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Abstract. Nowadays, there is a great demand for technical solutions, which is the main reason why individual 

components have to be designed for limited weight, size minimization, accuracy and cost reduction. Weight reduction, 

utilizing less expensive materials, increasing the strength, etc. have always been desired in designing different mechanical 

structures. This factor is also related to car body design. The trend is to create them from a variety of composite 

materials, where great emphasis must be placed on choosing the material as well as correctly determining the type of load 

and boundary conditions. As a result, many optimization theories are used for composite materials. The basic factor is the 

failure theory based on failure criteria. Based on these trends, we can see a great progress in the car body design, which 

also helps to increase the overall performance of vehicles. In this paper strength-based criteria are used in FEA to predict 

failure events in composite formula nose. Finite element software Altair HyperWorks was used in present study. 
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INTRODUCTION 

Nowadays, classic materials are gradually replaced by composite materials. Fiber reinforced polymers (FRP) are 

most commonly used materials in various fields of industry. In the recent years quickly developing industries such 

as aerospace, ship and car industry almost completely rely on composite materials, especially on layered polymers 

reinforced with glass, aramid or carbon fibers and sandwich constructions consisting of FRP coatings with a foam 

core. Such constructions offer high strength at low weight, which considerably improve their performance (higher 

loading capacity, lower fuel consumption, etc.) especially in ship and aerospace industry [1, 2].   

Recently, composite materials have been used in the production of racing car bodyworks. It helps to reduce 

weight and supports the overall performance of the vehicle. The bodywork creates an aerodynamic cover on the car 

and it is considered as an aesthetic element. Great emphasis is placed on its design because overall performance of 

the vehicle is greatly increased due to its aerodynamic properties. On the one side is an effort to reduce an air 

resistance but on other side is necessary to distribute lift force along the whole vehicle.  

The first step of designing of car bodywork is to create CAD model. The next step is to prepare its mathematical 

model based on geometry. The first computations always focus only on one part of the body (nose, front wing, side, 

rear wing and other parts). In this step, only aerodynamic loading without reinforcement is considered on geometry. 

The designer also determines the material and in this case the approximate number of lamina layers.    

Composite material is very good for this use because it is not necessary to provide high strength in all direction 

of tension. It also has the advantage of high formability in production and is ease to adjust.      
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DESCRIPTION OF PROBLEM AND MODELLING APPROACH 

At first the loads on the formula nose were determined from the statistically most common formula velocities 

[3]. These loads were calculated by the equation for computation of drag force (1). At 100 km / h the drag force is 

161 N, at 120 km/h the drag force is 232 N and at 150 km/h it is 363 N which are shown in Tab.1. In calculation was 

used drag coefficient 0.48, which was determined in previous researches. The air density is 1.2021 kg/m3 at 20 °C. 

Area A was calculated from finite element mesh in FEM software Altair Hyperworks and its value is 0.72 m2. 

 𝐹𝐷 =
1

2
𝐶𝐷 ∙ 𝜌 ∙ 𝐴 ∙ v2  (1) 

TABLE 1. Drag force depending on velocity 

Velocity [km/h] Drag force [N] 

100 161 

120 232 

150 363 

  

𝐹𝐷 is the drag force, 𝜌 is the density of the fluid, v is the speed of the object relative to the fluid, 𝐴 is the cross 

sectional area, and 𝐶𝐷 is the drag coefficient – a dimensionless number. Fig.1 shows the drag force and its effect on 

the front of the vehicle. 

 

 

FIGURE 1. Principle of aerodynamic drag loads to the vehicle 
 

Then the geometry was created in CAD software Solid Edge Premium. The design was based on geometric 

requirement, aesthetic appearance and functionality. In this case is considered only nose of bodywork. The geometry 

of nose of body is shown in Fig.2 and Fig.3 shows defined boundary conditions in Altair Hyperworks. On the top of 

nose was applied load from aerodynamics force and on the bottom were removed all degrees of freedom. 

 

 

 

FIGURE 2. Nose of bodywork FIGURE 3. Boundary conditions 
 

The body was considered as a shell without supporting by the vehicle frame and the other parts. In composite 

shells, the plies are assumed to be laid in layers parallel to the middle plane of the shell. Each layer may have a 

different thickness and different orientation of fiber directions. 
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Initial failure of layer within the laminate of a composite structure can be predicted by applying an appropriate 

failure criterion or first-ply failure theory. Failure modes in laminated composite panels are strongly dependent on 

ply orientation, loading direction and panel geometry [4]. 

Several failure theories have been developed to study failure envelopes of composite laminates. Some of these 

models (maximum stress theory, maximum strain theory) are based on pure comparison of observed stresses/strains 

in the laminate with their respective allowables. Other models such as Hill’s theory, Tsai-Wu theory, and Hoffman’s 

theory consider interaction of longitudinal/transverse stresses/strains to predict the failure envelope. To facilitate 

prediction of potential failure of the laminate, failure indices are calculated for plies and bonding material. 

 

 𝐹𝑖𝑛𝑑𝑒𝑥 =
𝑠𝑡𝑟𝑒𝑠𝑠

𝑠𝑡𝑟𝑒𝑛𝑔𝑡ℎ 
 (2) 

 

Failure is predicted when IF > 1. For FEM analysis was used Tsai-Wu theory of ply failure [5,6]. 
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𝑆2 + 2𝐹12𝜎1𝜎2 (3) 

 

Where, 𝐹12 is a factor which is determined experimentally, where  𝑋𝑡 , 𝑋𝑐 , 𝑌𝑡 , 𝑌𝑐, are tensile and compressive stresses, 

S is the allowable in-plane shear stress, 𝜎1 is the stress in the 1-direction, 𝜎2  is the stress in the 2-direction and τ12 is 

the shear stress in 1-2 plane. The six material constants in the Tsai-Wu criterion require two tests (tension and 

compression) in the fiber direction, two similar tests normal to fibers, an in plane shear test, and a biaxial normal 

load test. 

According to Maximum stress theory the failure index is defined as 

 

 𝐹𝑖𝑛𝑑𝑒𝑥 = 𝑚𝑎𝑥 {

𝜎1 𝑋𝑡 if  𝜎1 > 0   𝑜𝑟 −𝜎1 𝑋𝑡  if  𝜎1 <  0 ⁄⁄

𝜎2 𝑌𝑡  ⁄ if  𝜎2 > 0  𝑜𝑟 −𝜎1 𝑌𝑡  if   𝜎2 <  0 ⁄

𝑎𝑏𝑠 (𝜎6)/𝑆
 (4) 

 

The material of present composite is AS4D/9310 quasi-isotropic laminate. 

 
TABLE 2.  Material properties of AS4D/9310 

𝐸11 

[GPa] 

𝐸22 

[GPa] 

𝜈12 

- 

𝐺12 

[GPa] 

𝐺13 

[GPa] 

𝐺23 

[GP] 

ρ 

[kgm-3 

𝑋𝑇 

[MPa] 

𝑋𝐶 

[MPA] 

133.86 7.706 0.30 4.306 4.306 2.76 1520 1830 1096 

 
continue Tab. 3 Material properties of AS4D/9310K 

𝑌𝑇 

[MPa] 

𝑌𝐶  

[MPa] 

𝑆𝐿 𝑆𝑇 

57 228 141 71 

 

For the calculation of failure index has been used laminate (lay-up): [0/90/45/−45]s with single layer thickness 

 t = 1.25 mm.  

NUMERICAL RESULTS 

The simulations was made in the FEM software Altair Hyperworks. There were compared the number of 

laminate layers (6 layers, 8 layers and 10 layers) with respect to the calculated value of the strength and velocity of 

the formula nose.  

Tab. 3 summarize failure index and composite strength in all layers of laminate with 8 layers. In Fig. 4 to Fig. 7 

are shown results of simulation for layer 8 (last row in tab. 3), where 𝐹𝑖𝑛𝑑𝑒𝑥 = 0.949 for maximum stress criterion 

and 𝐹𝑖𝑛𝑑𝑒𝑥 = 1.056 for Tsai-Wi criterion. This is just one case where the failure index is 𝐹𝑖𝑛𝑑𝑒𝑥 > 1. For different 

number of layers ( 6 or 8) and different velocities  (100, 120) there are more cases when 𝐹𝑖𝑛𝑑𝑒𝑥 > 1. 
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TABLE 3. Failure index and strength in layers for criterium Maximum stress and Tsai-Wu. 

Layer Maximum stress Tsai – Wu 

  If R If R 

1 0° 0.6717 439.3 0.6658 521.3 

2 90° 0.6485 457.2 0.6553 334.4 

3 45° 0.6846 824.2 0.6898 830.1 

4 -45° 0.6656 835.2 0.6278 885.4 

5 -45° 0.6500 806.6 0.6352 908.5 

6 45° 0.7039 738.3 0.7368 850.8 

7 90° 0.7465 561.4 0.8907 414.9 

8 0° 0.9049 726.6 1.056 819.8 

 

 

FIGURE 4.  Contour plot of composite failure index in ply8 - maximum stress criterion 

 

 

FIGURE 5.  Contour plot of composite strength in ply8 – maximum stress criterion 
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FIGURE 6.  Contour plot of composite failure index in ply8 – Tsai-Wu 

 

 

FIGURE 7.  Contour plot of composite strength in ply8 – Tsai-Wu 

 

Tab.4 summarize maximum von Mises stress for different velocities and different number of layers. Fig. 8 and 

Fig. 9 shows the contour plot of displacements and von Mises stresses in the whole composite structure.   

TABLE 4.  Maximum von Mises stresses.  

Velocity [km/h] Drag force [N] 
Maximum stress 

 6 layers [MPa] 

Maximum stress  

8 layers [MPa] 

Maximum stress 

10 layers [MPa] 

100 161 471.1 288.2 232.1 

120 232 608.3 325.5 290.4 

150 362 1332.2 798.5 619.1 

 

 

FIGURE 8. Contour plot of displacements in the whole composite structure 
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FIGURE 9. Contour plot of Von Mises stress in the whole composite structure 

CONCLUSION 

In this paper for calculation the failure index 𝐹𝑖𝑛𝑑𝑒𝑥  the commercial software Hyperworks software was used. 

The results from maximum stress failure criterion and the Tsai-Wu criterion was compared.  The calculated values 

took into account the number of laminate layers and the velocity of the formula nose. Simulations were performed 

for 3 different velocities ( v = 100, 120, 150 km/h). Due to the varying velocity of the nose of the formula we found, 

higher stress loads occurred at 150 km/h. In order to avoid possible damage to the material or high tension were 

chosen the 8-layer laminate nose of the formula.  

 

ACKNOWLEDGMENTS 
The authors gratefully acknowledge for support the Slovak Grant Agency VEGA  1/0595/18. 

REFERENCES 

1. E. J. Barbero, E.J. Introduction to Composite Materials Design (Boca Raton: CRC Press, 2011). 

2. M. J. Hinton, A.S. Kaddour, P. D. Soden, Failure criteria in fibre reinforced polymer composites: the world-

wide failure exercise, (Elsevier, 2004). 

3. G.K. Batchelor, An Introduction to Fluid Dynamics (Cambridge University Press, 1967). 

4. B.W. Rosen, “Mechanics of composite strengthening fiber composite materials” in Am. Soc. Metals Seminar, 

(Metals Park 1965), pp. 37–75. 

5. R. Talreja and C.V Singh, Damage and Failure of Composite Materials (Cambridge University Press, 2012), 

pp. 22-23. 

6. Christensen, R. M., 2013, The Theory of Materials Failure (Oxford University Press, 2013). 

020017-6


