag) displacements show
only small variations. Since there is no offset between the center of
gravity and the elastic axis, the dramatic changes in flap and torsion
responses have no relation with the aeroelastic instability (e.g.,
flutter), but with the increase of aerodynamic loads as the offsets
become greater. It is noted that the maximum variations of elastic-
axis offsets are within about +5%, because the SD values is assumed
as 1.5% at a 95% probability. Figure 6 shows the changes of
flap bending and torsion moments (nondimensionalized each by
my22R?) at the blade root obtained for the two extreme values
(e4 = £5%) as compared with the baseline (zero-offset) value. As is
expected, the overall behavior of the blade loads (Fig. 6) has quite a
similar waveform with their resulting responses (Fig. 5). The peak-
to-peak magnitudes of both the flap bending moments and flap
displacements, especially with —5% offset, become significantly
changed with respect to the baseline zero-offset case. The reason for

Table 2 Statistics of cross-sectional stiffness values

COV, %
Stiffness Mean, Material Fabrication Distribution
N/m? uncertainty uncertainty
EI, 47.8e3 3.053 1.428 Normal
EI, 761e3 3.052 1.410 Normal
GJ 22.8e3 2.678 1.962 Normal
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this is due to that fact that the negative elastic-axis offset induces a
pitch-up, leading to increased aerodynamic loads. The other extreme
case (+5% offset) shows much reduced loadings and responses
compared with the —5% offset case but still exhibits substantial
deviations from the baseline results. Based on this observation, it
can be argued that the random characteristic encountered in the
manufacturing process of composite rotor blades can increase the
prediction errors in a manner that the conventional deterministic
approach may lead to unrealistic solutions, especially for the flap and
torsion responses of the blade.
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Fig. 4 Stochastic distribution of tip responses of composite blades with
the material uncertainty.

C. Stochastic Behavior of Hub Vibratory Loads

Next, the stochastic behavior of hub vibratory loads is investigated
using the statistical data obtained for the cross-sectional stiffness
values. When the randomness of the stiffness properties is con-
sidered, the cross-sectional properties of all the participating blades in
the rotor system will not be identical with each other, which inevitably
brings dissimilarities to the rotor system. In this study, 6000 different
sets of the rotor system with dissimilarity are used in the com-
prehensive aeroelastic analysis to obtain the stochastic behavior of
the vibratory loads transferred through the rotor hub.

Figure 7 shows the mean values of 1/rev to 5/rev of all the hub
forces and moments: Fy (longitudinal), F'y (lateral), F, (vertical),
My (roll), My (pitch), and M, (yaw) for the 6000 samples considered
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Fig. 5 Stochastic distribution of tip responses of composite blades with
the manufacturing uncertainty.
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Fig. 6 Effect of elastic-axis offsets on blade root moments.

in the stochastic analysis. The hub forces and moments are
nondimensionalized by m,Q22R? and m,Q2R>, respectively. As can
be seen in Fig. 7, all the harmonics of hub loads as well as the 4/rev
component appear due to the dissimilarity of the rotor system. This
dissimilarity is induced by considering the stochastic material
properties of composites. The major sources of the hub vibration are
4 /rev; however, a similar order of magnitudes is obtained with the
other harmonic components. The dominance of 1/rev and 2/rev
forces of the rotor needs to be counteracted using the conventional
track and balance technique [11] or the active vibration reduction
methods [16,17]. The results shown in Fig. 7 are the case with the
material uncertainty. Figure 8 shows the hub vibration results with
the fabrication uncertainty. Even though the non-N,, /rev values for
the fabrication uncertainty are fairly low as compared with those
of the material uncertainty, they cannot be ignored. These results
indicate that the influence of dissimilarity should be taken into
account in the uncertainty qualification study for the aeroelastic
analysis of composite rotor blades.

Figures 9 and 10 show the probability histograms obtained for
each of the hub vibratory forces (Fig. 9) and moments (Fig. 10) with
the material uncertainty case, denoted in terms of harmonic com-
ponents up to 5/rev. To see the relative behavior of the histograms,
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the horizontal axis is expressed as a percentage deviation from the
mean values. It is observed that the probability histograms exhibit a
non-Gaussian-type of distribution, except the 4/rev hub load com-
ponents, which show the normal-type distribution. The reason is
because the unbalanced blade loads contribute to non-N,/rev hub
loads, resulting in a non-Gaussian-type distribution, whereas the
balanced blade loads contribute to N, /rev hub loads for a normal
distribution. It is noted that the material properties and the resulting
cross-sectional properties show the normal distribution. Further-
more, it is observed that the material uncertainty has only a marginal
effect on the 4/rev harmonics, whereas the other harmonics become
influenced significantly by the material uncertainty. The 4/rev
harmonics show a maximum deviation of —34.8 to 32.1% (generally
within +4%), while most of other harmonics show a wide scatter
(—99.1 to 408 %) with apparent skewness to the negative side, which
indicates smaller magnitudes than their mean values.

As shown above, the uncertainties in the cross-sectional properties
of the rotor blades induce the dissimilarity in the rotor system, which
brings extra harmonics of hub loads. Stochastic behaviors of the hub
vibratory loads taking the material uncertainty into account are
summarized in Table 3, in which the maximum values at 95%
probability are presented for important harmonics influencing the
vibration. Each hub load component is normalized with respect to
the 4/rev hub loads (not shown). From the hub shear results, it is
observed that 1/rev F, and 2/rev Fy and Fy are the most affected
shear forces for which the maximum values at 95% probability are
about 1.05, 2.07, and 1.96 times higher than their respective 4/rev
loads. In the case of hub vibratory moments, maximum variations are
observed in all the harmonic components of M. Even though the
baseline values of 4 /rev M, are quite low, which are about 22 times
smaller than 4 /rev My and My, 1 /rev M, shows a large variation that
is about 1.4 times that of 4/rev My and My. These results again
indicate the importance of considering the non-N,, /rev harmonics in
the hub vibration behavior of composite rotor blades when the
uncertainties affect the rotor system.



Probability density Probability density Probability density Probability density

Probability density

0.3

0.25

0.2

0.05

0
-150

-50 50 150 250 350
% deviation of 1/rev Fy

0.3

0.25

0.2

0.15

0.1

0.05

-50 50 150 250 350
% deviation of 2/rev Fy

0.3
0.25

0.2

0.1

0.05

0
-150

-50 50 150 250 350
% deviation of 3/rev Fy

0.3

0.25

0.2

0.15

0.1

0.05

-3 -1 1 3 5
% deviation of 4/rev Fy

0.3

0.25

0.2

0.15

0.1

0.05

0
-150

-50 50 150 250 350

% deviation of 5/rev Fy

Probability density Probability density Probability density Probability density

Probability density

YOU ETAL.

0.3

0.25 |

0.15

0.1 r

0.05

0
-150

-50 50 150 250 350
% deviation of 1/rev Fy

-50 50 150 250 350
% deviation of 2/rev Fy

0.3
0.25

0.2

0.1

0.05

0
-150

-50 50 150 250 350
% deviation of 3/rev Fy

0.3

0.25

-3 -1 1 3 5
% deviation of 4/rev Fy

0.3

0.25

0
-150

-50 50 150 250 350

% deviation of 5/rev Fy

Probability density Probability density Probability density Probability density

Probability density

0.3

0.25 |

0.15

0.1

0.05

0
-150

-50 50 150 250
% deviation of 1/rev F,

350

0.3

0.2 r

-50 50 150 250
% deviation of 2/rev F,

350

0.25 |

0.2

0.15

0.1

-50 50 150 250
% deviation of 3/rev F,

350

0.2

0.15

0.1

0.05

-3 -1 1 3
% deviation of 4/rev F,

0.3

0.25 r

0.2 r

0.15

0.1

0.05

0
-150

-50 50 150 250

% deviation of 5/rev F,

Fig. 9 Probability density of hub shear forces for composite blades with the material uncertainty.
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Fig. 10 Probability density of hub moments for composite blades with the material uncertainty.
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Table 3 Maximum values at 95% probability for
stochastic behavior of hub forces and moments

Harmonics Fy® Fy® Fz* My? M,%® M,*

1/rev 0.172 0.151 1.055 0523 0410 31.01
2/rev 2.070 1.963 0248 0.271 0240 15.86
3/rev 0.417 0.359 0.118 0.097 0.097 1.343
5/rev 0.016 0.014 0.0031 0.0034 0.0032 0.050

“Nondimensionalized by m,Q2>R>
"Nondimensionalized by m,Q*R?

IV. Conclusions

In this work, the stochastic behaviors of aeroelastic response and
hub vibratory loads due to uncertainties in composite material
properties, lamination geometries, and manufacturing stage of
rotor blades are studied using the Monte Carlo simulation along
with the comprehensive aeroelastic analysis system. The following
conclusions are drawn from this investigation.

1) The material properties of composite laminas showing
stochastic behavior in the form of normal distribution lead to the
same form of stochastic behavior with different coefficient of
variation of the cross-sectional stiffness properties.

2) The uncertainties in the cross-sectional properties induce the
dissimilarity in the rotor system, which brings extra non-N,/rev
harmonics of vibratory loads. Even though the cross-sectional
stiffness properties exhibit a normal distribution, the resulting
histograms and probability distribution of non-N,/rev hub loads
show non-Gaussian-type distributions, due to the unbalanced com-
ponents of blade loads in the dissimilar rotor system, whereas the
N, /rev hub loads exhibit the normal-type distribution due to the
balanced components of blade loads.

3) The manufacturing uncertainty introduced by taking the elastic-
axis offsets as random variables largely affects the aeroelastic
response, especially for flap and torsion deformation. It is indicated
that the drastic changes of aeroelastic responses of blades have no
relation with the aeroelastic instability, but with the increase of
aerodynamic loads, due to a greater offset value between the elastic
axis and the aerodynamic center. It is found that the overall behavior
of the blade loads exhibit a similar wave form as compared with the
resulting responses.

4) Stochastic behaviors of the hub vibratory loads show that 1 /rev
F;, 2/rev Fy and Fy, and all the harmonics in M, are the most
affected vibratory harmonics. The maximum values of the shear
forces at 95% probability are about 1.05, 2.07, and 1.96 times those
of the respective 4/rev loads, whereas in case of hub moments, as
much as 31-times-larger values of 1/rev M, in comparison with
those of 4/rev are obtained.
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