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The review traces the development of composite shafts in varied applications. The different
theoretical and experimental aspects of dynamics of composite shafts, under investigation for
the past two decades, are reviewed and the state of the art discussed including possible future
developments.
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INTRODUCTION

Present day rotors have predominantly metallic

shafts. Use of fiber reinforced composites has been

attempted in a few specific applications. Studies on

composite shafts started in 1970’s. The most impor-
tant development of composite shafts has taken place
in aerospace (helicopter) industry [Kraus and Darlow,
1987 and Bielefield, 1994], and automotive applica-
tions [Kliger and Yates, 1980, Golding, 1982 and
Hoffmann et al., 1994]. Other applications include
the use of composite shafts as quill shaft by Spencer
[1989], an aircraft power take off shaft by Garguilo
[1986], generator shaft by Raghava and Hammond
[1984], shaft for a cooling tower by Berg [1989], a

papermill by Cox [1994] and naval propulsion sys-
tems by Wilhelmi et al. [1986]. The two U.S. patents

by Worgan and Smith [1978] and Yates and Rezin

[1979] indicate that the preliminary hurdles to a com-

posite driveshaft design were overcome. Fromknecht

[1992] highlighted the possible benefits accruing
from the use of composite shafting in mechanical

power transmission.
In the early developments, composite shafts were

designed to operate in the sub-critical range. There-
fore, initial studies were directed towards design re-

quirements and in overcoming the problems in prac-
tical application. Subsequently, in order to derive

greater advantage in terms of reduction of weight, the
possibility of super-critical operations of composite
shafts was explored. Thus, the present trend in re-

search, as highlighted by Gupta and Singh [1996],
emphasizes such aspects as rotordynamic analysis,
elaborate optimization procedures, cost sensitivity
analyses, and possibility of supercritical operation.
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The work on dynamics of composite shafts is divided
into three categories.

(i) Design, and Optimization
(ii) Damage Tolerance Studies

(iii) Rotordynamic Studies

DESIGN ASPECTS

The design aspects for composite shafts vary from
one application to another. Kliger and Yates [1980]
discussed the design and material considerations for
composite driveshafts in automotive applications, ini-
tially, the materials used for the driveshafts were

glass/epoxy and boron/epoxy. However, as develop-
ments in composite technology continued, carbon fi-
bers became more readily available. In many of the
current applications they replaced boron fibers, which
had proved too costly and were difficult to process. In
automotive driveshafts, carbon fibers were found to

be particularly suitable. Hybridization with glass/ep-
oxy was also tried, and proved cost effective as

shown by Linsenmann [1978].
Belingardi et al. [1990] showed that carbon fiber

becomes a necessity when a critical balance between
torque, diameter, length and natural frequency cannot

be achieved with metallic or glass/epoxy configura-
tions. The stepwise description of the complete de-
sign procedure which is adopted for replacement of a

two piece metallic automotive driveshaft by a single
piece composite shaft was described by Spencer and
McGee [1985]. The optimization objectives and the

payoffs obtained were also discussed.
One of the problems associated with design of com-

posite driveshafts has been the accurate determination
of the flexural critical speeds. As the driveshafts are

quite long, their critical speeds are lower and may oc-

cur near the operating speed. In order to analyze the
problems related to the lateral bending of composite
shafts, equivalent modulus theory is commonly used.
The theory is based on Kirchoff’s hypothesis for thin

laminated beams. The equivalentmoduli are found us-

ing classical laminate theory as shown by Bauchau
[1981] and Singh and Gupta [1994a]. Bending-
stretching, shear-normal and bending-twisting cou-

pling terms are neglected. Brown and Rezin [1979]
have compared the equivalent modulus method with

an improved procedure called the ’enforced symmetry
method’. The latter approach includes the strain dis-

tribution as required by geometric symmetry. Thus the

effect of bending-stretching coupling is included in an

equivalent manner. Dos Reis et al. [1987a, b, and c]
have used a finite element procedure in which beam
elements were derived numerically from Donnel’s
shell theory, treating the tube as a two point boundary
problem. In this way bending-stretching coupling ef-
fects were accounted for, and were shown to introduce

different results. The effect of shear-normal coupling
was also considered and it has been shown that these

couplings induced changes in natural frequencies.
Bert [1993], Bert and Kim [1995c] and Kim and Bert
[1993] have incorporated the bending twisting cou-

pling in composite shafts by including energy due to

twisting deformation associated with bending. The re-

sults have been found to be in good agreement with

experimental results for a rotor by Zinberg and Sym-
monds [1970].
When using thin and short shafts, two additional

effects take place. Cross section deformation may oc-

cur during bending, thus affecting the flexural fre-

quencies, and shell type modes may be excited during
operation due to unsymmetric loading. Singh [1992]
has shown that the difference between flexural mode

frequencies calculated from the equivalent modulus
beam theory and the shell theory is a measure of the
amount of cross sectional deformation taking place.
At low values of the length to radius ratio and the
thickness to radius ratio of the composite cylinder,
shell mode frequencies are close to tlexural frequen-
cies and would affect the flexural dynamic behavior.

The interaction between the shell mode frequencies
and flexural frequencies, and the applicability of

equivalent modulus beam theory for accurate deter-
mination of natural frequencies of tubular shafts of
different configurations (length/radius and thickness/

radius) have been discussed in detail by Singh and
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Gupta [1994a, 1994b]. Modal damping ratios are
found to be more sensitive to parametric changes
than the natural frequencies. The shell modes involv-

ing cross sectional deformation of nonrotating shafts
have been experimentally analyzed by modal testing
by Singh and Gupta [1993]. Tests showed the exist-

ence of coupling of higher flexural modes with shell
modes. The mounting of a disc on the shaft resulted
in suppression of some shell modes, reduction in
flexural natural frequencies and increase in damping
ratios of all modes. Bauchau and Chiang [1993] have
also shown considerable difference in results between
the anisotropic shallow-shell model and the beam
model for anisotropic flexible beams.

In order to study the stress and strain fields in in-
dividual laminae and also to include the effects of the
lamination scheme, longitudinal wall shear, a layer-
wise beam theory was derived from layerwise shell
theory, by Singh and Gupta [1996b]. Results showed
considerable improvement in prediction of the stress
field and natural frequencies of shafts with an unsym-
metric stacking sequence. Fish [1991] has adopted a

quasi-three-dimensional approach to determine stress

in a composite rotor. Comparison with results ob-
tained by classical laminate theory shows significant
differences in stress near structural discontinuities

such as free edges and corners. Fish’s analysis estab-
lished the limitations of classical laminate theory
when applied to thick walled shafts. Because of large
L/R ratios for practical shafts, transverse shear defor-
mation TSD effect is neglected in some analyses.
Zorzi and Giordano [1985] have obtained good cor-

relations of first two critical speeds with experimental
results. The analytical calculations for the test shafts
were performed using a transfer matrix based proce-
dure without shear deformation effects. However, it is

generally recognized, Bank and Kao [1990], that ne-

glect of transverse shear deformation TSD effects
might give inaccurate results even for large L/R ratio

as compared to metallic shafts. This happens because
of large E/G ratios, which are typical of composite
materials. A number of recent works on composite
shafts, for example by Bauchau [1981], Kraus
[1988], and Singh and Gupta [1996a] have shown

that equivalent modulus beam theory with shear de-
formation and rotary inertia effects included, gives
sufficiently accurate results for critical speeds.

Another problem of paramount importance in com-

posite shaft design has been that of optimization of
the material and geometric parameters. The optimiza-
tion objectives are somewhat different in aerospace
applications as compared to automotive driveshaft

design. In automotive applications, cost is one of the

major driving factors. Thus, detailed cost-sensitivity
analyses are performed in order to get a cost-optimal
design. The solution lies in using hybrid composite
shafts, as shown by Hoffmann [1989]. This provides
the engineer with two important design variables to

control, viz. the fiber winding angle and the mixing
ratio of carbon and glass fibers. The additional vari-

able of carbon:glass ratio greatly increases the range
of design alternatives. Berg [1985] has discussed the
cost sensitivity analysis of automobile driveshafts
made from composite materials. Using elaborate op-
timization procedures, Belingardi et al. [1985] show
that it is possible to produce composite driveshafts
which are cost effective and give superior perfor-
mance as compared to their metallic counterparts.
On the other hand, in aerospace applications, the

primary criterion is performance related. Hence, typ-
ical objectives of optimization include minimization

of weight, maximization and optimal placement of
critical speeds and minimum dynamic response at op-
erating speed. For shafts with potential usage in heli-

copters, elaborate algorithms have been developed
for fine adjustments of the fiber winding angles and
the stacking sequence. In one of the earliest studies

carried by Zinberg and Symmonds [1970], a boron/

epoxy helicopter tail rotor driveshaft was optimized
for minimum weight with critical speed, torsional

buckling and strength as design criteria, which re-

sulted in weight saving of 28%.
In order to get optimum performance with mini-

mum weight, Bauchau [1983] used tapered shafts in
which different cross sections could contain different
numbers of layers. Thus each layer was not com-

pletely wound throughout the full tube length. While

meeting the torsional strength requirements, it was
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possible to obtain configurations which resulted in a

20-30% increase of natural frequencies, as compared
to constant thickness design, for the same weight.
The dynamic stresses were also evaluated and it was
observed that the optimized configurations resulted in
50-60% reduction of maximum dynamic stress. Lim
and Darlow [1986] optimized a test composite shaft
with a configuration of four layer groups (0, qb, -6,
90). The design variables were the angle + and the
volume fractions of 0, 90 and + angle plies, and the
radius and wall thickness of the tubular shaft. The
optimization algorithm included the design require-
ments with respect to torsional vibrations, torsional

buckling loads and lateral vibrations. It was found
that super-critical operation using a single piece com-
posite shaft could substantially increase the system
weight reductions (upto 60%). Even with sub-crit-
ical operations, system weight reductions as high as
40% were predicted. Similar optimization studies
were also performed by Kraus and Darlow [1987],
for a different configuration (od-od-odod/-l). The
shafts were optimized using multi-criteria optimiza-
tion and many constraints relating to strength and vi-
bration considerations were applied. The objectives
were, (i) minimization of shaft weight and (ii) opti-
mal placement of critical speeds. The constraint

placed on critical speeds was that no critical speeds
should lie within _+ 20% of the operating speed.
Darlow and Creonte [1995] have further optimized

the shafts by allowing th6 fiber layup and thickness to

vary along the shaft length. This was applied to a

helicopter tail rotor and a synchronization shaft. Their
results show that even a subcritical composite shaft
with variable fiber layup and thickness could be
much lighter than an aluminum shaft. Gupta et al.
[1994] presented several design alternatives for an

extremely flexible single span helicopter tail rotor

with the constraints on shaft outer diameter, critical

speed placement and buckling torque. Symmetric bal-
anced lamination scheme with constant and variable
ply thickness were used. The shaft wall thickness was
constant. Gubran [1994] extended the above work by
allowing variable wall thickness along the shaft axis.
He determined the unbalance response and stresses in
shafts with constant and variable wall thickness.

DAMAGE TOLERANCE STUDIES

The failure analysis of composite tubes is also a cur-

rent research issue. Failure could be due to low ve-

locity impact, [Figge et al., 1974], fatigue loadings,
[Irretier, 1993], torsional buckling or bending buck-
ling, [Bauchau et al., 1988].

During application of graphite/epoxy in automo-

tive driveshafts, Figge et al. [1974] have shown the
susceptibility of composite shafts to low velocity im-

pacts. Efforts were directed towards methods of over-

coming this problem. A low velocity impact in an

automobile shaft is a very practical reality, because
the shaft is exposed to the road surface. There are
also the chances of low velocity impact occurring
during manufacturing, handling and assembly. Figge
et al. [1974] have addressed this problem for a heli-

copter driveshaft. Their design used a hybrid shaft,
constructed with uni-directional boron/epoxy com-

posite sheathed with inner and outer metallic tubes.
The new arrangement was experimentally shown to

be better. A major part of this problem is being tack-
led by material scientists through the development of

tough resin systems. This work continues. A recent

study of low velocity impact damage in composite
helicopter driveshafts has been conducted by
Minguet [1993]. Three resin systems, viz. epoxy,
toughened epoxy and thermoplastic PEEK were stud-
ied and compared for their damage resistance to low
velocity impact. It was noted that, while toughened
epoxy showed greatest resistance to low velocity im-

pact, the thermoplastic shaft had the highest residual

strength after impact. Ayers and Ochoa [1993] have
tested composite shafts with and without ballistic

damage, under static as well as dynamic loads, to

obtain their material, mechanical and vibrational

characteristics.
Another important failure mode in composite ma-

terial components is by delamination propagation.
Extensive studies have been conducted on delamina-
tion for different structures. A recent work by Chan-
dramouli et al. [1994] addressed the problem of
delamination propagation in a rotating carbon/epoxy
composite shaft. If the shaft whirl orbit is non-circu-
lar, the shaft experiences cyclic loading. The delami-
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nation propagation rate is related to the revolutions of
the shaft, and by imposing a fatigue crack growth
model, the relevant material constants are deter-
mined. Irretier [1993] has studied the delamination-

growth in a composite shaft using a modal analysis
technique. The shaft was loaded in a pulsating testing
machine and, after a number of loading cycles,
delamination growth was studied. The bifurcation of

frequency at the site of delamination was found to be
a more reliable method of predicting delamination
than changes in modal damping values.

Buckling loads in both the bending and torsion
modes have been experimentally determined by
Bauchau 1981 ]. Experiments showed that bending of
thin walled tubes is a non-linear phenomenon, be-
cause the cross section is deformed. Thus, conven-
tional beam theory can not be applied for estimating
strength and failure in bending. The torsional buck-
ling loads were also obtained from an analytical for-
mulation. The analytical predictions correlate well
with experimental values. Bauchau et al. 1988] have
shown that torsional strength is greatly affected by
the stacking sequence. Secondly, experiments proved
that failure is governed more by the stiffness criterion

than by the strength criterion. The effect of delamina-

tion, and circular holes on the circumference, was

also investigated. Recently, Bert and Kim [1995]
have presented theoretical analysis for deterrfiining
buckling torque of an arbitrarily laminated circular

cylindrical hollow composite shaft using various thin

shell theories. The effect of off-axis stiffnesses and
bending moment on buckling torque was considered.
One of the important aspects of tubular shafts has

been the accurate measurement of the material prop-
erties. Pagano and Whitney [1970] and Whitney
1971 published important works related to charac-

terization of tubular specimens. Spencer [1987] used
axial and torsional vibration measurement for evalu-
ation of Young’s modulus E, and torsional modulus
G. A number of experiments were conducted to vali-

date the method. The marginal change in natural fre-

quency because of damping has been accounted for
in calculations of stiffness and moduli. Bauchau’s
1981 work also involved the determination of E and
G values. The determination of moduli in complex

form i.e. including damping loss factor has been per-
formed by Andriulli [1989] using modal analysis
techniques.

ROTORDYNAMIC STUDIES

Analytical and experimental studies on rotordynamic
aspects of composite shaft behaviour are few, and are

relatively recent. Table summarizes the various

configurations used for composite shaft rotordynamic
studies. It may be noticed, from the table that the
shaft geometric parameters (Length/radius and thick-
ness/radius ratios) vary over a wide range, which

might explain some of the differing experiences of
various authors.

Zinberg and Symmonds [1970] described a boron/

epoxy composite tail rotor driveshaft for a helicopter.
The critical speeds were determined using equivalent
modulus beam theory, assuming the shaft to be a thin

walled circular tube simply supported at the ends.
Shear deformation was not taken into account. The
shaft critical speed was determined by extrapolation
of the unbalance response curve which was obtained

in the sub-critical region.
Bauchau [1981] performed a series of important

investigations on composite shafts. The emphasis of
the study was on determination of stiffness, strength
characteristics and stresses under unbalance condi-

tion. The shafts were run in torsion using a water

brake at one end. The strains were measured using
strain gages. The bending stresses due to unbalance
excitation, determined experimentally, were much

larger than those calculated using beam theory and
the difference was explained as due to non-linear ef-
fects. For calculation of the lateral bending critical

speed, a finite element formulation based on Timosh-
enko beam theory was used. However, the shafts
were operated in the sub-critical region, and typical
rotordynamic phenomena were not studied.

Zorzi and Giordano [1985] conducted rotordy-
namic experiments on an aluminum shaft and two

composite shafts. The aluminum shaft was tested for
baseline comparison purposes, and in order to calcu-
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TABLE Configurations used for tubular composite shaft rotordynamic analysis

Author Shaft Dimensions Operation (Max. Speed) Material [Fiber Lay-up]

Zinberg and Symmonds [1970]

Bauchau 1981

Zorzi and Giordano [1985]

Kraus [1988]

Singh and Gupta [1996a]

R 12.7cm Sub-critical
L/R 20.6 (< 5500 RPM)
t/R 0.103
R 4.48cm Sub-critical

L/R 32.3
t/R .07-. 14

(Tapered Shafts)
R 1.59cm Super-Critical

L/R 68.6 9500 RPM
t/R 0.19 (with disks)

R 1.2cm Super-Critical
L/R 203 3800 RPM
t/R 0.074
R 5.2cm Super-Critical

L/R 21.7 4000 RPM
t/R 0.096

boron/epoxy
[90, 45, -45, 06, 90]

graphite/epoxy
[02, 45 002, -45
002, 45 -45

Hybrid of
glass/epoxy and
graphite/epoxy
[+45 (HS), _+ 10
(HM), 90 (E-glass)]
graphite/epoxy
[_+ 40, 5]

graphite/epoxy
+45 (I, $45M)
_+60 (II, S60M)]

R Mean Radius; L Length; Wall Thickness.

late the critical speed payoffs. The composite shafts
were filament wound and consisted of three different

layers of graphite/epoxy and glass/epoxy. Two metal-
lic stub shafts, one at each end, were used for .mount-

ing of the rotor in rolling element bearings. Experi-
mental testing was carried out on all three shafts,
with and without lumped mass disks. Some important
observations were made during the experimental
studies. The super-synchronous component corre-

sponding to first critical speed became significant
when the shaft speed reached 1/2 or 1/3 of the first

critical speed. It was shown that, although the shafts
were not of optimized design, a substantial payoff in
terms of critical speed was achievable. From the bal-

ancing point of view, the shafts were shown to have
increased sensitivity to unbalance near the critical

speed. This was determined from the large values of
influence coefficients near the critical speeds and a

very small value of the final correction masses.

Dos Reis et al. [1987a, b, and c] published analyt-
ical investigations on thin-walled layered composite
cylindrical tubes. In part III of the series of publica-
tions, the beam element was extended to formulate
the problem of a rotor supported on general eight-
coefficient bearings. Results were obtained for shaft
configuration of Zinberg and Symmonds. The authors

have shown that bending-stretching coupling and
shear-normal coupling effects change with stacking
sequence, and alter the frequency values. Gupta and

Singh [1996] studied the effect of shear-normal cou-

pling on rotor natural frequencies and modal damp-
ing. Kim and Bert [1993] have formulated the prob-
lem of determination of critical speeds of a composite
shaft including the effects of bending-twisting cou-

pling. The shaft was modelled as a Bresse-Timosh-
enko beam. The shaft gyroscopics have also been in-

cluded. The results compare well with Zinberg’s rotor

[19701. In another study, Bert and Kim [1995a] have
analysed the dynamic instability of a composite drive

shaft subjected to fluctuating torque and/or rotational

speed by using various thin shell theories. The rota-

tional effects include centrifugal and Coriolis forces.

Dynamic instability regions for a long span simply
supported shaft are presented.

Lira and Darlow [1986] and Hetherington et al.

[1990] conducted a series of studies on composite
shafts. The optimized shafts were manufactured using
a braiding technique and were tested for rotordy-
namic performance. The shafts were tested under no

load condition. A unified balancing approach was ap-
plied to balance the shaft up to the second critical

speed. An aluminum shaft was tested for comparison
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purposes. The shafts, however, had an initial bend.
Just above the first critical speed, a beat motion with

constituent frequencies as synchronous speed and
shaft natural frequency was observed. An external
damper was needed to pass the critical speed. Fred-
erick and Darlow [1991], also, achieved the super-
critical operation of a graphite/epoxy composite
shaft, above the second critical speed, in ttie presence
of torsional loading.

Additional recent work on composite shafts deal-
ing with both the theoretical and experimental as-

pects, was reported by Singh [1992], Gupta and
Singh [1996] and Singh and Gupta [1994c, 1996a and
b]. Rotordynamic formulation based on equivalent
modulus beam theory was developed for a composite
rotor with a number of lumped masses, and supported
on general eight coefficient bearings. A layerwise
beam theory was derived by Singh and Gupta
[1996b] from an available shell theory, with a layer-
wise displacement field, and was then extended to

solve a general composite rotordynamic problem.
The conventional rotor dynamic parameters viz. crit-
ical speeds, natural frequencies, damping factors, un-

balance response and threshold of stability were ana-

lyzed in detail and results from the formulations

based on the two theories, namely, the equivalent
modulus beam theory and layerwise beam theory
were compared [Singh and Gupta, 1994c]. The exper-
imental rotordynamic studies carried by Singh and

Gupta 1995, 1996a] were conducted on two filament

wound carbon/epoxy shafts with constant winding
angles (+_ 45 and +_ 60). Progressive balancing had
to be carried out to enable the shaft to traverse

through the first critical speed. Inspire of the very
different shaft configurations used (Table 1), the au-

thors’ experience was similar to that of Zorzi and
Giordano’s [1985] in terms of high rotor sensitivity
to unbalance, absence of any instability at resonance

and excitation of resonance by supersynchronous
components at rotor speeds equal to one half and one

third of rotor critical speed. The presence of super-
synchronous components was more pronounced in

the shaft having 60 fiber angle (compared to 45
fiber angle) and was suppressed when the balance
condition of the rotor improved. The most likely

cause appears to be material non-linearity derived

from the matrix. Damping measurements from rap
test on rotating and non rotating composite shafts are

also reported by Gupta and Singh [1996]. Some prac-
tical aspects such as effect of shaft disc angular mis-

alignment, interaction between shaft bow, which is

common in composite shafts and rotor unbalance,
and an unsuccessful operation of a composite rotor

with an external damper were discussed and reported
by Singh and Gupta [1995]. The Bode and cascade

plots were generated and orbital analysis at various

operating speeds was performed. The experimental
critical speeds showed good correlation with the the-
oretical prediction.

CONCLUDING REMARKS

The application of composite shafts has come a long
way from early low speed automotive driveshafts to

helicopter tail rotors operating above the second crit-

ical speed. With operation at supercritical speeds, a

substantial amount of payoffs and net system weight
reductions are possible. At the same time, the rotor-

dynamic aspects assume more importance, and de-
tailed analysis is required. There are some technolog-
ical problems associated with implementation, such
as joints with bearings, affixing of lumped masses,

couplings, provision of external damping etc. The so-

lutions proposed are just adequate, but require sub-
stantial refinements. One of the recent alternatives

being suggested is to have integral couplings and
masses, which are added during the shaft winding
stage itself, as suggested by Faust et al. [1988] and
Margasahayam and Faust [1988], and non-circular

end cross section, Gross and Goree [1993]. Secondly,
the problem of low velocity impact damage has been

a serious limitation of composite shafts. One of the
solutions, by which these problems could be over-

come to a large extent, is the use of metal matrix

composite shafts. These materials would be particu-
larly suitable when using composite shafts for turbo-

machinery applications, where high temperatures are

encountered. Issues in development of an all-compos-
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ite aero-gas turbine engine rotor were addressed in
some detail by Gupta [1994]. Use of smart compos-
ites as shown by Baz [1993], with potential applica-
tion to active control of rotor vibrations/instabilities,
throws up interesting possibilities for the future, but
research activity has yet to pick.up momentum in this

direction.
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