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Abstract- In this paper, the theoretical and numerical analysis of a composite drive shaft tube is achieved. The shaft tube is 
made of carbon/epoxy composite material and is produced using filament winding method. In the theoretical part of the 
study, a Matlab code is written to calculate the Tsai-Wu first ply failure index. The classical laminate theory is used for this 
purpose. The in-plane forces are calculated corresponding to the torque applied to the shaft tube. The stresses occuring on 
the layers and Tsai-Wu first ply failure index are calculated for the laminated plate subjected to the in-plane forces. The 
numerical part of the study is carried out using ABAQUS finite element software. The shaft tube is modeled using layered 
shell elements. Each filament wound is considered as one layer. One end of the shaft tube is fixed and a torque is applied to 
the other end. The static analysis is achieved and the Tsai-Wu first ply failure index is obtained. The buckling analysis of the 
shaft tube is also performed and the critical buckling torque is obtained. The Tsai-Wu first ply failure index obtained by 
using matlab code and finite element method are compared and an agreement is found between them. The static and buckling 
analysis using the finite element method are also achieved for the several filament orientation angles and stacking sequences. 
The free vibration frequencies of the shaft tube are obtained performing a modal analysis by using ABAQUS finite element 
software. Both ends of the shaft tube are freed in the modal analysis. The free vibration frequencies and modes of the shaft 
tube are obtained. The results are evaluated with regards to filament orientation angle and stacking sequences.  
 
Keywords- Composite Drive Shaft, Tsai-Wu Failure Criterion, Composite Laminate Theory, Modal Analysis. 
 
I. INTRODUCTION 
 
There are various kinds of studies about composite 
shafts in the literature. Daugherty [1] deals with 
trucks, which is approximately five tons and 
suitability of the usage of composite materials on leaf 
springs and some kind of shafts for US Army. In his 
study, a shaft design is completed; prototypes are 
produced; and mechanical tests are performed. For 
the shaft design, carbon-epoxy tubes are considered. 
His study includes two types of tests accomplished, 
one is static and the other one is fatigue. Mohammed 
et al [2] studied on a one piece shaft design and 
vibration analysis of the shaft by using ANSYS finite 
element software for automotive applications. As a 
material, high modulus carbon fiber reinforced epoxy 
is used. In their first stage of the study, they 
determined the design which durables in terms of 
torque transmission capacity, critical velocity and 
buckling capacity. After that, by using this concept, 
they obtained modal analysis results by profiting the 
first mode and subsequently visualized the graphical 
contours on tube. Talip et al [3] and Mutasher [4] 
have studies on hybrid composite shafts. Talip et al 
configures, analyzes and compares the design 
concepts that have one layer of carbon epoxy and two 
layers of glass epoxy. They obtain natural frequencies 
and buckling torques by using finite element method. 
Mutasher deals torsional strength by using finite 
element method for the shaft design which has 
aluminum inside of the tube and wrapped by glass 
epoxy and carbon epoxy, respectively. Five designs 
that have different number of layers and different 
fiber orientation angles are compared. Ummuhaani 

and Sadagopan [5] studied on a composite drive shaft 
in order to interchange from steel one for a specific 
vehicle. Their study focuses on minimization of drive 
shaft mass by using parameters in terms of mass by 
using ANSYS finite element software. Various kinds 
of mechanisms are set up and had natural bending 
frequency and torsional buckling analysis outputs by 
using these mechanisms, subsequently they made cost 
analysis of composite drive shaft. In this study, the 
theoretical and numerical analysis of a composite 
drive shaft tube in terms of static and modal analysis 
are achieved. The shaft tube is made of carbon/epoxy 
composite material and is produced using filament 
winding method. In the theoretical side of the study, 
in-plane normal and shear forces because of the 
torque are applied to the laminated composite and the 
stresses in each layer are calculated. The Tsai-Wu 
first ply failure index is obtained based on the layer 
stresses. The torsional buckling analysis is also 
achieved and the critical buckling torque is obtained 
using the analytical method. In the numerical side of 
the study, the composite shaft tube is modeled using 
the finite element method. The torque is applied to 
the shaft tube and the layer stresses are computed. 
The Tsai-Wu first ply failure index is obtained based 
on the computed stresses. The modal analysis is also 
achieved by using both the analytical and the finite 
element method and the free vibration frequencies are 
obtained. 
 
II. ANALYTICAL MODEL 
 
The classical laminate theory is used to model the 
composite shaft tube subjected to a torque. The in-
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plane normal and shear forces because of the applied 
torque are calculated by dividing the torque to the 
mean radius of shaft tube. The laminate is constructed 
considering each filament wound as one layer. The 
stresses and strains are calculated writing a Matlab 
code. The Tsai-Wu first ply failure index is 
calculated. 
In order to obtain the stress and strain distributions on 
composite tube, in-plane normal and shear forces are 
applied to the laminated plate. The relations between 
in-plane forces and moments and the stresses are 
given in Eqs. (1) and (2). 
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By using the constitutive equations and classical 
laminate theory, the force and moments are obtained 
as shown in Eq. (3). 
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(3) 
Here A, B and D matrices are extensional stiffness, 
coupling stiffness and bending stiffness matrices 
respectively and the terms of these matrices are given 
below, 

A = Q (h − h ) , i = 1,2,6, j = 1,2,6 

B =
1
2 Q h − h , i = 1,2,6, j = 1,2,6 

 

D =
1
3 Q h − h , i = 1,2,6, j = 1,2,6 

In addition to the static analysis, the critical buckling 
torque and the free vibration frequencies are also 
obtained using the analytical model. The critical 
buckling torque is calculated using the following 
formulation given for the composite tubular 
structures, 
 
T = (2πr t)(0.272)(E E ) / (t/r ) /             (4) 

 
Here, rm is the mean radius, t is the laminate 
thickness, Ex and Ey are moduli of elasticity in the x 
and y directions, respectively.  
The frequencies are obtained using the following 
formulation given for simply supported end 
conditions, 

f =                             (5) 

Here, m is the mass per unit area of the plate, I is the 
second moment area of the tube cross section and L is 
the length of the tube. 
 
III. NUMERICAL MODEL 
 
The numerical part of the study is carried out using 
ABAQUS finite element software. The shaft tube is 
modeled using two thousand eight nodded layered 
shell elements (S8R). Each filament wound is 
considered as one layer in the finite element model. 
One end of the shaft tube is fixed and a torque is 
applied to the other end. The static analysis is 
achieved and the Tsai-Wu first ply failure index is 
obtained for each layer. The static analysis using the 
finite element method are also achieved for the 
several filament orientation angles and stacking 
sequences. The free vibration modes and frequencies 
of the shaft tube are obtained performing a modal 
analysis by using ABAQUS finite element software. 
Both ends of the shaft tube are kept free for the modal 
analysis. The first five free vibration frequencies are 
obtained. 
 
IV. ANALYTICAL AND NUMERICAL 
RESULTS 
 
Two different shaft tubes are modeled based on the 
inner diameter. These are named as model B with 140 
mm inner diameter and model C with 130 mm inner 
diameter. The fiber orientation angles and stacking 
sequences in both designs are shown in Table 1. The 
models B1 and C1 are considered as the preliminary 
because the number of layers for the rest of them is 
decided based on the Tsai-Wu first ply failure index 
obtained for these two models. A desired Tsai-Wu 
first ply failure index is considered as two in the 
designs. In the static torsion analysis a torque of 
25000 Nm is applied to the shaft tube. The in-plane 
normal and shear forces corresponding to the applied 
torque are calculated for this purpose. The thickness 
of each layer is taken as 0.3 mm by considering the 
filament winding technique that will be used in the 
production. 
 

Table 1: Shaft Models 

 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092, Volume- 4, Issue-4, Apr.-2016 

An Analytical And Numerical Study On The Analysis Of A Composite Drive Shaft Tube 
 

83 

 
 
The reason for considering various kinds of stacking 
sequences is to determine the filament winding 
configuration corresponding to higher strength, 
bending stiffness and critical buckling torque. In 
general, a filament winding angle of 00 (parallel to the 
shaft axis) could be used for increasing the bending 
stiffness consequently natural bending frequency, 450 
could be used for maximum torsional stiffness and 
strength, and 900 could be used for increasing critical 
buckling torque; however a filament winding angle of 
300 is used instead of 00 because it is the minimum 
possible angle during the production using filament 
winding method. 
The material properties are needed for the analysis. 
The density of the composite material is determined 
by using ASTM D 792-08. The densities of the eight 
specimens are measured and an average value is 
calculated for this purpose. The mechanical 
properties are obtained by performing tension, 
compression and shear tests based on the standards. 
The material properties obtained from the density 
measurement and coupon tests are used in the 
analyses and they are shown in Table 2. 
The free vibration frequencies for the simply 
supported end condition, Tsai-Wu failure index and 
critical buckling torque are calculated using the 
analytical method and they are given in Table 3.  
 

Table 2: Material Properties 

 
 

Table 3: Analytical Results of Shaft Tube 

 

The Tsai-Wu failure index is lower than two for the 
preliminary models as shown in Table 2. The 
necessary number of layers are calculated based on 
the simple expression as shown below, 
 
n = 	 	 	

	 	 	 	
	x	n (B1, C1)     (6) 

 
The comparisons between the models indicate that 
Tsai-Wu first ply failure index and the free vibration 
frequency play a key role on the design. All models 
can be used considering their critical buckling torque. 
Among the models, C3 could be proper selection 
considering its both free vibration frequency and 
Tsai-Wu first ply failure index. The stress distribution 
along the thickness of C3 model is represented in 
both global coordinate system (x-y) and the local 
coordinate system (1-2) in Fig.1 – Fig.6. The stress 
level only depends on the fiber orientation angle as 
expected. The stress in x-direction for the first three 
and the last three layers are higher than the stress 
level for the other layers. This is because the first 
three and the last three layers have a fiber orientation 
angle of 30o which is creating higher stiffness 
compared to the stiffness of the remaining layers with 
45o fiber orientation angle. 
 

 
Fig.1. Normal Stress (σx) Distribution through Thickness 

 

 
Fig.2. Normal Stress (σy) Distribution through Thickness 
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Fig.3. Shear Stress (τxy) Distribution through Thickness 

 

 
Fig.4. Normal Stress (σ1) Distribution through Thickness 

 

 
Fig.5. Normal Stress (σ2) Distribution through Thickness 

 

 
Fig.6. Shear Stress (τ12) Distribution through Thickness 

 
The static torsion analysis of the composite tube is 
achieved by using ABAQUS finite element software. 
The stress distributions over the shaft tube for the 
layer 67 which has the minimum Tsai Wu first ply 
failure index are shown in the local coordinate system 
in Fig.7. 

 
Fig.7. Stress Distribution Along the Tube Axis 

 
At the top-left it is seen that the normal stress 
distribution in direction 1 for inner surface of the 
layer 67 and at the top-right it is seen that the normal 
stress distribution in direction 1 for outer surface of 
the layer 67. At the mid-left it is seen that the normal 
stress distribution in direction 2 for the inner surface 
of the layer 67 and at the mid-right it is seen that the 
normal stress distribution in direction 2 for outer 
surface of the layer 67. At the bottom-left it is seen 
that the shear stress distribution in direction 1-2 for 
the inner surface of the tube and at the bottom-right it 
is seen that the shear stress distribution in direction 1-
2 for outer surface of the layer 67. There are slight 
differences occur between the inner and outer 
surfaces because of the curvature effect. 
The stress components and Tsai-Wu first ply failure 
index for the layer 67 obtained from finite element 
analysis are given for the C3 model in Table 4. The 
analytical prediction is found to be higher than the 
finite element result. This difference is because of the 
curvature of the tube which is not taken into account 
in the analytical model.  

 
Table 4: Comparison of the Results 

 
 
The 3D model of the shaft tube for the modal analysis 
created by using ABAQUS is shown in Fig. 8. The 
ends of the tube is kept free. The modal analysis is 
performed and the first five modes of the composite 
tube are obtained using the finite element method and 
they are shown in Fig. 9. 
The free vibration frequencies are given in Table 4. It 
is seen that the first two modes are bending vibration, 
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the third one is the axial vibration, the fourth one is 
the bending and the last one is the torsional vibration 
mode. The smallest frequency which is also 
fundamental frequency is found to be 120.85 Hz. The 
modal tests are usually performed for the free-free 
end conditions for the drive shafts, however the end 
conditions are close to the simply supported case on 
the vehicle. Therefore, both the free vibration 
frequencies for the simply supported end conditions 
obtained by using analytical method and the free 
vibration frequencies for the free-free end conditions 
obtained by using ABAQUS finite element software 
should be considered in the design. 

 
Fig.8. Modal Analysis ABAQUS Model 

 

 
Fig.9. Modes of the Composite Tube 

Table 4: Frequency Values 

 
 
CONCLUSION 
 
The composite drive shaft for heavy weight 
commercial vehicles are designed. The Tsai Wu first 
ply failure index, free vibration frequencies and the 
critical buckling torque are taken as the design 
considerations and a Matlab code is written to 
calculate them. The composite shaft tube is also 
modeled by using the finite element method and the 
Tsai Wu first ply failure index and the free vibration 
frequencies and modes are obtained using the finite 
element method. It is seen that the selecting different 
stacking sequences gives different designs that can be 
used for the composite shaft tube. Among them, the 
C3 model is found to be the proper selection. The C3 
is also modeled by using the finite element method. 
The analytical method could be used in the 
preliminary design. Using the analytical method 
saves time during the design. The analytical method 
presented here could be improved to take the 
curvature effect into account. These will be the 
subject of future studies.  
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