
Copyright © 2020 The Author(s). Published by VGTU Press

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

*Corresponding author. E-mail: nkamran128@yahoo.com

AVIATION
ISSN: 1648-7788 / eISSN: 1822-4180

2020 Volume 24 Issue 1: 33–41

https://doi.org/10.3846/aviation.2020.12184

PROGRESSIVE FAILURE ANALYSIS OF HELICOPTER ROTOR BLADE
UNDER AEROELASTIC LOADING

Kamran AHMAD  1, *, Yasir BAIG  1, Hammad RAHMAN  2, Hassan Junaid HASHAM  3

1Pakistan Institute of Engineering & Applied Sciences, Nilore, Islamabad, Pakistan
2Delft University of Technology, Netherlands

3Institute of Space Technology, Islamabad, Pakistan

Received 04 December 2019; accepted 24 February 2020

Abstract. Unlike metal structure, composite structures don’t give any clue till the fatal final collapse. The problem is more
complicated when applied load on the structure is aeroelastic in nature. Under such loading, composite laminate experi-
ences stresses. The first layer failure happens when stresses in the weakest ply exceed the allowable strength of the lami-
nate. This initial layer-based failure changes overall material characteristics. It is important now to degrade the composite
laminate characteristics for the subsequent failure prediction. The constitutive relations are required to be updated by the
reduction in stiffness. The rest of the undamaged laminates continue to take the load till the updated strength is reached.
In the present work, layer wise progressive failure analysis under aeroelastic loading has been performed by the inclusion
of different failure criteria which allow for the identification of the location of the failure. ANSYS APDL environment has
been used to model geometry of helicopter rotor. Under the loading conditions, stresses are calculated in the blade. Using
stress tensor and failure criteria, failure location and modes have been predicted. It has been found that failure starts at
higher speeds and failure starts from the root chord and tend towards the tip chord.

Keywords: progressive failure, aeroelastic loading, helicopter rotor blade, finite element method, mode shape.

Introduction

Composite materials have shown distinct characteristics in 
term of strength and weight in such a way that all industries 
in general and aerospace industry in particular are drift-
ing towards modifying their manufacturing processes and 
using composite materials in their product development. 
Helicopter blades are also made of composites (Alkahe & 
Rand, 2000; Azzam & Andrew, 1992; Morozov, Sylantiev, 
& Evseev, 2003; Shahid & Chang, 1995). Operating con-
ditions of helicopter rotor are unsteady aerodynamic and 
acceleration/deceleration loads leading to harsh loading 
conditions. This may lead to induce damage in the com-
posite material of the rotor. Therefore, progressive failure 
of helicopter rotor under dynamic loading conditions has 
attained significant attention of researchers. Because of 
the interdisciplinary nature of the work, few authors have 
investigated failure analysis. Modal data has been used by 
some authors to check damage in rotor blades (Pawar & 
Ganguli, 2003; Alkahe, Rand, & Oshman, 2003). Experi-
mental studies, even more difficult aspect, have been in-
vestigated by few authors (Cattarius & Inman, 2000; Gho-

shal et al., 2001; Kiddy & Pines, 2001). One way of com-
posite damage modeling is by some percentage reduction 
in the bending and torsional stiffnesses while some have 
gone through crack modeling based on fracture mechan-
ics approach (Ganguli, 2002). With the availability of light 
weight, high strength composite materials, it was felt to 
perform detailed modeling of damage modes in compos-
ite rotor blades. Notable efforts have been done by Pawar 
and Ganguli (2005) considering ply laminates and matrix 
cracking was the initial damage observed. Gudmundson 
and Weilin (1993), Adolfsson and Gudmundson (1997) 
have investigated generalized composite laminates under 
combined loading consisting of bending and axial load-
ing. When the matrix cracking effect starts saturating, a 
local de-lamination can initiate from the matrix crack tips. 
The de-lamination induced due to matrix cracking was 
modeled in the literature using various approaches such 
as classical plate theory (Obrien, 1991), first-order shear 
deformation laminate plate theory (Armanios, Sriram, & 
Badir, 1991), variation techniques (Nairn & Hu, 1992), 
shear lag techniques (Dharani & Tang, 1990) and 3-D 
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finite element analysis of 90° lamina (Salpekar & O’Brien, 
1991). Most recently, the shear lag method was applied 
by Berthelot and Corre (2000) to analyze the stress fields 
in cross-ply laminates containing transverse cracks and 
crack tip de-lamination with shear friction between the 
delaminated plies. While several researchers have modeled 
separate damage modes as discussed above, few research-
ers have modeled the progressive damage accumulation 
in composite structures (Allen, Harris, & Groves, 1987). 
Most of these models are focused on characterization of 
cracking in a single sub-laminate with 90° plies. However, 
under realistic loading condition matrix cracks can appear 
in all plies and in a multi-directional laminate and may 
lead to laminate failure by de-lamination or fiber break-
age. Such a model was proposed by Shahid and Chang 
(1995) for predicting the accumulated damage and stud-
ied the effect of such damage on the in-plane response of 
laminated composite plates subjected to tensile and shear 
loads.

Progressive damage of moderately thick composite 
laminated plates has been investigated by Ghannadpour 
and Shakeri (2018) considering in-plane compressive load 
and uniform lateral pressure. Under same loading condi-
tions, Ghannadpour (Mehrparvar & Ghannadpour, 2018; 
Ghannadpour & Mehrparvar, 2018) presented analysis 
of laminate with different shapes and size cut-outs. The 
concept of minimum potential energy was used for the 
formulations. Hashin failure criteria have been used to 
predict the location of failure. Post buckling analysis of 
cracked imperfect composite plates has been explored by 
Ghannadpour and Karimi (2018). Progressive damage and 
nonlinear geometric analysis of relatively thick laminates 
has been presented by Ghannadpour et al. (2018), Ghan-
nadpour and Shakeri (2018). Two different versions of fi-
nite strip method have been used by Ovesy et al. (2006) 
to predict geometrically nonlinear behavior of composite 
laminate under progressive end-shortening and to pres-
sure loading. Three geometric degradation models have 
been employed to estimate the degradation zone around 
the failure location. Using classical plate theory and first 
order shear deformation theory, Dawe, Lam, and Azizian 
(1993) has described the analysis geometrically nonlin-
ear composite laminate behavior to predict local buck-
ling. Ovesy and Ghannadpour (2006) and (Ovesy, Ghan-
nadpour, & Zia-Dehkordi), have used exact finite strip 
method to predict buckling analysis of moderately thick 
composite laminate. In their further work, Ghannadpour 
(Ovesy, Totounferoush, & Ghannadpour, 2015; Ghannad-
pour & Ovesy, 2009) and Ghannadpour et al. (2014) have 
presented de-lamination and dynamic buckling of com-
posite laminate using semi analytical finite strip and exact 
finite strip methods. Other authors (Oktay & Sal, 2015, 
2016; Oktay & Sultan, 2013) have also explained active 
and passive control and helicopter rotor blade morphing 
for energy efficiency.

From the presented literature review, it is revealed that 
noticeable work has been done by several authors on the 
geometry and control of the helicopter rotor blade, how-

ever, aeroelastic loading, centrifugal loads and their effect 
on the composite laminate structure along with failure 
mode prediction is the inter-disciplinary area in which not 
enough work has been done. The same has been explored 
in the current work.

In the present work, a composite helicopter rotor blade 
(Pawar & Ganguli, 2006) using shell and solid elements 
has been used. Progressive failure analysis (PFA) has been 
performed under static aeroelastic loading. Aerodynamic 
loads are calculated using strip theory. As the velocity is 
increased so does the load and hence damage is modeled 
with progressive increase in the load. (Helicopter blade 
is rotating and hence its vibration modes will be differ-
ent with that at wind off conditions this effect has been 
accounted by axial loading of the blade and calculating 
pre-stressed modes). The key damage modes in composite 
structure such as matrix cracking, de-lamination and fiber 
breakage are modeled. The effect of progressive damage 
accumulation on the composite helicopter rotor blade in 
forward flight is investigated using a two-cell airfoil sec-
tion- beam with stiffness properties representing a stiff in-
plane helicopter rotor blade.

1. Formulations

1.1. Variation formulation
Helicopter blade undergoes flap (out-of-plane) bending, 
lag (in-plane) bending, elastic twist and axial displace-
ment Using a generalized Hamilton’s principal applicable 
to non-conservative systems (Pawar & Ganguli, 2007) is 
given as

( )δ − δ − δ =∫
2

1

0
t

t

U T W dt . (1)

The δU and δT include energy contributions from 
components that are attached to the blade, e.g., pitch link, 
lag damper, etc. After finite element discretization, Ham-
ilton’s principle is written as
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Assembling the blade finite element equations and ap-
plying boundary conditions in Eq results in the final form 
of equation (3), where {x} and {f} are defined in equation (4)
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1.2. Aerodynamic, inertia and centrifugal forces
Helicopter rotor blade is subjected to lift, gravity and 
centrifugal forces making its structural and aeroelastic 
analysis difficult. Gravity force acts downward, lift upward 
while centrifugal force acts radially outward as shown in 
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Figure 1. The lifting force on a rotating blade is related to 
its local angle of attack and local dynamic pressure. There 
is velocity distribution on the blade, zero flow velocity at 
the rotational axis and the maximum at the tip. Moreo-
ver, geometrical twist angle increases from tip to root. 
Although, the velocity is maximum at the tip, lift is not 
maximum at the tip because of tip vortices. Lift produced 
by rotating blade may be described by Blade Element 
Theory (BET) as Eq.

( ) ( )α= ρ α21
2

L V r SCl r , (5)

here, the velocity V, and angle of attack α, are the function 
of blade radius r. BET assumes no influence of adjacent 
blade elements section. Moreover, non-uniform induced 
flow across the blade is obtained through a distribution of 
geometrical twist along the blade span. Linear geometrical 
twist has been assumed as given in Figure 2 in the current 
study. Assumed velocity and lift distributions at 15 rad/
sec are shown in Figure 3. Composite materials are used 
for the manufacturing of helicopter rotor blade. As the 
density is assigned to a particular laminate, its mass is cal-
culated by the finite element software through its volume. 
Gravity force can then be applied globally and the same 
has been considered in current work. As the helicopter ro-
tor blade rotates, centrifugal force act on the blade radially 
whose magnitude, mω2r, is much more than the gravity 
and lift force even at low rotation speed. Centrifugal force 
has been applied using the parameter of rotation speed, ω.

2. Progressive damage model

The progressive damage model involves the steps of stress 
analysis, failure analysis and material properties degra-
dation. These steps, which operate in an iterative proce-
dure following the mentioned order, were incorporated 
into ANSYS code using APDL. Stress analysis was per-
formed numerically using the commercial Finite Element 
code ANSYS which can provide the ply-by-ply calculated 
stresses to be used as input to progressive model. Failure 
analysis was performed by implementing the commonly 
used Hashin polynomial failure criteria. These criteria 
were selected because they can distinguish between dif-
ferent failure modes and may be applied with ease in a 
finite element formulation.

Once failure is detected in a ply, the material proper-
ties of the ply are degraded by implementing a sudden 
degradation rule. The scope of using degradation rules is 
to disable the ply from carrying a certain load. Thus, for 
each mode of failure there exists a corresponding deg-
radation rule. The available ply-b-ply material property 
degradation rules are empirical and include assumptions 
resulting from engineering constraints in the properties of 
composite materials.

2.1. FEA calculation process
The previously described steps of progressive model were 
programmed into an ANSYS parametric macro-routine, 
which works iteratively. The macro-routine involves the 
following steps.

1. Generating 3-D model of rotor blade by giving as 
input the initial material properties, specimen ge-
ometry, boundary conditions and initial loads.

2. Performing non-linear stress analysis and calcula-
tion of the on-axis stresses for each ply.

3. Performing failure analysis by applying the failure 
criteria.

4. Checking for ply failures.
5. Increasing the applied load by an increment If no 

failure is detected. Then the program returns back 
to step 2 for stress analysis.

6. Continuing the program to the next step If any 
mode of failure is detected.
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7. Applying appropriate material property degradation 
rule on the failed ply.

8. Checking for final failure of the component.
9. Stopping the program if final failure is reached.

10. Returning to step 2 if final failure is not reached. 
Non-linear stress analysis with the same load is 
performed again in order to calculate the redistrib-
uted stresses. Convergence at a load step is assumed 
when no additional failures are detected.

11. Repeating the procedure until final failure occurs.
The progressive damage model was implemented for 

rotor blade in order to evaluate its residual strength under 
incremental tensile loading.

3. Failure models

Failure criteria compare the loading state at a point with 
a set of values reflecting the strength of the material at 
that point (often referred to as the material allowable). For 
unidirectional materials, this is typically in the direction 
of the fibers.

In general, the load is represented by a full stress or 
strain tensor having six independent components. By con-
vention, for lamina materials the material X axis lies in 
the direction of the warp fibers while the Z axis lies in the 
through-thickness direction of the sheet.

4. Damage criteria and degradation rules

Hashin damage criteria in the destruction of the fiber 
pull-off formula is given in (Tserpes et al., 2002). Damage 
criteria for fiber pull-out failure mode:

 σ   σ σ
 + + ≥         

2 22

1xyxx xz

T xy xzX S S
. (6)

Fiber tensile failure is given as:

 σ
≥ 

 

2

1xx

TX
. (7)

Fiber compressive failure is given as:

 σ
≥  

 
1xx

CX
. (8)

Matrix tensile failure is given as:

   σ σ σ 
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Matrix compressive failure is given as:
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Fiber matrix shear failure is given as:

 σ   σ σ
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Delamination failure mode under tensile loading is 
given as:

   σ σ σ
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Delamination failure mode under compression load is 
given as:

 σ   σ σ
 + + ≥             

22 2

1yzzz xz
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here, σxx, σyy σzz are the normal stresses in uni-directional 
composites in 1, 2 and 3 directions respectively. σyz and σxz 
represent the shear stresses; XT and XC is the tensile and com-
pressive strength in longitudinal direction YT and YC is the 
tensile and compressive strength in transverse direction re-
spectively; Sxy, Sxz, Syz are the shear strengths in three planes. 
ZT and ZC are the tensile and compression strengths in thick-
ness direction. It can be generally approximated that ZT and 
ZC are equal to the matrix tensile and compressive strength.

When the elements are damaged, there is a need for 
guideline rules related to the degradation of material 
properties. The stiffness degradation rules used in this re-
search work are given in Table 1.

Table 1. Stiffness degradation criteria

Failure mode Material stiffness degradation 
criteria

Matrix tensile failure E22 = 0.2E22, G12 = 0.2G12
Matrix compressive failure E22 = 0.2E22, G12 = 0.4G12
Fiber tensile failure E11 = 0.07E11, E22 = 0.07E22, 

G12 = 0.07G12, υ 12 = 0.07 υ 12
Fiber compressive failure E11 = 0.14E11, E22 = 0.14E22, 

G12 = 0.14G12, υ 12 = 0.14 υ 12
Fiber-matrix shear failure G12 = υ 12 = 0

5. Computational model

In this study, structural model of a hypothetical helicopter 
blade as described by Pawar and Ganguli (2006), Pawar and 
Ganguli (2007) has been used. The blade outer geometry is 
based on the NACA 0012 airfoil with a constant 305  mm 
chord and a two-cell cross sectional area, as shown in Fig-
ure 4. The blade span is 5080 mm. The D-spar and skin sec-
tions are divided at 35% of the chord. Table 1 lists the elastic 
and strength materials properties for Carbon Fiber Reinforced 
Polymer (CFRP, used for the D-spar and Skin sections) and 
Balsa (used for the web). Table 2 and table 3 details the materi-
al layup for the D-spar and Skin sections, specifying the thick-
ness of each layer from the outmost to the inner most. The 
same blade has been analyzed by D Cardenas et al.(Cárdenas 
et al., 2013) along with 2 mm balsa web placed at 35% of the 
chord as shown in Figure 4. Fixed boundary conditions were 
applied at the root end. Keeping in view the magnitude of 
centrifugal force which is much higher than the rest of the two 
forces, failure modes and the first ten modes of vibration (six 
flap, two lag, two torsion and no axial) have been evaluated 
with and without centrifugal forces. Figure 5 shows D-spar, 
shear web and the skin in the finite element model.
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6. Finite element model validation

In order to validate the blade structural model, nonlinear 
results have been compared with those presented by D 
Cardenas et al. (2013) in Figure 6. For the validation pur-
pose, only tip load was applied (no gravity force consid-
ered) and corresponding tip deflection data were plotted 
and the result shows good agreement between the two.

Only

Skin D-Spar
Shear 
web

Figure 4. Blade outer geometry profile

Figure 5. Finite element model showing the blade and the web

Table 2. Composite properties for the blade

S.No Definition Properties CFRP(D-spar and skin) Balsa wood (web)

1 Young’s modulus in fiber direction E11 (MPa) 206,000 2070
2 Young’s modulus at 90° to fiber direction E22 (MPa) 20,700 2070
3 In plane Shear’s modulus G12 (MPa) 8300 848
4 Poisson’s ratio υ (12) 0.3 0.22
5 Longitudinal(fiber) direction tensile strength SL11 T(MPa) 1979 13
6 Longitudinal(fiber) direction compressive strength SL11 C(MPa) 1000 13
7 Lateral (90° to fiber) direction tensile strength SL22 T(MPa) 59 13
8 Lateral (90° to fiber) direction compressive strength SL22 C(MPa) 223 13
9 In plane shear strength SL12 S(MPa) 103 3

Table 3. Material layup for the airfoil profile, listed from the outmost to the innermost layer

S. No D-spar Skin

Thickness(mm) Fiber angle (°) Thickness (mm) Fiber angle (°)

1 0.762 0 0.381 0
2 0.508 45 0.508 45
3 0.508 –45 0.508 –45
4 1.016 90 0.254 90
5 0.508 45 0.508 45
6 0.508 –45 0.508 –45
7 0.762 0 0.381 0
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Figure 6. Tip deflection vs. Tip load
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7. Results and discussion

An APDL code has been developed in ANSYS environ-
ment putting finite element structural model, lift, gravity, 
centrifugal forces and the composite failure criteria at one 
place making the code attractive for the solution of any 
practical problem. To demonstrate the capability of the 
code, benchmark hypothetical helicopter blade geometry 
was chosen and its structural model was validated in the 
last section. Nonlinear tip deflection matches closely to 
that of the literature value. There are three types of load-
ings a helicopter rotor blade experiences during its nor-
mal operation which are gravity, lift and centrifugal forces. 
Failure modes have been predicted first considering grav-
ity and lift forces, later the centrifugal force is also added 
to see the combined effect.

In the first case, gravity and lift forces were applied as 
both act in the opposite direction. Lift force was varied 
through rotational speed. Five speeds were considered i.e., 

11–15 rad/sec. As the speed is changed, lift force com-
puted through BET is changed; however, gravity force re-
mains constant. Failure in the composite materials is pre-
dicted through the failure criteria. Corresponding mode 
changes have also been computed. No failure is observed 
as the rotation speed of 11 rad/sec and 12 rad/sec is kept, 
however, failure is observed near the root section at 13 
rad/sec as shown in Figure 7. Nodes plotted in black color 
experience no failure while matrix cracking was computed 
at the red plotted nodes. The composite damage progres-
sively increases near the root section as the speed is in-
creased to 14 rad/sec and 15 rad/sec as shown in Figures 
8 and Figure 9. As the tip deflection increases with the 
increase of rotational speed, there is stress stiffening ef-
fect in the blade. This behavior is obvious from the plot of 
first 10 modes in Figure 10. As the rotational speed is set 
to 11 rad/sec, frequencies of all modes increase; however, 
there is no further stress stiffening as the speed is further 
increased from11 rad/sec to 15 rad/sec.

Figure 8. Fail nodes at 14 rad/sec

Figure 9. Fail nodes at 15 rad/sec

Figure 7. Fail nodes at 13 rad/sec
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In the next computational scheme, centrifugal force is 
also added along with lift and gravity forces. Out of plane 
deflections and twist about span axis with and without 
centrifugal force are shown in Figures 11 and Figure 12. 
It is obvious from the figures that centrifugal force acts 
as the stabilizing force and deflection/twist values have 
reduced in presence of centrifugal force. Moreover, no 
failure is observed as the rotational speeds are changed 
from 11 rad/sec to 15 rad/sec. Modal data is plotted in 
Figure 13. The trend of all modes remains the same as 
in absence of centrifugal force, however, there is more 
stress stiffening and hence frequencies at 11 rad/sec is 
more than those in absence of centrifugal force. Moreo-
ver, as expected there is axial and chord wise deforma-
tions, although smaller in magnitude, in the presence of 
centrifugal force as shown in Figures 14 and Figure 15. 
It can be observed from these figures that magnitude of 
centrifugal force generated at such low rotational speed, 
i.e., 15 rad/sec, is quite high as compared to lift, grav-
ity and chord wise force. In actual operation, rotational 
speed is quite high than this value and hence centrifugal 
force consideration plays central role in the design of ro-
tating machinery blade.

Figure 10. Trend of first ten modes with lift and gravity forces

Figure 11. Twist about span axis with and  
without centrifugal force

Figure 12. Out of plane deflections with and 
 without centrifugal force

Figure 14. Span wise force vs. axial deformation

Figure 15. Chord wise force vs. chord wise deformation

Figure 13. First 10 modes with lift, gravity and 
 centrifugal forces
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Conclusions

Helicopter rotor blade is subjected to complex aerodynam-
ic loading and therefore, its structural design is of utmost 
importance. To get high performance of helicopter, rotors 
are being manufactured from composite materials. Unlike 
metal structures, composite materials failure modes are 
complex and no clue is given by these structures before 
their failure. Hence, investigation of composite structures 
failure modes has gained popularity in the recent research.

In the present work, an APDL code in ANSYS environ-
ment has been generated encompassing structural model of 
composite laminate and failure criteria of composites along 
with gravity, lift and centrifugal forces at one place making 
the code very attractive for the nonlinear static solution of 
practical problems. To demonstrate the code capability, a 
hypothetical helicopter rotor blade from the literature was 
selected and structural model was validated through the 
comparison of deflections. It is subjected to gravity and lift 
forces and failure modes were observed because of out of 
plane deflections. It was realized that damage starts near 
the root section and it was matrix cracking. Modal data 
predicted a stress stiffening effect and hence frequency 
values of first 10 modes increased. Centrifugal force was 
further added by rotating the structures at different speeds. 
It was realized that centrifugal force acted as a stabilizing 
agent as it restricted the out of plane deflections during 
the axial rotations. Hence no failure was observed in the 
presence of centrifugal force on the given speeds. Modal 
results indicated further stress stiffening and frequency 
values for first 10 modes further increased. Additionally, 
the trend of increasing frequency values for bending and 
torsion with increasing speed is same. In the future work, 
dynamic analysis will be incorporated to make the code 
more realistic for practical problems of rotating machinery. 
It is pertinent to mention that although all possible failure 
models have been incorporated in APDL code, it is not 
necessary that all failure modes have been experienced. It 
depends on the loading conditions and their magnitude. 
However, it is clarified that as the matrix failure is observed 
in specific region, stiffness of that region goes to zero and 
it is not further able to withstand the load.

Funding

This work was supported by the Pakistan Science Founda-
tion under Grant No: PSF/P&D/TG-ND (463)/19.

References
Adolfsson, E., & Gudmundson, P. (1997). Thermoelastic proper-

ties in combined bending and extension of thin composite 
laminates with transverse matrix cracks. International Journal 
of Solids and Structures, 34(16), 2035–2060. 
https://doi.org/10.1016/S0020-7683(96)00156-4

Alkahe, J., & Rand, O. (2000). Analytic extraction of the elastic 
coupling mechanisms in composite blades. Composite Struc-
tures, 49(4), 399–413. 
https://doi.org/10.1016/S0263-8223(00)00074-X

Alkahe, J., Rand, O., & Oshman, Y. (2003). Helicopter health 
monitoring using an adaptive estimator. Journal of the Ameri-
can Helicopter Society, 48(3), 199–210. 
https://doi.org/10.4050/JAHS.48.199

Allen, D. H., Harris, C. E., & Groves, S. E. (1987). A thermo-
mechanical constitutive theory for elastic composites with 
distributed damage-II. Application to matrix cracking in 
laminated composites. International Journal of Solids and 
Structures, 23(9), 1319–1338. 
https://doi.org/10.1016/0020-7683(87)90108-9

Armanios,  E.  A., Sriram, P., & Badir,  A.  M. (1991). Fracture 
analysis of transverse crack-tip and free-edge delamination 
in laminated composites. In Composite Materials: Fatigue and 
Fracture (Third Volume). ASTM International.

Azzam, H., & Andrew, M. J. (1992). The use of math-dynamic 
models to aid the development of integrated health and us-
age monitoring systems. Proceedings of the Institution of Me-
chanical Engineers, Part G: Journal of Aerospace Engineering, 
206(1), 71–76. 
https://doi.org/10.1243/PIME_PROC_1992_206_240_02

Berthelot, J.-M., & Le Corre, J.-F. (2000). A model for transverse 
cracking and delamination in cross-ply laminates. Composites 
Science and Technology, 60(7), 1055–1066. 
https://doi.org/10.1016/S0266-3538(00)00006-3

Cárdenas, D., Elizalde, H., Marzocca, P., Abdi, F., Minnetyan, L., 
& Probst, O. (2013). Progressive failure analysis of thin-
walled composite structures. Composite Structures, 95, 53–62. 
https://doi.org/10.1016/j.compstruct.2012.05.022

Cattarius, J., & Inman, D. J. (2000). Experimental verification of 
intelligent fault detection in rotor blades. International Jour-
nal of Systems Science, 31(11), 1375–1379. 
https://doi.org/10.1080/00207720050197767

Dawe, D. J., Lam, S. S. E., & Azizian, Z. G. (1993). Finite strip 
post-local-buckling analysis of composite prismatic plate 
structures. Computers & Structures, 48(6), 1011–1023. 
https://doi.org/10.1016/0045-7949(93)90436-H

Dharani, L. R., & Tang, H. (1990). Micromechanics characteriza-
tion of sublaminate damage. International Journal of Fracture, 
46(2), 123–140. 
https://doi.org/10.1007/BF00041999

Ganguli, R. (2002). Health monitoring of a helicopter rotor in 
forward flight using fuzzy logic. AIAA Journal, 40(12), 2373–
2381. https://doi.org/10.2514/2.1588

Ghannadpour, S. A. M., Barvaj, A. K., & Tornabene, F. (2018). 
A semi-analytical investigation on geometric nonlinear and 
progressive damage behavior of relatively thick laminated 
plates under lateral pressure and end-shortening. Composite 
Structures, 194, 598–610. 
https://doi.org/10.1016/j.compstruct.2018.04.011

Ghannadpour, S. A. M., & Mehrparvar, M. (2018). Energy ef-
fect removal technique to model circular/elliptical holes in 
relatively thick composite plates under in-plane compressive 
load. Composite Structures, 202, 1032–1041. 
https://doi.org/10.1016/j.compstruct.2018.05.026

Ghannadpour, S. A. M., & Ovesy, H. R. (2009). The application 
of an exact finite strip to the buckling of symmetrically lami-
nated composite rectangular plates and prismatic plate struc-
tures. Composite Structures, 89(1), 151–158. 
https://doi.org/10.1016/j.compstruct.2008.07.014

Ghannadpour, S. A. M., Ovesy, H. R., & Zia-Dehkordi, E. (2014). 
An exact finite strip for the calculation of initial post-buck-
ling stiffness of shear-deformable composite laminated plates. 
Composite Structures, 108, 504–513. 
https://doi.org/10.1016/j.compstruct.2013.09.049



Aviation, 2020, 24(1): 33–41 41

Ghannadpour, S. A. M., & Shakeri, M. (2018). Energy based col-
location method to predict progressive damage behavior of 
imperfect composite plates under compression. Latin Ameri-
can Journal of Solids and Structures, 15(4). 
https://doi.org/10.1590/1679-78254257

Ghannadpour, S. A. M., Shakeri, M., & Barvaj, A. K. (2018). Ulti-
mate strength estimation of composite plates under combined 
in-plane and lateral pressure loads using two different numer-
ical methods. Steel and Composite Structures, 29(6), 781–798.

Ghannadpour, S. A. M., & Karimi, M. (2018). Domain decom-
position technique to simulate crack in nonlinear analysis of 
initially imperfect laminates. Structural Engineering and Me-
chanics, 68(5), 603–619.

Ghoshal, A., Harrison, J., Sundaresan, M. J., Hughes, D., & Schulz, M. J. 
(2001). Damage detection testing on a helicopter flexbeam. Jour-
nal of Intelligent Material Systems and Structures, 12(5), 315–330. 
https://doi.org/10.1106/9V39-ETJU-DNMG-TJUF

Gudmundson, P., & Weilin, Z. (1993). An analytic model for 
thermoelastic properties of composite laminates containing 
transverse matrix cracks. International Journal of Solids and 
Structures, 30(23), 3211–3231. 
https://doi.org/10.1016/0020-7683(93)90110-S

Kiddy, J., & Pines, D. (2001). Experimental validation of a dam-
age detection technique for helicopter main rotor blades. 
Proceedings of the Institution of Mechanical Engineers, Part I: 
Journal of Systems and Control Engineering, 215(3), 209–220. 
https://doi.org/10.1243/0959651011540996

Mehrparvar, M., & Ghannadpour, S. A. M. (2018). Plate assem-
bly technique for nonlinear analysis of relatively thick func-
tionally graded plates containing rectangular holes subjected 
to in-plane compressive load. Composite Structures, 202, 867–
880. https://doi.org/10.1016/j.compstruct.2018.04.053

Morozov, E. V., Sylantiev, S. A., & Evseev, E. G. (2003). Impact 
damage tolerance of laminated composite helicopter blades. 
Composite Structures, 62(3), 367–371. 
https://doi.org/10.1016/j.compstruct.2003.09.034

Nairn,  J. A., & Hu, S. (1992). The initiation and growth of de-
laminations induced by matrix microcracks in laminated 
composites. International Journal of Fracture, 57(1), 1–24. 
https://doi.org/10.1007/BF00013005

Obrien, T. K. (1991). Residual thermal and moisture influences 
on the strain energy release rate analysis of local delaminations 
from matrix cracks. National Aeronatics and Space Adminis-
tration NASA.

Oktay, T., & Sal, F. (2015). Helicopter control energy reduction 
using moving horizontal tail. The Scientific World Journal, 
2015. https://doi.org/10.1155/2015/523914

Oktay, T., & Sal, F. (2016). Combined passive and active helicop-
ter main rotor morphing for helicopter energy save. Journal of 
the Brazilian Society of Mechanical Sciences and Engineering, 
38(6), 1511–1525. 
https://doi.org/10.1007/s40430-015-0401-x

Oktay, T., & Sultan, C. (2013). Constrained predictive control 
of helicopters. Aircraft Engineering and Aerospace Technology. 
https://doi.org/10.1108/00022661311294021

Ovesy, H. R., & Ghannadpour, S. A. M. (2006). Geometric non-
linear analysis of imperfect composite laminated plates, un-
der end shortening and pressure loading, using finite strip 
method. Composite Structures, 75(1–4), 100–105. 
https://doi.org/10.1016/j.compstruct.2006.04.005

Ovesy, H. R., Ghannadpour, S. A. M., & Morada, G. (2006). Post-
buckling behavior of composite laminated plates under end 
shortening and pressure loading, using two versions of finite 
strip method. Composite Structures, 75(1–4), 106–113. 
https://doi.org/10.1016/j.compstruct.2006.04.006

Ovesy,  H.  R., Totounferoush, A., & Ghannadpour, S.  A.  M. 
(2015). Dynamic buckling analysis of delaminated compos-
ite plates using semi-analytical finite strip method. Journal of 
Sound and Vibration, 343, 131–143. 
https://doi.org/10.1016/j.jsv.2015.01.003

Ovesy, H. R., Ghannadpour, S. A. M., & Zia-Dehkordi, E. (2013). 
Buckling analysis of moderately thick composite plates and 
plate structures using an exact finite strip. Composite Struc-
tures, 95, 697–704. 
https://doi.org/10.1016/j.compstruct.2012.08.009

Pawar,  P.  M., & Ganguli, R. (2003). Genetic fuzzy system for 
damage detection in beams and helicopter rotor blades. Com-
puter Methods in Applied Mechanics and Engineering, 192(16), 
2031–2057. https://doi.org/10.1016/S0045-7825(03)00237-8

Pawar, P. M., & Ganguli, R. (2005). On the effect of matrix cracks 
in composite helicopter rotor blade. Composites Science and 
Technology, 65(3), 581–594. 
https://doi.org/10.1016/j.compscitech.2004.09.021

Pawar, P. M., & Ganguli, R. (2006). Modeling progressive dam-
age accumulation in thin walled composite beams for ro-
tor blade applications. Composites Science and Technology, 
66(13), 2337–2349. 
https://doi.org/10.1016/j.compscitech.2005.11.033

Pawar, P. M., & Ganguli, R. (2007). On the effect of progressive 
damage on composite helicopter rotor system behavior. Com-
posite Structures, 78(3), 410–423. 
https://doi.org/10.1016/j.compstruct.2005.11.043

Salpekar, S. A., & O’Brien, T. K. (1991). Combined effect of ma-
trix cracking and free edge on delamination. In Composite 
Materials: Fatigue and Fracture (Third Volume). ASTM Inter-
national.

Shahid, I., & Chang, F.-K. (1995). An accumulative damage 
model for tensile and shear failures of laminated composite 
plates. Journal of Composite Materials, 29(7), 926–981. 
https://doi.org/10.1177/002199839502900705

Tserpes, K. I., Labeas, G., Papanikos, P., & Kermanidis, T. (2002). 
Strength prediction of bolted joints in graphite/epoxy com-
posite laminates. Composites Part B: Engineering, 33(7), 521–
529. https://doi.org/10.1016/S1359-8368(02)00033-1

https://doi.org/10.1016/S1359-8368(02)00033-1

	_GoBack
	MTBlankEqn
	_GoBack
	_Hlk6071902
	_Hlk33716135
	MTBlankEqn
	_GoBack

