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ABSTRACT 

Extension-twist coupling behavior has been investigated as a passive means for 

improving flight characteristics of tilt-rotor aircrafts. Previous studies focused on employing 

carbon epoxy materials for blade spar designs. Limitations were observed based on strain 

capability for moderately large twist, as well as coupling authority to generate the required twist 

with a 20% change in rotor speed. Non-structural weights were added on to the blades to generate 

more centrifugal force to achieve significant amount of twist change.  

In the present investigation, the feasibility of employing Flexible Matrix Composites 

(FMC) in extension-twist coupled designs is explored.  Analyses are performed on a thin walled 

box beam model with rectangular closed cross-section. Extension-twist coupling is achieved by 

making the laminated walls antisymmetric with respect to the cross-section mid-planes. FMC has 

very high values of strain at failure compared to carbon epoxy, making it an ideal candidate for 

applications requiring large elastic twist. Effects of nonclassical behavior such as bending-shear 

coupling, torsion related out-of-plane warping and warping restraint effects are investigated. 

Effects of temperature on FMC are also addressed. Validation studies are conducted using 

ANSYS and experiments. Since some designs of FMC can exhibit very low values of stiffness, 

constraints are imposed on stiffness and strength while designing the laminates. A carbon epoxy 

(CE) design from previous studies is selected as the baseline. The present study shows that FMC 

can generate much higher values of twist, ranging from 2-4 times that of CE designs without 

compromising the strength or adding non-structural weights into the beam. Twist deformations 

thus passively generated of this range are close to the previously predicted values for optimum 

performance of a tilt-rotor.  

Preliminary studies performed on selected FMC designs show that the effect of torsion 

related warping in FMC is significant where as when considering global deformation, warping 

restraint effect is not significant. Close correlation between theoretical and analytical prediction 

are observed. Several sources of errors in fabrication process are identified that can significantly 

affect the structural performance of the beam. 
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Chapter  1 
 

INTRODUCTION 

 

1.1 Background and motivation 

The applications of composite materials in aerospace structures have been of 

considerable importance in recent years. This is mostly due to the high degree of design 

flexibility attributed to these materials. Broadly, their superior performance compared to 

metals brought them to aerospace engineering. Different manufacturing techniques for 

composites developed over the years allow fabricating structural components of complex 

geometry in a relatively simple and cost effective way. More importantly, the ability to 

tailor composite materials to achieve certain desired structural responses has been 

identified and very well documented. During the course of the last four decades, 

extensive investigations have been conducted to understand and quantify the behavior of 

a variety of composite materials for applications in various engineering disciplines. Of 

particular interest is the ability to exploit the coupling that exists between various modes 

such as bending, twisting, shear and extension; termed - structural tailoring. 

Structural tailoring is the distribution of parameters such as stiffness, strength, etc. 

in a desired fashion to meet certain structural requirements. These factors highly depend 

on the choice of fiber, matrix, fiber orientation angle and number of plies in the laminate. 

Directionality and elastic couplings are the unique structural properties which enable 

successful structural tailoring using advance composites. Findings published over the 

years stand proof in exploiting these interesting characteristics. References [1-6] 

addressed the effect of elastically coupled rotor blades on rotorcraft performance and 
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stability. Aeroelastic stability of the tilt-rotor aircraft with elastically coupled rotor blades 

was investigated in detail in [7-8]  

Tilt-rotors are designed to operate in both helicopter and airplane modes of flight. 

This operational flexibility results in several complex design requirements. One of them 

is the built-in twist of the rotor blades, which has significant effect on the aerodynamic 

performance. Typically, the built-in twist is not optimum for either flight mode. Studies 

[6] have shown that the performance can be greatly enhanced if the blade twist could be 

varied between flight modes. Tilt-rotors typically vary rotor speed by about 20% between 

flight modes where 100% rpm is given for the helicopter mode. This change in rotational 

speed generates a substantial change in the centrifugal force.   

A change in twist distribution can significantly affect the flight performance. Thus 

a design which allows blade twist to change passively as a function of this difference in 

centrifugal force would lead to increased performance for the tilt-rotor. This could be 

effectively accomplished with the implementation of extension-twist coupling (ETC) in 

the tilt-rotor blade spar designs. 

1.2 Elastic tailor ing in tilt-rotor  blades 

Extension-twist coupling (ETC) is considered as the nonclassical effect with the 

most potential to optimize rotor performance. An antisymmetric laminate formed by 

stacking +�  and –�  plies as shown in Fig. 1.1, undergoes antisymmetric shear 

deformation under an axially applied load. This shearing action is equivalent to applying 

a couple in the axial direction, resulting in an out-of-plane twist.  

For a given set of material properties and geometry, the magnitude of twist can be 

altered by varying the staking sequence. In the case of closed cross-section beams, ETC 

is generally achieved by the filament winding method. Manufacturing method can easily 

generate antisymmetry with respect to the cross-sectional mid-plane. 
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Many studies, as described earlier, have been conducted to quantify and validate 

the feasibility of elastic tailoring on composite beams with ETC. Lake et al. [7] 

demonstrated the feasibility of passive blade twist control by varying the mass 

distribution along the blade length. This design has one rotor speed and an associated 

twist distribution for cruise flight and another rotor speed with a different twist 

distribution in hover.  

References [3] and [8] determined the twist distributions that improve 

aerodynamic performance in different flight modes. Reference [9] identified the twist 

distributions for hover and forward flight modes for optimum performance as -20o and      

-42o respectively. For demonstration purpose this result is reproduced in Fig.1.2. 

Change in twist distribution of more than 20o is necessary for optimum 

performance of a tilt-rotor. Twist distributions in hover mode were calculated by Ref. [9] 

for carbon-epoxy (CE) rotor blades with tip weights and are presented in Fig. 1.3. The 

baseline tilt-rotor blade used was that of the XV-15. The twist distribution here was 

nonlinear because it consisted of a series of two linear distributions joined at 40% radius.  

 

 
 +  �  

- �  

 

- �  

 

+  �  

F  
In-plane shear 
 

 
Fig. 1.1:  Concept of extension-twist coupling in a laminate with antisymmetric lay-up 

[+/-q ] 
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The addition of tip mass was necessary to increase the centrifugal force that is 

required to achieve the twist deformation. Tip weights of 15 and 60 lb were used to 

increase the net centrifugal force between flight modes to twist the blades, obtaining twist 

changes of 6.9o and 9.8o respectively. These tip masses added approximately 15% and 

55% more weight to each blade respectively. Including non-structural weights into the 

system can create additional complications such as high stresses at the blade root, more 

power requirement, whirl- flutter instability etc. Limitations were observed in obtaining 

the desired twist changes for optimum performance despite adding non-structural weights 

into the tilt-rotor blades. 

Several investigations [10-17] were conducted on elastic tailoring featuring 

coupling between extension, shear, torsion, and bending. Many composite designs made 

of CE were analyzed and validated with finite element models and experimental data. 

Design variables such as stacking sequences, geometry of the cross-section, number of 

composite plies, etc. were identified to tailor the structure for certain desired responses. 

 

 
Fig. 1.2:  Linear twist performance in hover and forward flight (relative to performance 

of XV-15 twist). [9] 
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  Composite box beam analysis done in [6] showed that desired magnitude of 

twist can be achieved by the proper tailoring of composite laminates. However the 

structural model used in this study was not completely representative of the actual blade 

and was not subjected to other possible loading conditions such as bending. In summary, 

results obtained are promising and proved the effectiveness of implementing ETC to tilt-

rotor blades. Considering the potential of elastic tailoring, this study focuses on verifying 

the feasibility of employing flexible matrix composites (FMC) in extension-twist coupled 

tilt-rotor blades designs.  

1.3 Flexible matr ix composites 

Flexible matrix composites (FMC) are similar to typical epoxy matrix composites. 

They are made of high strength fibers bonded with flexible matrices such as elastomers 

e.g., polyurethane. FMC has been used in structural applications involving elastic 

coupling. Hannibal et al. [18] discussed the application of FMC in bearingless rotor 

systems. Reference [19] and [20] studied elastic tailoring of a closed FMC circular 

section by designing it to be stiff in torsion and flexible in bending. Another study [21] 

performed dynamic analysis on filament wound FMC material system and identified 

 

 
Fig. 1.3:  Twist distributions for various flight modes. Hover designs 1 & 2 correspond to 

15 & 60 lb of tip weights respectively. [9] 
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large strain (as high as 30% tensile elongation) to failure compared to conventional CE. 

The material properties for FMC and CE used in this study are provided in Table 1.1 

[14], [20]. CE used in this study is Hercules AS4/3501-6. FMC’s differ considerably in 

their mechanical properties, e.g. they have a very low modulus in the transverse direction.  

FMC exhibits large strains at failure especially in the matrix-dominated modes. 

Table 1.2 gives the maximum allowable stresses and corresponding maximum strains. 

The failure strains given here are determined from the given stress values and the 

material properties. This investigation assumes linear stress-strain behavior on all 

designs. Since the longitudinal direction is fiber dominated the failure strains are 

relatively similar for FMC and CE. Very high values of strain at failure makes FMC a 

promising candidate in applications involving large deformation.  

Table 1.1: Material properties for a unidirectional ply. 

Mater ial 
EL 

Msi (GPa) 

ET 

Msi (GPa) 

GLT 

Msi (GPa) 
� LT 

CE 20.59 (142) 1.42 (9.79) 0.87 (6.0) 0.42 

FMC 16.7 (115) 0.0522 (0.36) 0.0363 (0.25) 0.30 
 

 

Table 1.2: Comparing maximum stresses in the principal direction for CE and FMC. 
Corresponding failure micro strains are provided in parenthesis. 

 

Failure Stress  CE 
Msi 

FMC 
Msi 

Long. Tensile Stress, t
Ls  20.98 (10.18) 19.84 (11.88) 

Long. Comp Stress, c
Ls  -20.98 -9.92 

Trans. Tensile Stress, t
Ts  0.75 (0.53) 0.09 (17.20) 

Trans. Comp Stress, c
Ts  -2.99 -0.09 

Shear Stress, LTt  1.35 (0.16) 0.22 (60.60) 
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The primary concern in this investigation pertains to the possibility of getting 

more twist without adding non-structural masses into the blades. The highly anisotropic 

properties of carbon fiber reinforced FMC could be tailored to obtain the desired twist 

distribution. It is important to verify how the FMC is different and how it can be tailored 

to achieve the desired stiffness properties. Some information has been provided to 

demonstrate the elastic properties of this unidirectionally reinforced material. For a 

balanced laminate, variation of shear stiffness for CE and FMC with respect to the fiber 

angle is shown in Fig. 1.4 .  

 

It can be seen that at very low fiber angles shear stiffness of the materials differ 

significantly. Except for very low fiber angle, large differences in extensional stiffness of 

the materials can be observed in Fig. 1.5. Matrix dominated deformation at higher fiber 

angles accounts for this behavior. 
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Fig. 1.4:  Variation of shear stiffness with fiber orientation angle. [21] 
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Another significant feature of FMC is the Poisson’s effect. Variation of Poisson’s 

ratio with fiber angle is shown in Fig. 1.6 .  
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Fig. 1.5:  Variation of extension stiffness with fiber orientation angle. [21] 
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Fig. 1.6:  Variation of Poisson’s ratio with fiber orientation angle. [21] 
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It is interesting to note that the Poisson’s ratio can reach as high as 8 at around a 

15o fiber angle. Such a high value is almost impossible for conventional CE. This unique 

property can be very useful in applications where certain structural performance and 

shape adjustability need to be met simultaneously.  

1.4 CE baselines and compar isons 

In order to evaluate the feasibility of employing FMC for tilt-rotor blade 

applications, it is important to verify the behavior of FMC and compared with that of the 

conventional CE designs. The large strain capability of FMC requires this material to be 

subjected to detailed deflection and stress analyses. As discussed earlier, there has been 

extensive research conducted on elastically tailored CE designs. A convenient CE design 

is selected from previously published results. For an antisymmetric lay-up, the specific 

stiffness coefficients that determine the extension-twist coupling behavior are axial 

stiffness, torsional stiffness, and extension-twist coupling stiffness. Several FMC 

laminate designs are analyzed for deflection and compared with the baseline CE design.  

It is the main focus of this study to validate the analytical results using two 

different methods. Detailed finite element analyses are conducted using the commercially 

available ANSYS package. The composite laminate is modeled using the linear layered 

structural Shell99 element which has 8 nodes per element and with six degrees of 

freedom at each node. Deflections are calculated by proper application of loads and 

appropriate boundary conditions. Also, FMC specimens are fabricated using filament 

winding technique. Experiments are performed in these specimens to corroborate the 

analytical predictions. 
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1.5 Objectives and approach 

The overall objective of this investigation is to explore the feasibility of 

employing FMC materials in ETC designs and realizing the potential of these highly 

anisotropic materials. Specific tasks are as follows: 

1. Laminate analysis and design of various stacking sequences, considering the 

magnitude of extension-twist coupling and other non-classical effects such as torsion 

related out-of-plane warping, and warping restraint effects. 

2. Thermal effects can be significant during the curing process or when the rotor blades 

are exposed to extreme weather conditions. Effects of temperature are analyzed and 

quantified. 

3. Validation studies are performed using experiments and finite element results using 

ANSYS. FMC specimens are fabricated using the filament winding technique and 

tested under axial loading to measure twist deformations. Failure analyses are also 

conducted on selected designs using the Tsai-Wu criterion. 

4. Develop a design process to obtain desired values for torsional, axial, bending and 

extension-twist coupling stiffness and strength, thereby establishing structural 

guidelines to design FMC laminates for applications in ETC tilt-rotor blades. 

 

Extensive work has been done in evaluating the stiffness properties of composite 

materials [10], [12-14]. A direct analytical method for predicting the effective stiffness 

values and corresponding load deformation behavior of composite box beams has been 

developed by [14]. In this study the walls of rectangular box beam were represented as 

layers of laminated orthotropic composite plies. Governing differential equations for 

extension, bending, torsion and shearing of the beam were derived using the Newtonian 

approach. Excellent correlation between analysis, experiment and detailed finite element 

formulation was obtained for all antisymmetric lay-up designs. The present investigation 

employs the same analysis techniques to calculate the various stiffness coefficients and 

deflections.  
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1.6 Models used in this study 

Several analytical formulations exist that can accurately predict the behavior of 

composite beams under various loading conditions. They are generally categorized into 

finite element methods and direct analytical methods. These modeling techniques vary 

widely in complexity and capability. Smith and Chopra [14] developed a direct analytical 

beam formulation for predicting the effective stiffness and the corresponding load 

deformation behavior of tailored composite box beams. This method is primarily a 2-D 

cross-sectional analysis compared to the contour analyses of Rehfield [15] and Bauchau 

[16]. It models the box beam walls as individual laminated plies instead of a single 

membrane. This study addressed the importance of non-classical effects such as the 

influence of torsion related out-of-plane warping, transverse shear deformation, and 

elastic coupling between various modes. Excellent correlation between analysis, detailed 

finite element analysis and experiments was observed.   

In the present investigation of a preliminary nature, the same formulation is 

employed to analyze FMC box beams. A box beam with closed rectangular cross section 

is modeled to determine the deflections under various loading conditions. The analysis 

techniques are formulations are discussed in Chapter 3. 

1.6.1 Specimen designs 

Introducing FMC in the applications involving extension-twist coupling demands 

substantial amount of analyses and validation studies. The present investigation conducts 

experiments on selected laminate designs. The two main objectives here are; (a) to apply 

a design procedure to select laminate designs from a broad spectrum taking into account 

several design parameters and constraints, and (b) to conduct tests for determining twist 

under axial loading.  

Facilities at the Composites Manufacturing Technology Center (CMTC) at Penn 

State University are used to fabricate and test the FMC specimens. Procedures are 

explained in detail in Chapter 3. 



 

 

Chapter  2 
 

DESCRIPTION OF ANALYSIS 

 

 

 

This chapter begins with the description of the analytical model used in this study. 

Appropriate stiffness coefficients pertaining to antisymmetric lay-up designs are 

calculated. Effects of torsion related out-of-plane warping and warping restraint effects 

are investigated. Thermal effects are also described followed by a comprehensive 

description of a design procedure to employ FMC in applications involving extension-

twist coupled designs. Constraints on strength, stiffness and laminate sequences are 

imposed to derive FMC laminates that can generate higher values of twist under axial 

loading than conventional CE. 

2.1 Laminated composite box-beam model 

There has been substantial research focused on evaluating the stiffness properties 

of structures made of composite materials [10], [12-14]. The cross-section analysis to 

calculate the stiffness properties of closed rectangular sections was discussed in detail in 

Ref. 14. The analysis technique used in the present investigation is based on this study. 

The geometry and coordinate system for a thin walled rectangular closed cross-section 

beam made of laminated composites are shown in the Fig. 2.1.  

For a box-beam, antisymmetry is obtained with respect to the cross-section mid-

plane. This is achieved by the careful selection of ply angles around the cross-section. 

Certain conventions are adopted in describing the stacking sequences in order to facilitate 

the description henceforth in this thesis. Antisymmetric lay-up [ ]nqqqq ,...,, 321  in this 



13 

 

study means that the top and the left walls have the same laminate designs, [ ]nqqqq ,...,, 321  

and the bottom and right walls have, [ ]nqqqq ---- ,...,, 321  where 9090 ...3,2,1 <<- nq . For 

example, [ ]nq  denotes that each wall of the beam consists of n plies, each t inches thick, 

with the fibers orientated at oq to the x axis.  

The deformation of the beam cross-section is described by stretching, bending, 

twisting, shearing and warping. Displacements obtained using these assumptions are 

given in Eq. (2.1) to Eq. (2.3)  

and 

The double-underlined term in Eq. (2.1) represents the warping of the cross 

section. This arises due to the out-of-plane axial distortion due to torsional deformation of 

the beam. Transverse shear is included in the analyses. The single-underlined terms in 

 
 V 

h  

c 

d 

t 

 
   z ,   W 

y ,   V x,   U 

Beam Axis   
 

 

q+  

q+  

q-  

q-  

 

Fig. 2.1: Thin walled rectangular closed cross section box-beam with antisymmetric    
lay-up [� ]n. 

( ) ( ) )()()()()()( xxxwxxvxuU o
x

o
x flgzgh zh ¢--¢--¢-=  (2.1) 

)()( xxvV zf-=  (2.2) 

)()( xxwW hf+=  (2.3) 
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Eq. (2.1) are related to shear deformations. Inclusion of warping in the analyses can be 

significant for composite beams when considering torsional deformations.  

2.1.1 Torsion related warping 

Warping can play a very significant role in the behavior of thin-walled beams. A 

warping function is derived such that it represents the shape of the warping deflections 

for a laminated composite box-beam. This warping function is included in the analysis 

while calculating the effective stiffness of the beam cross-section which is useful for 

studying the quantitative effects of warping on the elastic behavior of the box-beam 

structure. This function is derived by considering each wall of the box-beam as a single 

laminated plate. Detailed discussions on the warping function can be found in [14].  

Briefly, the torsion-related out-of-plane warping is determined by the geometry 

and the effective inplane shear stiffness for each wall of box-beam. Shear stiffness for a 

vertical wall of the box-beam can be expressed as in Eq. (2.4) [14]. 

For a relatively thin walled beam, as in this case, the warping function is given by 

Eq. (2.5)  

where  

and 
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In this investigation, for all cases, the effective inplane shear stiffnesses for 

vertical and horizontal walls are the same due to the choice of the stacking sequence 

around the cross-section i.e., hv GG = . Additionally, the number of plies in each wall is 

kept uniform, giving, hv tt = . In this case, the warping parameter b  depends on the 

geometry of the cross-section only. Influence of warping on the elastic behavior of the 

box-beam is isolated by examining load deflection results generated with and without 

warping included in the formulation. Results without warping are achieved by setting the 

warping parameter �  = 0. Effects of warping are discussed in detail in the next chapter.  

2.2 Deflection analysis 

The walls of the composite beams are represented as layers of laminated 

orthotropic composite plies. Governing differential equations for extension, bending, 

torsion and shearing of the beams are derived using a Newtonian approach. Strain-

displacement relations are derived first. Since the walls of the beam are assumed to be 

relatively thin, only axial and inplane shear strains are considered non-negligible. The 

resulting strain displacement relations are as follows. 

The axial strain for both horizontal and vertical wall is given by Eq. (2.8)  

For the vertical walls the shear strain is given by  

and the shear strain for the horizontal walls is, 

The constitutive relations for the plies in the vertical and horizontal walls are 

given in Eqs (A.2-A.3) in the Appendix. The analysis goes on to modify the stiffness 

matrix to accommodate the transverse inplane behavior. In this method the transverse 

flgzghe zh ¢¢-¢-¢¢-¢-¢¢-¢= )()( xxxx wvu  (2.8) 

hz gf
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¶
¶

-= )(  (2.9) 

Vh gf
h
l

ze xx ¢+¢
¶
¶
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inplane normal stresses are assumed to be zero and the transverse inplane normal strains 

are eliminated from the constitutive relations by substitution.  

This results in the modified constitutive relation as given in Eq. (2.11). 

where the reduced stiffness matrix  [ ]ijQ¢ is, 

By substituting the strain-displacement relations in to the stress-strain relations, 

the stresses within the beam walls can be related to the displacements of the beam cross-

section. The net forces and moments acting over the cross section can be related to the 

stresses in the beam walls by equilibrium equations as follows, 
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F is the net axial force, yQ and zQ are the shear forces, T is the net torque on the 

cross-section, and yM and zM are the net bending moments acting on the beam. The 

presence of l  in the expression for torque shows the influence of out-of-plane warping 

on the net torque on the section. Now that the stresses are known in terms of 

displacements, the governing differential equations relating cross-sectional loads to cross-

sectional displacements can be represented in a matrix form as,  

and the displacement vector { }x  is,   

Four stiffness coefficients exist that determines the extension-twist coupling 

behavior for an antisymmetric lay-up design. They are provided in Eqs. (2.22 - 2.25). 

and, 
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The stiffness coefficients involving bending-shear coupling are expressed as, 

  

where, 

The physical significance of all the stiffness coefficients are given in the 

Appendix A.1, in Eqs. (A.1- A.10). 

As mentioned earlier, an antisymmetric lay-up configuration exhibits extension-

twist and bending-shear couplings. The governing differential equations involving 

extension-twist coupling for anti-symmetric lay-up box-beams are given in Eq. (2.33). 
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These equations can be solved for deflections under simple loading conditions. Of 

particular interest in this investigation is for the twist deformation. The generalized 

expression for twist distribution along the span of the box-beam can be obtained from 

Eq. (2.33) as, 

 Similarly, axial deformation due to F and T can be found from Eq. (2.33). By 

assigning T = 0 in Eq. (2.34) results in the expression for twist distribution due to axial 

force F only (denoted by subscript F) which is shown in Eq. (2.35)  

Eq. (2.36) gives the axial deformation due to an axial force. 

Eq. (2.37) and Eq. (2.38) respectively give the expressions for twist distribution 

and axial deformation due to T (denoted by subscript T).  

Deflections vary linearly with respect to the beam span. Twist at the tip and total 

axial deformation of the box-beam can be calculated by multiplying the above 

expressions by the length of the beam, L.  
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Another nonclassical effect associated with antisymmetric laminates is the 

bending-shear coupling (BSC). Equation (2.39) gives the governing differential equation 

in matrix form, 

Significance of each term in this equation is given in Ref. 14. Note that for ETC 

designs extension and torsion of the beam is not elastically coupled to bending and 

shearing of the beam. Curvature due to the application of zQ and yM can be determined 

by inverting the stiffness matrix in Eq. (2.39), which is given in Eq. (2.40). 

Transverse bending deflection can now be calculated by integrating above 

expression twice and applying appropriate boundary conditions. For a clamped-free beam 

with a tip bending load P, the bending slope is, 

where Lx ££0 . 

2.2.1 Laminate failure analysis 

The failure of composites has been investigated extensively from the 

micromechanical and macromechanical points of view. On the micromechanical scale, 

failure mechanisms and processes vary widely with type of loading and are intimately 

related to the properties of the constituent phases, i.e., matrix, reinforcement, and 

interface.  
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Failure predictions based on micromechanics, even when they are accurate with 

regard to failure initiation at critical points, are only approximate with regard to global 

failure of a lamina and failure progression to ultimate failure of a multi-directional 

laminate. For these reasons a macromechanical approach to failure analysis is preferred. 

Numerous failure theories have been proposed and are available to the composite 

structures. They are classified into three groups, limit or non-interactive theories 

(maximum stress, maximum strain); interactive theories (Tsai-Hill, Tsai-Wu); and 

partially interactive or failure mode based theories.  Tsai-Wu interactive theory is shown 

to be more accurate with respect to the experimental data. In this study this theory is 

employed to predict the laminate failure under various loading conditions. Corresponding 

failure loads are also predicted as and when required. The generalized form of Tsai-Wu 

theory for anisotropic materials is give as, 

For plane stress condition, the simplified form is, 

where the constants f ’ s are given by, 

where t
ji ,s  and c

ji ,s are the maximum allowable stresses in the i, j direction, both defined 

as positive and a
12s  is the maximum allowable shear stress. Symbols t and c denote 

tension and compression modes respectively. 12f is termed as the interactive coefficient. 

A schematic view of a unidirectional lamina is shown in Fig. 2.2  
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 1s , 2s  and 12s are the calculated stresses in the principal direction of the lamina. 

For example, for a ply in the horizontal wall of the box-beam, the principal stresses are 

calculated using the relations given in Eq. (2.45). The stresses are transformed from 

arbitrary axes (aligned at q  to the laminate axes) to the principal axes using the stress 

transformation matrix. 

 Failure analyses are preformed only on selected designs. Every ply in the 

laminates on each wall is analyzed separately. Deflections under various loading 

conditions are calculated using Eq. (2.19) and the corresponding strains are determined 

using Eqs. (2.8 - 2.10). Failure load is defined as the lowest load at which any one of the 

plies in the entire cross-section fails. This procedure is repeated for various loading 

conditions.   

 

 
Fig. 2.2: A unidirectional lamina with the principal axes (1-2) oriented at �  degrees to the 
laminate (x-y) axes. 
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2.3 Warping restraint effects 

When the boundary conditions for the beam are such that they restrict the beam 

from warping out-of-plane, localized phenomenon called warping restraint effects can 

occur. These effects are proved to be very significant for open sections, which have low 

torsional stiffness, compared to closed sections. It can be significant for anisotropic 

composite thin-walled beams with high slenderness ratios. Rehfield et al. [27], 

investigated in detail the significance of restraint warping for certain thin walled 

composite box-beams. Although this effect can be negligible for slender closed cross-

section isotropic beams, it can be very predominant in laminated composite beams. 

Reference [27] developed a simple analytical model to quantify the warping restraint 

effect due to an applied tip torque. Then governing differential equation for twist is,  

where the warping stiffness K77 is, 

effGJ is the effective torsional stiffness of the beam given by 

Note that the effective torsional stiffness can be equal to the torsional stiffness 

depending on the extension-twist coupling. That is, in the absence of extension-twist 

coupling the effective torsional stiffness is simply GJ. Homogeneous solution of 

Eq. (2.46) gives the Vlasov torsion solution, 

where 
L
x

=x  is the non-dimensionalized axial coordinate of the beam. Parameter Dl is 

the decay length parameter which is given by, 
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Dl defines the effect of restraint warping along the length of the beam. Dl  in 

Eq. (2.49) is governed by the effective torsional and warping stiffnesses. Decay length 

parameter increases with effective torsional stiffness. As Dl  increases the effect of 

warping restraint decreases which is clear from the exponential term in Eq. (2.49). This is 

the case normally attributed to closed cross-section isotropic beams. The effects of this 

parameter are quantified in the succeeding chapter. Note that the twist is no longer linear 

with respect to the beam span. 

2.4 Thermal effects 

Temperature effects become important in the manufacture of laminated composite 

designs that exhibit extension-twist coupling. Temperature changes experienced during 

the curing process can induce pre-twist in these types of structures. This initial twist may 

be more than the acceptable value and in some cases the residual stresses can be so high 

that it can cause the laminate to fail even in the absence of any externally applied load. 

Tracy and Chopra [22] conducted a study on the effects of temperature for a box-

beam made of conventional CE material. Since the composite beams are cured at 

temperatures different from the design operating temperatures, additional strains arise. 

For a thin walled box-beam composed of laminated composite plates, the temperature 

variation through the wall thickness is assumed to be uniform. Then the resulting thermal 

strains as a result of a change of temperature TD , are 

L
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in the vertical walls, and  

in the horizontal walls.  

 Thermal expansion coefficients for a ply in the horizontal wall oriented in at q  

degrees to the laminate axes are obtained by transforming the expansion coefficients from 

the principal axes using Eqs. (2.53)     

 For a single ply, the thermal strains do not result in thermally induced stresses. 

The stresses due to temperature in the laminate are caused by the differential expansion 

of different plies in the laminate. The total strain is obtained by the summation of the 

thermal and mechanical strains.  

 In the case of the laminated box-beam, total strains tote can be expressed similar to 

those given in Eq. (2.8) to Eq. (2.10). Thermoelastic constitutive equations for the lamina 

can then be written as,  
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Thermally induced stresses in a lamina are obtained by constraining the lamina in 

such a way that the total strains are zero. Thus Eq. (2.55) can be modified to obtain 

stresses due to a change in temperature by assigning 0=tote . 

The thermally induced stresses can be obtained by rearranging Eq. (2.55) which is 

expressed in a concise form,   

Substituting thermal strains into the force and moment equations result in 

effective thermal forces and moments. The net forces on the bean can be written as a 

combination of the mechanically applied loads and thermal loads. The modified version 

is given in Eq. (2.57)  

The net axial force and torque due to the temperature variation are calculated 

from thermally induced stresses and are shown in Eqs. (2.58) and (2.59). 

 The set of governing equations given in Eq. (2.19) can be used to determine the 

deformation of the beam if the applied loads and temperature difference are known. 

When there are no externally applied loads, deformation of the beam under the influence 

of temperature can be calculated using the Eq. (2.60). 
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Reference [22] assumed that the thermal axial strain is zero indicating the beam 

being restraint at both ends preventing extension while permitting torsional deformation. 

Only twist deformations due to thermal torque were calculated and the effects of 

thermally induced axial force on deflections were not addressed.  

Winckler [26] formulated the hygrothermally stable laminate designs for 

antisymmetric configurations. The derivations are based on tailoring the inplane 

properties of the composite laminates. For a box-beam, each wall laminate is made 

symmetric to generate inplane mechanical isotropy and antisymmetry is achieved by the 

hoop winding technique. This means that, antisymmetry is obtained with respect to the 

cross-sectional mid-plane. For a design which is generated using hoop winding 

technique, the hygrothermally stable laminates can be represented as 

( )[ ]Ts90, +qq where 90,0¹q . These designs are thermally stable at the same time 

provide extension-twist coupling.  

 In summary, the thermally induced stresses are calculated using the thermal 

strains, and are then used to determine the stress resultants. Deflections can then be easily 

determined using the force-displacement relations. Thermally induced defections are 

determined from Eq. (2.60) for CE and FMC are presented in Appendix 2.  

2.5 Design procedure 

The basic unique objective is to enable generation of useful amounts of elastic 

twist as a result of change in rotor speed of a tilt-rotor while satisfying certain constraints. 

To demonstrate the tailorability of FMC for applications involving extension-twist 

coupling, several antisymmetric laminate designs are analyzed using the rectangular cross 

section box-beam model as shown in Fig. 2.1. A baseline model for CE is chosen and the 

FMC results are compared with that of the baseline. All the designs have identical cross-

section geometry and same number of plies in each wall. Length of the beams is also 

assumed to be the same. These are to make the designs comparable in terms of geometry 
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and design. Failure analyses are performed using Tsai-Wu criterion as explained in the 

Section 2.2.1. Failure loads are also predicted for selected designs. 

2.5.1 Stiffness and strength constraints 

 It is important to quantify the deflections generated by FMC designs under 

different loading conditions and compared with that of some existing CE designs. 

Various deflection modes are identified as twisting, bending, and extension. Immense 

possibilities exist in generating FMC stacking sequences that can give much higher 

values of twist than conventional CE designs under a given axial load. Laminate designs 

generated based only on twist due to axial force might compromise the structural 

integrity and may lead to undesired response. While designing structures as complicated 

as a rotor blade, it is imperative to take into account other deformation modes such as 

torsion, flap and lag bending and extension. This is true especially in the case of tailored 

composite beams as they can display coupling between these modes depending on the 

laminate designs.  

A methodology has to be devised in order to compare FMC with that of CE. This 

can be achieved by imposing constraints on various effective stiffness values for FMC. 

They are identified as (i) twist under torque, (ii) bending under tip bending load, and (iii) 

extension under axial load. The corresponding coefficients are effective axial stiffness, 

effective torsional stiffness, and effective bending stiffness respectively, which are 

derived from Eqs. (2.35), (2.37), and (2.41). Other constraints such as twist under axial 

loading and strength are imposed once the stiffness constraints are satisfied. 

2.5.2 Effective torsional stiffness 

Torsional degree of freedom is an extremely important design parameter for a 

rotor blade. High torsional compliance can result in stability problems. Torsional modes 

are realized in a rotating blade as a result of aerodynamic pitching moments. The 
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response of a blade to these loads is proportional to the effective torsional stiffness effG of 

the blade. The expression for twist due to torque is given in Eq. (2.37). effG is then given 

by, 

It is clear from the above expression that setting the constraints on deformation 

actually imposes a constraint on the effective stiffness of the blade.  

2.5.3 Effective bending stiffness 

Flap-wise and lag-wise bending modes are critical in rotor blade designs. Here 

only the flap-wise bending deformation is considered for analyses because a typical rotor 

blade spar design exhibits higher compliance in flap bending mode than the lag bending 

mode. The response of the blade to aerodynamic lifting loads is proportional to the 

effective bending stiffness effEI of the blade. The expression for bending deflection along 

the span of the box-beam is given by Eq. (2.41). It is rearranged to obtain Eq. (2.62)  

where effEI  is the effective flap-wise bending stiffness of the beam. Bending 

displacement at the tip of the beam is calculated by substituting x = L. 

2.5.4 Effective axial stiffness 

The primary source of excitation for generating axial deformation is the 

centrifugal force. Rotor blades are generally designed using sufficient number of low 

angle plies to generate high effective axial stiffness. Effective axial stiffness constraint is 
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imposed on the FMC designs by setting limits to the axial deformation as a result of axial 

loading. Effective axial stiffness effEA is obtained from Eq. (2.36) and is expressed as  

Strength is considered as a secondary constraint variable. Strength calculations 

are conducted once the laminate designs are obtained. The analyses become much more 

intensive if the strength constraint is included in obtaining the laminates. Also thermally 

induced deflections are not considered as constraints in generating the laminates. Designs 

that satisfy all the constraints with in reasonable limits are then analyzed for twist under 

axial loading and compared with that of the CE baseline.  
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Chapter  3 
 

FABRICATION AND TESTING 

 

 

The main goal of conducting experiments in this study is to validate the analyses 

on FMC. No test data is available on FMC with extension-twist coupling measuring twist 

generated under axial loading. This chapter begins by the discussion on issues related to 

the selection of laminate designs for test specimens followed by a detailed description of 

the fabrication procedure of filament wound extension-twist coupled FMC box-beams. 

These beams are tested under axial loading and the twist angles are recorded. The facility 

is at the Composites Manufacturing Technology Center at the Pennsylvania State 

University. This study recognizes certain limitations in the procedure employed to 

fabricate and test the specimens and are duly documented in this chapter. 

3.1 Specimen design 

Several key factors are identified in determining the test specimen designs: 

(i) The number of plies in each wall is limited by the fabrication process. The 

higher the number of plies the longer it takes to fabricate.  

(ii) The strength of the laminates is crucial so as to obtain sufficient number of 

data points before failure. 

(iii) A careful selection of ply angles is necessary to avoid possible slippage 

during winding process as well as to facilitate the entire procedure. 

(iv) The designs should provide sufficient amount of twist deformations to 

facilitate data collection. 
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It is extremely important to make sure that the entire process be finished before 

the resin changes its physical state. The winding equipment cannot maintain the required 

uniform winding angle around the cross-section if a rectangular cross-section were used. 

As a result, a square cross-section is selected to obtain uniform winding angles on all the 

sides of the beam.  

3.2 Fabr ication 

The mandrel is made of solid steel and the edges are filleted at a radius of 1/16th 

of an inch to prevent fiber breakage during the winding process. The schematic diagram 

of the mandrel is shown in Fig. 3.1. The length and width of the mandrel are 15 and 0.75 

inches respectively.  

The carbon/polyurethane beams are wet filament wound on a McClean-Anderson 

filament winding machine. The polyurethane matrix material is Adiprene L100 and the 

curative is Caytur 21, provided by Uniroyal Chemical Co. Ltd. The carbon fiber used to 

fabricate is Toray 700S with 12,000 filaments per tow. The specimen had a nominal 

volume fraction of 50%. In the fabricating process, first the resin is prepared. The resin, 

Adiprene L100 and the curative Caytur-21 is heated to 150o F for 2 hours in a convection 

oven. Caytur-21 constitutes 20.1% by weight of the final matrix. 

 
 

 
Fig. 3.1: Schematic of the steel mandrel with the end screw. 
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After being thoroughly mixed, the matrix is poured into an open container (resin 

bath) through which the carbon fiber tow is passed. The container is kept at 140o F to 

maintain the temperature of the matrix material. This container is refilled with the matrix 

as and when required. The wet filament is then fed into the winding machine.  

The mandrel is kept at a constant 100o F while it is attached to the winding 

machine. A lubricating agent is evenly sprayed on the mandrel to facilitate the removal of 

the specimen. Mandrel dimensions and fiber angles are input in to the computer which 

controls the winding machine. Winding process is controlled manually in such a way that 

unidirectional plies are generated. A photograph of the winding process setup is provided 

in Fig. 3.2. This is taken during the making of the [602, 302] antisymmetric lay-up. The 

key elements are indicated. 

The winding machine could make only � �  plies in the automated mode. To make 

unidirectional plies, as is necessary in this case, it is required to have manual input, 

making the whole fabricating process lengthy and tedious. The winding process begins at 

point ‘A’ , as shown indicated in Fig. 3.2. The fiber is manually tied to the end fixture of 

the mandrel. When the feeder reaches the end ‘B’ , the process is paused and the fiber is 

 

 
Fig. 3.2: Photograph showing the winding process while making 30o fiber angle. Parts 

numbered are (1) heater, (2) wet filament tow, (3) heat sensor, (4) mandrel, and             
(5) filament feeder. 
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cut and secured. The tensioner that provides a fixed tensile force (approximately 2 lb) on 

the fiber during the winding process is turned off before the fibers are cut. The feeder is 

then moved back to ‘A’  and the process is continued until the entire layer is complete. 

This process is repeated until all the required layers are wound on to the mandrel. The 

computer determines the number of repetitions required to complete a single layer which 

is determined by the fiber angle and the mandrel dimensions.  

Once the desired number of plies is made, a thin polythene tape is wound as an 

outer layer before the mandrel is detached from the machine. This is to prevent the wet 

fibers from deconsolidating. The specimen with the mandrel is then cured in a convection 

oven at 250o F for 2 hours and then at 212o F overnight (for about 12-17 hrs.) It is then 

allowed to cool down to room temperature and the polythene tape is removed.  

It is observed that, while using a square mandrel, the fibers are tightly wound at 

the edges than at the lateral faces. Difficulty in detaching the specimen can be attributed 

to this behavior. The mandrel is allowed to cool down in a freezer for approximately an 

hour before the FMC specimen could be extracted. The frayed ends are then finely cut to 

prepare for testing.   

3.3 Testing 

Fixtures for mounting the specimen for testing are fabricated in steel. These are 

shown in Figs. 3.3 and 3.4. After cleaning all the surfaces using acetone, the cured 

specimens are bonded to the end fixtures using methyl methacrylate with a bonded length 

of 1 inch. When properly performed, this bonding can easily be subjected to the order of 

500 lb force.  

Figure 3.3 shows the fixture assembly at the bottom end of the specimen.  As 

shown in the figure a bolt with a flat head is provided to serve as the grip for the load 

frame to apply the load. This end restrains torsional, axial, and bending degrees of 

freedom. 
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Figure 3.4 shows the schematics of the fixture assembly at the other end of the 

specimen. The round bottom bolt head is provided as a self adjusting means to negate any 

bending moments that may arise due to minor misalignments during testing. This fixture 

is also capable of providing torsional degree of freedom. After applying methyl 

methacrylate and properly attaching the end fixtures, the assembly is allowed to set for 24 

hours to reach its full strength.  

 
 

Plug 

Bolt 

Specimen 

Grip 

Bolt to fasten 
the plug 

Bonded joints 

  

 
Fig. 3.3: Lateral cross-section of the bottom end fixture. 

 
 

Specimen 
Round headed bolt 

Plug 

Bonded joints 

Bolt to fasten 
the plug 

 
Fig. 3.4:  Lateral cross-section of the top end fixture. 
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Geometric properties of two test specimens are listed in Table 3.1.  

The first specimen is tested using free weights and the twist angles are measured 

using a laser. The test setup is shown in Figs. 3.5. Figure 3.5 (a) shows various elements 

in the setup and (b) shows a close-up view of the laser point used to record the twist 

angles.  

Table 3.1: Properties of FMC test specimens. 

FMC 
specimen Lay-up Length 

in 

Average ply 
thickness 

In 

1 [452, 752] 9.0 0.011 

2 [602, 302] 8.9 0.011 
 

 

 

  

Figs. 3.5:  (a) Twist deflection test on FMC specimen by directly applying free weights. 
(1) top fixture, (2) laser pointer, (3) protractor attached to the bottom fixture and (4)  

weights. (b) Close-up view of the laser point (circled) on the protractor. 
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Axial load, by hanging weights, is gradually applied from 2.5 lb to 102.5 lb with 

increments of 20 lb. The twist angles are recorded during the process and the test is 

repeated two times. 

The second specimen is tested using a tensile load testing machine. Details of the 

test setup are shown Fig. 3.6. A mechanical pointer attached to the top fixture is used to 

measure the twist using the readings on a protractor attached to the bottom fixture. As 

discussed earlier, the top fixture is free to rotate while the bottom one is clamped.  

The loads are applied discretely by gradually raising the top head of the load 

frame. Corresponding twists are directly measured in degrees by visual inspection of the 

pointer position on the protractor. The higher limit for the applied tensile load is 

determined by considering the predicted failure load for the specimen. The test is 

repeated to obtain two sets of readings. The specimen is carefully removed from the load 

frame once the desired number of data points is obtained. 

 

 
Fig. 3.6: Test setup for the second FMC specimen. (1) top fixture proving torsional 

degree of freedom, (2) mechanical pointer, (3) clamped bottom assembly, and               
(4) protractor attached to bottom fixture 
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Chapter  4 
 

 
RESULTS AND DISCUSSIONS 

 

 

 

Box-beams made of CE and FMC are modeled as shown in Fig. 2.1 following the 

analytical procedure described in Chapter 2. Various stiffness coefficients are evaluated 

and a comparison study is performed with conventional CE designs. Deflection analyses 

are performed under various loading conditions considering the beam as cantilevered. For 

simplicity, the forces are assumed to be concentrated loads.  

The designs are subjected to axial loads, simulating the centrifugal force 

generated as a result of the change in rotor speed between various flight modes of a 

tiltrotor. Twist due to this axial force for CE and FMC are compared. Lateral deflection 

of the beam under transverse loading is considered next. Then these designs are analyzed 

for their twist response to the torque applied at the free end of the beam. The influence of 

torsion warping on the elastic behavior of the box beam is demonstrated. Subsequently, 

the effect of warping restraint is investigated in detail. Selected results from the 

deflection analyses conducted on CE in the present study are validated using previously 

published results and ANSYS. 

4.1 Stiffness coefficients 

Several laminate designs exhibiting ETC were analyzed and validated in studies 

conducted in the past. Upon considering different designs, [� ]6 were preferred over other 

designs such as [0/� ]3 due to two main reasons. Extensive studies have been conducted 

(e.g., [13] and [14]) on these designs and they are shown to have higher magnitude of 
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coupling giving higher values of twist. Knowledge gained from previous studies 

demonstrating the extreme anisotropic behavior of FMC makes it somewhat unrealistic to 

use the same laminate designs for both the materials and arrive at any definite conclusion 

regarding the stiffness properties. However to lay the groundwork, [� ]6  are used as the 

baseline for CE and FMC in the present investigation on stiffness properties. 

 Material properties of the box beam model are listed in Table 1.1 and Table 1.2. 

Table 4.1 gives the geometry of the box beam used in this study. 

4.1.1 Extension-twist coupling 

Stiffness coefficients are calculated for [� ]6 and the variation is plotted with 

respect to the fiber angle. Validation studies on this are conducted using results reported 

for �  = 15o in [13]. Figure 4.1 shows the variation of axial stiffness EA, for FMC and CE 

which are calculated using Eq. (2.22).   

FMC has much lower axial stiffness than CE except for very low fiber angles. At 

low fiber angles both the materials behave in a similar fashion indicating the fiber 

dominated modes. 

Table 4.1:  Geometric properties of the box beam used in the analyses 

Property 
Dimension 

in 

Length, L 30 

Chord, c 0.935 

Depth, d 0.537 

Ply thickness, t 0.005 

Number of plies, n 6 
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As the fiber angle increases axial stiffness for FMC drops dramatically. This is 

because the axial stiffness now is dominated by the matrix which has relatively very low 

stiffness as seen in Table 1.1. This demonstrates that considerable degree of variation in 

stiffness can be achieved using FMC by the proper selection of fiber angle. 

Equation (2.24) gives the variation of ETC stiffness K14 with fiber angle and is 

presented graphically in Fig. 4.2. The negative values are due to the choice of ply 

orientation angle around the cross section of the box- beam. Magnitude of K14 for FMC is 

much lower than that of CE for the entire range of fiber angle. This is unexpected 

because of the preconception that the high anisotropy could result in higher coupling 

behavior. This behavior can be attributed to the effect of coupling terms 16Q  and 26Q , 

and stiffness 22Q in the transverse direction.  
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Fig. 4.1:  Variation of axial stiffness with fiber angle for antisymmetric lay-up, [� ]6 
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K14 for FMC reaches maximum when the fiber angle is around 10o and decreases 

to very low values as the fiber angle increases. 

It is important to consider the torsional stiffness while designing a rotor blade. 

This property of the blades can significantly affect rotor dynamics. Torsional stiffness, 

GJ for both the materials is compared in Fig. 4.3. As expected (due to the presence of 

shear terms in the formulation, Eq. (2.23)) FMC has very low torsional stiffness than its 

counter part. GJ for FMC peaks at around 12o. Implications of these low values of GJ can 

be significant especially when the laminates have high fiber angles. For angles greater 

than 30 deg and at low fiber angles (close to 0o) the stiffness is dominated by the matrix 

and no significant contribution from the fibers is obtained. 
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Fig. 4.2: Variation of extension-twist coupling stiffness EA with fiber angle for 

antisymmetric lay-up, [� ]6 
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4.1.2 Bending-shear  coupling 

Another nonclassical effect apart from ETC for an antisymmetric lay-up is the 

bending-shear coupling (BSC). Following the methodology used in the previous section, 

variation of various stiffness coefficients involved in BSC are presented for 

antisymmetric lay-up [� ]6. There are two shear and bending modes for the beam under 

study. z  being the vertical direction (flap mode) and h  being the horizontal direction 

(lag mode). Using Eqs. (2.30) and (2.31), the variation of flap bending stiffness K55 and 

lag bending stiffness K66 are calculated and provided in Figs. 4.4 and 4.5 respectively. 

Fiber domination is observed for low fiber angles giving comparable properties for both 

FMC and CE. Observe that as the fiber angle increases both bending stiffnesses for FMC 

drops more rapidly than CE. Flap and lag bending stiffnesses are directly related 

significantly to the reduced stiffness 11Q  and inversely related to 22Q , which can be 

observed in Eqs. (2.30) and (2.31). 
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Fig. 4.3: Variation of torsional stiffness GJ with fiber angle for antisymmetric lay-up, [� ]6 
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Fig. 4.4:  Variation of flap bending stiffness K55 with fiber angle for antisymmetric lay-

up, [� ]6 
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Fig. 4.5: Variation of lag bending stiffness K66 with fiber angle for antisymmetric lay-up, 

[� ]6 
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 These parameters are defined by the material properties and fiber orientation. As 

fiber angle increases 11Q decreases and 22Q increases more rapidly for FMC than CE, 

resulting in low bending stiffnesses for FMC. This again is due to the matrix domination. 

The observed higher values for lag bending stiffness are due to the geometry of the cross-

section. 

Flap bending stiffness behaves similar to the lag bending stiffness except that flap 

bending stiffness has lower magnitude than lag bending stiffness. Due to this property, to 

make the designs conservative, flap wise deflections are preferred over lag wise 

deflections when designing the laminates. This is also true in the case of a rotor blade 

where flap bending responses can be quite critical.  

Similarly, shear stiffnesses are investigated using Eqs. (2.26) and (2.28). The 

variation of lag shear and flap shear stiffness with fiber angle are provided in Figs. 4.6 

and 4.7 respectively. 
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Fig. 4.6:  Variation of lag shear stiffness K22 with fiber angle for  antisymmetric lay-up, 

[� ]6 
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FMC has lower shear stiffness than CE especially at very low and high fiber 

angles. Shear stiffness values for fiber angles from 20 to 80o are comparable with that of 

CE.  As in the case of bending stiffnesses, flap shear stiffness values are lower in 

magnitude than lag shear stiffness.  

 The coupling term of interest associated with BSC is the lag shear-flap bending 

coupling stiffness, K25 given in Eq. (2.27). Variation of K25 with fiber angle is shown in 

Fig. 4.8. This behaves quite similar to the extension-twist coupling stiffness since both 

these coupling parameters are governed by the same reduced stiffness coefficients. FMC 

has much lower magnitude of coupling between shear and bending especially for angles 

ranging from about 10 to 80o.  
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Fig. 4.7:  Variation of flap shear stiffness K33 with fiber angle for  antisymmetric          

lay-up, [� ]6 
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Despite having low values of stiffness for FMC, the cumulative effects of these 

can be significant which can be observed while calculating deflections. Dramatic changes 

in magnitude with respect to the fiber angles provide excellent opportunity to effectively 

tailor FMC for designs involving extension-twist and bending-shear coupling. 

4.2 Deflection analysis 

Having obtained an insight to the behavior of various stiffness coefficients, this 

section conducts detailed analyses on the deformation behavior of FMC. Initially a 

validation study is performed on twist under axial loading using previously published 

results on analysis and experiments along with finite element results obtained using 

ANSYS. Then the analyses are extended to determine deflections for FMC and CE under 

different loading conditions and compared. 
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Fig. 4.8: Variation of lag shear-flap bending coupling stiffness K25 with fiber angle for  

antisymmetric lay-up, [� ]6 
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4.2.1 Axial loading 

The cantilevered box beam model used is shown in Fig. 4.9. F is the tensile axial 

load applied at the free end. Tip twist due to a unit axial loading is determined using 

Eq. (2.35).  

Variation of tip twist with fiber angle is given in Fig. 4.10. Validation study is 

performed using ANSYS and the experimental result reported in [14]. These results are in 

excellent agreement. Very high values of tip twist, more than 25 times that of CE are 

observed for FMC for 15 deg fiber angle.  

 

 
Fig. 4.9: Axially applied load on a cantilevered closed cross-section box-beam model. 
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Fig. 4.10: Variation of tip twist under a unit axial load for antisymmetric lay-up [� ]6. 

Experiment result obtained from [14]. 
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An excellent correlation between analytical, FEM and experimental results is 

observed. Failure analysis is also performed on CE and FMC for �  = 30o and 

deformations at failure loads are determined.  CE fails at an axial load of 1650 lb giving a 

twist distribution of 1.2 deg/in while FMC fails at 245 lb axial load giving an extremely 

high twist distribution of nearly 4 deg/in. More than 10% axial strain is obtained for FMC 

at failure while CE experienced only 0.5%. The large compliance property of FMC 

demonstrates the requirement of thorough analyses on stiffness properties before it can be 

used in ETC designs.  

 The significance of effective axial stiffness is demonstrated in Fig. 4.11. 

Figure 4.11 illustrates the magnitude of axial deformation at the tip as a result of axial 

load for a range of fiber angles. Axial deflection increases rapidly with the fiber angle for 

FMC. EA is not the only parameter that determines this behavior which is clear from the 

Eq. (4.1).   
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Fig. 4.11:  Variation of axial deformation at the tip per pound of axial force 
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 The axial deformation is significantly affected by the coupling and torsional 

stiffness coefficients.  Stiffness values are very low at high fiber angles for FMC than 

CE. The cumulative effect of this behavior results in larger compliance for FMC at higher 

fiber orientation angles. When the fiber angle is 90o FMC extends more than 27 times 

CE, which is the maximum observed value for the design under consideration. The 

lowest being 1.23 times at 0o, showing only an increase of nearly 23% indicating the 

presence of a very compliant resin system. 

4.2.2 Torsional loading 

Torsional response of a rotor blade is a critical design parameter especially in 

dynamics. It is important to understand the stiffness properties that determine response of 

the beam under torsional loading. The schematic of torsional loading is provided in 

Fig. 4.12.   

To illustrate the extension-twist coupling behavior under torsional loading, axial 

deformation due to a unit torque is determined using Eq. (2.38) for CE and FMC and 

compared. The results are provided in Fig. 4.13. Very large values of extension are 

observed and the effect of coupling reaches the maximum at nearly 35o deg. This 

behavior is in agreement with results shown earlier in Fig. 4.10, where the twist response 

under axial load peaks at 35o indicating the presence of strongest coupling for that design. 

FMC to CE ratio of extension under torsional loading reaches as high as 36.  
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Fig. 4.12:  Torque applied at the tip of the beam 
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Twist under torque is governed by the effective torsional stiffness of the beam. 

Using Eq. (2.37), tip twist due to a unit torque applied at the tip is calculated for both the 

materials and compared in Fig. 4.14. 
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Fig. 4.13: Variation of axial deformation due to unit torque at the tip for [� ]6 

 

0 10 20 30 40 50 60 70 80 90
0

1

2

3

4

5

6

Fiber Angle, deg

T
ip

 tw
is

t u
n

d
er

 u
n

it 
T

o
rq

u
e,

 d
eg CE

FMC

 
Fig. 4.14:  Variation of tip twist due to unit torque at the tip for [� ]6 
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As expected, the maximum effective stiffness (low twist response) is observed at 

45o. Twist ratio of FMC to CE varies from a maximum value of nearly 24 at 0o (or 90o) 

ply angle to a minimum of nearly 22.5 at 45o fiber angle. The behavior is symmetric with 

respect to the 45 degree axis. This shows that FMC has much lower torsional stiffness 

than CE for the entire range of fiber angle for the design [� ]6. 

4.2.3 Flap wise bending deflection 

The dynamics of bending modes of the rotor blades are crucial to the blades 

themselves as well as the rotor as a whole. Previous illustrations show that certain FMC 

designs can be very ‘ flexible’  compared to the conventional CE.  

Flap-wise bending deformation is studied in this section. Load application is 

illustrated in Fig. 4.15 .  

Figure 4.16 shows the span-wise bending slope for [15]6 under a unit tip bending load 

calculated using Eq. (2.41). Bending slope calculations are validated using published 

results on CE [14]. Shear effects are included in this investigation. 

An increase in bending slope of 150% is observed at the tip for FMC when 

compared with that of CE. It can be seen that the deflection varies nonlinearly along the 

span as in the case of a simple isotropic cantilevered beam. The purpose of employing the 

linear closed form equations is only to demonstrate the dramatic behavior of FMC.   

 
 P 

L  
Fig. 4.15:  Flap-wise bending load at the tip of the beam. 
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Deflections of these magnitudes are not acceptable in real case scenario. Even 

from the structural point of view, the matrix which has a very large strain-to-failure ratio 

might withstand the loading while failing the fibers. 

Variation of tip bending with fiber angle ranging from 0-45o is given in Fig. 4.17. 

Dramatic change in deflection behavior is observed for FMC for fiber angles greater than 

15o. The deflections can be so high that it becomes non-linear and cannot be predicted 

using equations derived using small deformation assumptions. 
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Fig. 4.16:  Bending slope due to unit tip bending load for [15]6. 
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4.2.4 Effects of warping 

For composite box beams, torsion-related out-of-plane warping can influence 

coupling stiffnesses which are linked to the torsional deformations of the beam. This is 

indicated by the presence of terms involving �  in the stiffness formulations. Influence of 

warping on the elastic behavior of the box beam is isolated by examining load deflection 

results generated with and without warping included in the formulation. Results without 

warping are achieved by setting the warping parameter �  = 0. Stiffness around the cross-

section is assumed to be constant. �  for the box beam model under study is calculated to 

be 0.2792.  

 

The effects of warping under unit axial loading are demonstrated in Figs. 4.18 

and 4.19.  
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Fig. 4.17: Variation of transverse bending deflection due to unit tip bending load for [� ]6 
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Fig. 4.18:  Variation of tip twist due to unit axial force for CE [� ]6 
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Fig. 4.19:  Variation of tip twist due to unit axial force for FMC [� ]6 
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Presence of warping causes nearly 50% increase in tip twist for CE. In the case of 

FMC the effect is much more dramatic. The tip twist increases as high as 600%. This 

huge difference in predicting twist due to axial force is critical when designing an ETC 

blade. These differences are due to the change in predicting torsional stiffness, GJ of the 

beam with and without warping. As mentioned in Chapter 2, torsional stiffness is much 

lower for FMC than CE, and the inclusion of warping in the analysis results in the under 

prediction of torsional stiffness. 

The influence of warping under torsional load is demonstrated in Figs. 4.20 

and 4.21 for CE and FMC respectively. 

An increase of nearly 36% in twist distribution can be observed in the case of CE 

with warping compared to a model without the inclusion of warping. For FMC the 

influence of warping is much more dramatic as seen in the previous case. Clearly the tip 

twist increases more than 630% at the point where FMC has the maximum effective 

torsional stiffness (�  = 45o). The trends shown by the curves are expected, i.e. similar to 

the behavior of effective torsional stiffness.  
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Fig. 4.20:  Variation of tip twist due to unit tip torque for CE [� ]6 
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The increase in tip twist for FMC by this magnitude is very significant and such 

high values cannot be neglected in the analysis.  

4.2.5 Warping restraint effect (WR) 

  Unlike closed cross-section isotropic beams, warping stiffness can be 

more pronounced in composite designs. The normalized twist distribution for CE and 

FMC (for [15]6) with and without warping restraint is provided in Fig. 4.22 . The effect 

of WR is not predominant for either of the materials. No significant change in tip twist 

(over results without WR) for FMC is observed when WR effects are considered. This 

result is not expected since FMC is observed to be very sensitive to torsion related 

warping. 

Comparing Eqs. (7) and (8), tip twist due to torque is given by Eq. (4.2)  
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Fig. 4.21:  Variation of tip twist due to unit tip torque for FMC [� ]6 
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To illustrate this unexpected behavior, each term in Eq. (4.2) is analyzed. This 

expression is similar to Eq. (2.37) (without WR) except for the third term. 

Decay length parameter Dl  depends on effective torsional stiffness and warping 

stiffness as shown in Eq. (2.50). Influence of effective torsional stiffness, GJeff in WR 

effect can be illustrated by comparing with GJ.  Variation of GJeff and GJ with fiber 

angle for FMC and CE are given in Fig. 4.23 .  

CE and FMC show similar trends while FMC has much lower torsional stiffness 

values. GJeff peaks at 45 deg fiber angle for both the materials. Note that both the 

parameters are identical when there is no extension-twist coupling i.e., when fiber angle 

is 0 or 90o.  

Variation of warping stiffness K77 with fiber angle is given in Fig. 4.23. K77 

behaves similar to the axial stiffness of the beam EA. Figure 4.24 shows that CE and 

FMC are not significantly different. 
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Fig. 4.22: Normalized twist distribution due to unit tip torque with warping restraint 

effect for [� ]6 
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Decay length parameter is plotted against fiber angles in Fig. 4.25. Observe that 

� D are very high relative to open cross-section beams, which have decay length 

parameters approximately around 5-10 depending on the material and geometry [28]. 

Since � D are very high, the effect of WR decays rapidly along the span of the beam.  

The third term in Eq. (4.2) is defined as a parameter, p and the variation of p for 

CE and FMC with fiber angle is given in Fig. 4.26. Note that there is no significant 

difference between the cases with and without WR.  

Deformation in a global sense is unaffected by the effect of WR for both CE and 

FMC. Note that the decay length parameter increases with fiber angle rendering the effect 

of warping restraint insignificant which is clear from Fig. 4.26 
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Fig. 4.23: Variation of torsional and effective torsional stiffness with fiber angle for 

antisymmetric lay-up, [� ]6 
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Fig. 4.24:  Variation of warping stiffness K77 with fiber angle for [� ]6 
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Fig. 4.25: Variation of decay length parameter with respect to fiber angle for [� ]6 
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First set of comparison performed on the same laminate designs shows dramatic 

differences between CE and FMC. However, this is not the ideal way to evaluate the 

feasibility of employing FMC for tiltrotor blade designs. The study conducted so far 

enables the designer to have some insight into the behavior of FMC box beams with 

extension-twist coupling.  

4.3 Exper iment results 

As explained in Chapter 3 several key factors are identified in order to select the 

laminates for testing. The specimens are obtained from a broader spectrum of laminate 

that exhibit varying degree of stiffness and strength. The first specimen [452, 752] is 

selected considering the ease of fabrication process and twist deflection under axial 

loading. The predicted failure load for this specimen is 195 lb.  

Instead of a random design, a laminate which exhibits relatively higher bending 

stiffness is selected. The second specimen chosen is [602, 302]. This helps in 
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Fig. 4.26:  Variation of parameter p with respect to fiber angle for [� ]6 
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understanding the effect of changing the bending stiffness of the beam on the twist 

response under axial loading. This design is predicted to have comparable effective 

torsional stiffness as of the first specimen.  The comparison of the predicted values of 

transverse tip deflection under a unit tip bending load for the two specimens is provided 

in Fig. 4.27. It can be observed that the second specimen exhibits much higher bending 

stiffness.  

As explained earlier, the first specimen is tested using free weights as shown in. 

The upper limit of the loading is kept well under the predicted failure load. The results of 

the first specimen testing are provided in Fig.4.28. Close correlation between analysis, 

test and ANSYS FEM results are observed. The maximum difference between predicted 

deflection and experiment results was observed to be nearly 27%. 

The laser used to measure the twist angles has a diameter of approximately 3 mm 

which caused difficulty in taking the measurements. The material exhibits creep under 

very large loads of the order of 120 lb. Note that this study does not address this behavior 

and all the calculations are performed assuming linear elastic behavior. 
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Fig. 4.27: Comparison of tip deflection under unit tip bending load for two specimens. 
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The second specimen is tested using a tensile testing machine. The results are 

provided in Fig. 4.29.  
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Fig. 4.28: Comparison of experimental and theoretical tip twist under axial loading for 

[452, 752]. 
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Fig. 4.29: Comparison of experimental and theoretical tip twist under axial loading for 

[602, 302]. 
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The loads applied are limited to a maximum of approximately 50% of the 

predicted failure axial load of 290 lb. Huge difference in the experiment results are 

observed for this case. The error in tip twist measurement is of the order of more than 

100%. ANSYS and the analytical predictions differ nearly 20%. 

4.4 Design procedure: Stiffness and strength constraints 

For comparison purposes, the baseline design for CE is chosen to be [15]6. Failure 

loads are predicted using Tsai-Wu criterion and are reported in Table 4.2. Tip torque T, 

axial load F, and tip bending load P are considered to be applied individually. 

The beam model used here is as given in Fig. 2.1. FMC designs that satisfy the 

constraints are derived and analyzed in this section. Following the discussion in section 

2.5, constraints are imposed while generating the FMC designs. Certain assumptions are 

made before the constraints are imposed. (i) The number of plies is kept the same on each 

wall of the beam for CE and FMC (ii) the geometry of the beam regarding the length and 

cross-section remain the same for the materials and (iii) for FMC, laminate on each wall 

of the box-beam is symmetric with respect to the laminate mid-plane, i.e., of the 

form[ ]s,...,, 321 qqq .  

Prospective FMC designs are obtained from a set of angles 15, 30, 45, 60, and 

75o. Since the objective is to obtain maximum twist under axial force with only 6 plies on 

each wall, 0 and 90o angles are omitted as they do not contribute towards coupling. Each 

constraint is individually applied to better comprehend various deflection modes and their 

Table 4.2: Predicted failure loads for baseline CE [15]6 under individually applied axial, 
bending and torsional loads. 

CE Baseline 
Axial Load 

lb 

Tip Torque 

lb-in 

Tip Bending Load 

lb 

[15]6 3630 263 32 
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significance. Those designs that satisfy the stiffness constraints are analyzed for twist 

under axial loading and are compared to the baseline.  

It is important to note that the strength is not imposed as a primary constraint 

variable in generating FMC laminate designs. Laminate failure analyses are performed 

once the designs are obtained and only ‘safe’  laminates are presented. Also note that the 

baseline and FMC designs are not meant to be candidates for tiltrotor blade applications. 

The principal purpose of this comparison is to demonstrate the feasibility of elastic 

tailoring using FMC for tilt-rotor blade applications while satisfying certain constraints 

that are critical for a rotor blade.  

4.4.1 Effective torsional stiffness 

CE baseline and FMC designs are analyzed for twist distribution under tip torque 

T, using Eq. (2.61). FMC to CE ratio of the twist response is then determined. Limits on 

these values are set as the constraints. FMC designs that satisfy these constraints are 

analyzed for extension, twist, and bending under individually applied axial, torsional and 

bending loads respectively. Corresponding failure loads for FMC are determined. Two 

such sample designs are presented in Table 4.3. 

Initially, upper limit of the twist response for FMC is set to be 90% that of the 

baseline. This resulted in design A as given in Table 4.3. ‘A’  exhibits large bending and 

extensional stiffness while giving more than 200% twist when compared to the baseline. 

This design exhibits higher strength, especially very high torque before failure.  

Table 4.3: Effective torsional stiffness constraint. Ratio of deflections and failure loads. 

Ratio of 

FMC design Twist 

under T 

Bending 

under  P 

Extension 

under  F 

Twist 

under  F 

F fail 

lb 

Tfail 

lb-in 

Pfail 

Lb 

A [-30, -15, 45]s 0.88 3.65 3.98 2.06 3641 651 34 

B [75, -30, 60]s 1.73 6.17 9.63 4.89 1671 518 19 
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Analyses are performed again relaxing the effective torsional stiffness constraint, 

increasing the upper limit to 75% more than CE. Laminate thus obtained is ‘B’ , which is 

much more compliant than ‘A’  in all the deflection modes. Phenomenal increase in axial 

compliance is expected due to the presence of high fiber angles. Initially it might appear 

counter intuitive to have higher torsional compliance despite using high fiber angles as in 

‘B’ . This is due to high extension-twist coupling, reducing the effective torsional stiffness 

(see Eq. (2.48)), and obtaining the observed 390% increase in twist under axial loading 

than the baseline.  

Designs given here provide an insight to the stiffness characteristics of FMC. 

Increasing the twist response under axial force by decreasing the effective torsional 

stiffness resulted in decreased axial and bending stiffnesses. 

4.4.2 Effective bending stiffness 

Results from the analyses using Eq. (2.62) by setting bending stiffness constraint 

are provided in Table 4.4. In this case the constraint limit is pre-identified using the 

information obtained from the pervious designs A and B. Initially the upper limit for the 

ratio of bending deformation ratio is set to be 2.5 to obtain design C. ‘D’  is obtained as a 

result of further increasing the limit to 4.  

Both designs give greater than 100% twist more than the baseline. It is clear that 

the increase in bending stiffness increases axial and torsional compliance. Design D is 

similar to ‘A’ . ‘C’  is promising as it has higher bending and axial stiffness and 

Table 4.4:  Effective bending stiffness constraint. Ratio of deflections and failure loads. 

Ratio of 

FMC  design Twist 

under  T 

Bending 

under P 

Extension 

under  F 

Twist 

under  F 

F fail 

lb 

Tfail 

lb-in 

Pfail 

Lb 

C [45, -15, 60]s 2.10 2.32 2.84 2.19 2251 191 52 

D [30, -45, 15]s 0.87 3.66 3.98 2.05 3641 646 33 
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comparable axial and torsional strength with excellent strength in bending mode when 

compared with the baseline. 

4.4.3 Effective axial stiffness 

The significance of setting axial deformation response as a constraint on other 

deflection modes is discussed in this section. Axial deformation under axial load is 

calculated using Eq. (2.36). ‘E’  and ‘F’  are the designs obtained as a result of setting the 

constraint on effective axial stiffness effEA  from nearly 500 % to 760%. Results are 

presented in Table 4.5.  

Nearly 400% and more than 210% increase in twist under axial force is estimated 

for ‘E’  and ‘F’  respectively. Such high values on the constraint limit are selected so as to 

address various laminate from a broader spectrum. Design F is torsionally stiffer while 

showing higher bending compliance. This has more than 180% the torsional strength of 

the CE baseline . 

Table 4.5:  Effective axial stiffness constraint. Ratio of deflections and failure loads. 

Ratio of   

FMC  design Twist 

under  T 

Bending 

under  P 

Extension 

under F 

Twist 

under  F 

F fail 

 lb 

Tfail 

lb-in 

Pfail 

lb 

E [75, 45, 15]s 3.43 2.49 5.01 4.99 1571 208 32 

F [-30, -60, 75]s 1.02 7.01 7.64 3.13 2111 750 14 
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This chapter discusses the conclusions that can be drawn based on the study 

presented so far. First, conclusions concerning stiffness properties of FMC are presented. 

This is followed by conclusions drawn on deflection analyses conducted on FMC. 

Various effects such as torsion related out-of-plane warping, warping restraint effects, 

effects of temperature and stacking sequences are discussed. Conclusions based on 

validation studies performed by conducting experiments are also provided. Finally some 

recommendations for future work are presented.  

5.1 Stiffness coefficients and deflections 

A box beam model with a rectangular cross section with antisymmetric lay-up 

made of FMC and CE was analyzed for deflections and stresses. To validate the analyses, 

the results were compared with existing analytical and experimental data along with finite 

element analysis results obtained from ANSYS. Very high value of twist was observed 

for FMC for certain designs. The fact that the FMC has very high values of strain at 

failure makes it an ideal candidate for composite tailoring.  

The importance of various stiffness coefficients that affect the deflection 

parameters were identified and quantified. For a given geometry, stiffness coefficients are 

highly sensitive to stacking sequences. As a result it is possible to obtain desired values 

of stiffness coefficients by the careful selection of stacking sequences.   
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5.1.1 Effect of torsion related out-of-plane warping 

Detailed investigation of the influence of torsion related warping was conducted 

on stiffness coefficients that define the deflections. Inclusion of out-of-plane torsion 

related warping is essential for accurate prediction of deflections in box beams made of 

FMC. Presence of warping in the deflection analysis for torsional loading for [45]6 

laminate showed an increase up to 630% with respect to the case when warping was 

neglected. About 600% increase in tip twist due to axial force is observed from the 

analysis where warping is included.  

5.1.2 Warping restraint effects 

Previous studies conducted on open cross-section beams made of composite 

materials had shown that warping restraint effects are quite significant in deflection 

analyses. Generally this is true even in the case of open section isotropic beams. These 

structures have relatively lower values of decay length parameter resulting in 

considerable increase in predicted twist deformations under torsional loading. 

In this study, thorough analyses were performed on FMC and CE designs 

considering warping restraint effects. The results were compared with the case when 

warping restraint effect was neglected. It was found that effect is not significant for FMC 

and CE when considering global deformations for the laminates used in this study which 

was [� ]6. Twist increase only of the order of 5% was observed for FMC while 

considering global deformations.  

5.1.3 Effects of temperature 

Antisymmetric laminate designs [� ]6  were analyzed for the effect of temperature 

changes on twist deformations. Validation studies were performed using published results 
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on a case to case basis. Thermally induced torque and axial load are then determined and 

twist responses are calculated while considering appropriate boundary conditions. 

Effective thermal torque and axial force are found to be generally lower for FMC 

than CE. When twist deformations are considered under these individually applied 

thermal forces, it was found that FMC exhibits much higher values of twists than 

conventional CE. For example, for [30]6 design, FMC gives more than 10 times twist 

under thermal force than CE. Thermal effects were found be significant in FMC 

structures. This indicates the necessity of thorough analyses on FMC with elastic 

coupling to avoid undesired responses.  

5.1.4 Design procedure 

Several studies were conducted in the past in employing conventional CE 

materials on applications involving extension-twist coupled designs. Limitations were 

observed when using CE in generating previously predicted amount of twist deformations 

for optimum performance of the tiltrotor, even after using tip weights to generate high 

values of centrifugal force between various flight modes. 

To understand the effect of stiffness properties on deflections and fiber angle on 

stiffness properties, several constraints were introduced to identify FMC designs that can 

provide significant and useful amounts of twist. The constraints were identified as 

effective torsional stiffness (twist under torsional loading), effective axial stiffness 

(extension under axial force), and effective bending stiffness (lateral deflection under 

transverse bending loads). Numerous symmetric stacking sequences were generated with 

all the constraints applied. Successful designs were then subjected to failure analyses and 

tested for twist under axial force and compared with that of CE baseline design. 

Significant increase in twist was obtained for certain designs while satisfying certain 

constraints. For example, [-30, -15, 45]s satisfied all the strength and effective torsional 

stiffness constraints while providing more than 2 times twist that of the baseline CE. 

Twist of the order of this magnitude is close to the previously predicted twist change to 

obtain the expected aerodynamics performances of a tilt-rotor.  
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Design procedure involving stiffness and strength constraints is observed to be a 

practical approach to determine the feasibility of employing FMC in extension-twist 

coupling designs. In summary, a ‘better’  laminate is defined in terms of the stiffness and 

strength requirements. For instance, if the requirements for selecting a ply lay-up are such 

that it satisfies all the three strength criteria, having the similar or more effective torsional 

stiffness, and gives higher twist under axial load than the baseline design, then designs A 

or D can be selected.  

This design methodology can be used as a preliminary tool to generate potential 

FMC laminate designs suitable for ETC tilt-rotor blade spar designs. The main challenges 

include - but are not limited to - accurately identifying the constraint variables. They are 

determined by the application for which the laminate is to be designed for.  

5.2 Test results 

Two different FMC specimens were fabricated and tested for twist under axial 

loading. These designs were selected after considering a wide spectrum of laminates with 

variable degree of stiffness and strength properties. Several factors such as fabrication 

issues, deformation requirements etc were also considered. 

The first specimen was tested by directly applying loads in the form of hanging 

weights and corresponding twist angles were recorded. The test results were in good 

agreement with analytical and FEM predictions. Variation of the order of 27% was 

observed and could be attributed to testing and twist measurement error.  

The fabrication of the second specimen took considerable amount time since it 

was required to make low angle unidirectional plies. The resin was found changing its 

physical state during the fabrication process. The prepared matrix started setting and as a 

result, the fibers were not picking up the resin properly. This caused improper bonding 

between the fibers, and the matrix and had a serious consequence on the structural 

behavior of the specimen. Error in twist deformation of more than 100% was observed 

under some load cases. Analysis and FEM predictions were in good agreement.  
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5.3 Recommendations for  future work 

Employing the insight gained from the detailed investigation conducted on FMC 

designs exhibiting extension-twist coupling, certain recommendations are provided for 

the future work on this or related areas of research. 

1.  Typically rotor blades are designed with excellent axial stiffness to 

withstand the huge centrifugal forces they experience during operation. Sometimes 

additional weights are added to the rotor blade to attain sufficient rotational inertia to 

generate enough rotation speed for safe landing by auto-rotation. Future projects may 

consider increasing the number of plies in the FMC laminates by adding 0 and 900 plies 

could help in achieving the necessary axial and bending stiffness while not significantly 

compromising the magnitude of extension twist coupling.  

2. The lay-ups can be varied along the length of the blade by identifying the 

points of different strength requirements, e.g. at the blade root, where it experiences large 

bending stresses due to aerodynamic loads. Considering the fact the FMC can be 

successfully structurally tailored, these cases can be included in the future work in 

generating FMC laminates. Several constraints including hygrothermal stability, number 

of plies in each wall, cross-section geometry etc., can also be included. Instead of limiting 

the laminates to be symmetric, different ply lay-ups such as balanced, antisymmetric etc., 

and use of woven cloth designs can be considered as well.  Geometry of the cross-section 

can be made realistic by using D-spar, multi-cell spar structure. Analyses then become 

much more complicated and closed form solutions using simple equations might not be 

suitable. Detailed finite element analyses should be conducted on all designs especially in 

validating stresses. 

3. When fabricating extension-twist coupled box-beam specimens, it is easier 

to adopt fabrication methods using prepregs. If filament winding is preferred, a facility 

that permits winding unidirectional lamina is recommended. Static testing should be 

conducted using advanced testing methods to minimize error. Components such as 

optical reader, strain gauges, etc., and sensitive tensile testing machines can be used 

instead of direct testing by the method of free weights.  



72 

 

4. Even though validating twist under torque indirectly validates all the 

stiffness coefficients (for ETC designs) that determine torsion response, separate 

investigation on torsion test should be conducted to validate analytical predictions. 

Analyses can be extended to include distributed loading conditions. This would actually 

mimic the true flight conditions and there by resulting in more reliable results. 

Aerodynamic testing should also be performed and deflection modes should be properly 

identified and quantified. 

5. Detailed strength analyses should be preformed on FMC designs. It is 

proposed to test FMC specimens to failure to determine various failure modes and loads. 

6. Finally, extensive investigation on scaled or full scale FMC tilt-rotor blade 

models should be conducted before any definite conclusions can be drawn in using FMC 

materials for tilt-rotor blade applications. 

 

At the time of writing this thesis, scaled model (WRAT’s) FMC blades are being 

analyzed and it is proposed to extend the analyses to full scale tilt-rotor blade models. 

Validation studies on FMC under torsional loading by conducting experiments are 

underway. Detailed analyses on thermal stability are also being conducted.  
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Appendix A 
 

Physical significance of the stiffness coefficients 

The physical significance of the various stiffness coefficients used in this study 

are given in Eq. (A.1) to Eq. (A.9)  

 

EA                              = extension stiffness (A.1) 

12K                             = extension-lag-shear coupling stiffness (A.2) 

14K                             = extension-twist coupling stiffness (A.3) 

22K                             = lag shear stiffness (A.4) 

25K                             = lag shear-flap bending coupling stiffness (A.5) 

33K                             = flap shear stiffness (A.6) 

36K                             = flap shear-lag bending coupling stiffness (A.7) 

GJ                             = torsion stiffness (A.8) 

55K                             = flap bending stiffness (A.9) 

66K                             = lag bending stiffness (A.10) 



 

 

Appendix B 
 

Thermal analyses  

 

 

Thermal analyses results discussed in section 2.4 are presented here. As a 

validation study the results are reproduced for a range of fiber angle. As discussed earlier, 

the axial strain is assumed to be zero. That is, 

which is equivalent to setting 0=xxa . 

Material properties are given in Table B.1. Box-beam geometry is provided as 

earlier in Table 4.1. 

Following the procedure explained, net torque on the cross-section is determined 

for a temperature change of FT o280-=D for fiber angles ranging from 0 to 90o. The 

thermal torques for [� ]6 are presented in Fig. B.1. It is interesting to note that at nearly 20 

and 60o fiber angles, the thermal torque generated for CE and FMC are the same. FMC 

follows the trend similar to CE with the highest value of thermal torque being at 45 deg.   

0=D= Taxx
therm
xxe  (B.1) 

Table B.1: Material properties of the box-beam material used for thermal analysis [22] 

Material EL 
Msi 

ET 

Msi 
GLT 

Msi � LT 
� 1 

10-6 oF 
� 2 

10-6 oF 

CE 20.59 1.43 0.87 0.28 -0.20 16.0 

FMC 16.7 0.0522 0.0363 0.30 0.28 27.8 
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Results provided here for CE showed very good correlation with the results 

provided in [22].  In the present investigation the axial strain restraint is relaxed and the 

beam is modeled as a free-free beam when determining the thermally induced forces. 

Effective thermal and axial loads are calculated and the twist deflection due to the 

combined effects is determined considering the beam as cantilevered.  

Due to the presence of extension-twist coupling, the beam twists and extends as a 

result of the net torque and axial force on the cross-section. The expressions to calculate 

these stress resultants are provided in Eq. (2.58) and (2.59). Analyses are performed 

considering a temperature variation of -280o F. Figure. B.2 shows the variation of 

effective thermal torque for antisymmetric lay-up [� ]6. The difference in sign between CE 

and FMC is due to the difference in thermal properties. Note that thermal expansion 

coefficient in the fiber direction for CE is negative while it is positive for FMC. This 

cause a mismatch of shear strains and lower axial stresses resulting in the observed lower 

magnitudes for FMC. Using the values obtained for thermal torque, the values for tip 

twists are calculated and shown in Fig. B.3. Despite FMC having lower magnitude of 
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Fig. B.1: Variation of thermal torque for antisymmetric lay-up [� ]6 
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thermal torque, it generated higher values of twist. Because, as explained in Chapter 4, 

FMC has lower stiffnesses than CE. 
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Fig. B.2:  Variation of effective thermal torque with fiber angle for [� ]6. 
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Fig. B.3: Variation of tip twist with fiber angle under thermal torque for [� ]6. 



81 

 

Variation of effective axial force due to a change in temperature is given in 

Fig. B.4. CE experiences a rapid increase in thermally induced axial force while FMC 

experiences a steady decrease. Intuitively FMC should experience much higher axial 

force as a result of temperature change because it exhibits larger axial strain at high fiber 

angles. Even though this is true, the fact that it has significantly lower stiffness in axial 

direction than CE results in lower axial stress. This explains the behavior of thermally 

induced axial force depicted in Fig. B.4. 

Using the same subroutine that used to calculate twist deformations under 

mechanical loading, the thermal forces are input as mechanical loading. The resulting 

twist deformations are plotted with fiber angle in Fig. B.5. As expected, FMC gives much 

higher values of thermal twist than CE. This behavior again can be explained in terms of 

stiffness parameters which determine the deflections. For a 30o ply angle FMC gives 

more than 10 times twist under thermal force than CE. 
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Fig. B.4: Variation of thermally induced axial force due to with fiber angle for [� ]6. 
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The results provided here are only for demonstrating the response of FMC to 

thermal loading. No thermal analysis study is conducted to design a realistic blade model. 

Thorough analysis on FMC is required to quantify the thermal behavior with extension-

twist coupling. 
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Fig. B.5: Variation of tip twist with fiber angle under thermally induced forces for [� ]6. 


