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Abstract 

Vehicle crashworthiness refers to proper designing of the vehicle structure to 

reduce the risk of death and injury during the vehicle accidents. In the recent 

years, due to the enforcement of new EU normative, the interest of all the car 

manufacturers in producing lightweight vehicles is progressively increased as the 

combustion engine optimization has already used most of the improvements they 

had and the residual ones are becoming more and more difficult and costly. Based 

on this auto industryôs interest, lightweight materials such as composite have 

absorbed lots of attention due to their superior characteristic of high stiffness to 

weight ratio.  

In this thesis, efforts have been made to present a broad research on the light-

weight design of vehicle roof panel for stiffness and crash analyses. The first part 

of the analyses belongs to the vehicle chassis static and dynamic stiffness analyses 

via the finite element code with the specific focus on substituting the steel roof 

panel with the lightweight materials of aluminum and composites. The structural 

response of the vehicle roof panel, made of different solutions, in full frontal crash 

with respect to NHTSA standard has been investigated at the second step. The 

effects of increasing the vehicle roof panel thickness at the both steps have been 

tested and compared for different solutions. At the third step an innovative design 

solution for the vehicle roof structure has been developed and tested in rollover 

crash analysis. In order to perform this task, After determining the performance of 

tubes made of steel, composite and composite foam-filled solutions under the 

three points bending test and proving the efficiency of composite-foam design; the 

same idea is implemented on the vehicle roof panel during the roof quasi-static 

crush test.  

Besides the composite solutions, the sandwich design consists of composite 

face-sheets and foam core are tested in the roof crushing test based on the FMVSS
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216 standard. After assessment of the sandwich roof panel in crushing test, the 

geometrical optimization of the foam core is implemented to determine the 

optimum design with respect to vehicle strength-to-weight ratio and mass 

reduction percentages. Besides different foam core configurations that have been 

tested, the final optimization have been implemented using the foam core with 

various densities and also the optimum face-sheets thickness has been determined. 

At the last chapter, challenges of vehicle composite roof panel assembly have 

been discussed. 

Results in the case of stiffness and frontal crash analyses at step one and step 

two proved that although the composite solutions have lower energy absorption 

capacity in comparison with the steel one, they have large contribution to the 

weight reduction of the vehicle roof panel and still stays in the acceptable range of 

structural performance. Using the new design of sandwich solutions in roof 

crushing test have proved that while theses designs have reduced the vehicle roof 

panel weight by 68%, they have the same structural performance as the steel 

solution and could be considered as interesting solutions. Evaluating the behavior 

of the vehicle roof structure made of different solutions with various 

configurations under distinct analyses of stiffness and crashworthiness will help to 

improve the vehicle roof structure performance.  
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Chapter 1 

Introduction 

1.1 Background 

Crashworthiness is the ability of a structure to protect its occupants during an 

impact. Crashworthiness analysis development of vehicles is divided into the two 

periods; the primary period from 1970 to 1985 and the second period from 1985 

up to now. The primary period was dedicated to enhance the understanding of the 

crashworthiness phenomena. The first numerical method applying the spring-mass 

technique was used to analyze the vehicle components during the deformation 

including buckling and folding [1, 2]. 

It has been reported that the first vehicle crash model related to modeling of 

the vehicle front structure to the rigid barrier using beam and spring elements 

through an implicit software [3, 4]. 

Necessity to developing model capable of analyzing the stiffness of different 

components of the vehicle with accuracy and in a short period of time lead the 

researcher to develop the explicit finite element models capable of solving 

complex vehicle components. This method was considered as a huge development 

in crashworthiness analysis for car manufacturers. 

Nowadays due to numerous restraints obligated by governmental 

organizations, vehicle manufacturers have to test their prototypes in different 

crash scenarios. While vehicles were only tested for frontal crash accident at the 
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first of numerical method development, today all car producers should test their 

vehicles through frontal, side, rear rollover etc. crash scenarios. 

[5] Reported that the first application of composite material in 

crashworthiness had been tested for helicopters and Formula 1 vehicles as in 

chassis designed by McLaren in 1980 [6]. From 1980 up to now many researches 

have been done on analyzing composite materials for crashworthiness 

applications. These materials due to their superior characteristics of low weight 

and high stiffness-to-weight ratio have been applied in many industries. 

1.2 Importance of crashworthiness and composite 

material 

Numerical crashworthiness analyses provide the opportunity to test the vehicle 

structure with respect to different dictated obligations. The analyses help to test 

the full vehicle model in different scenarios using different material solutions. 

Having modelled the vehicle structure with numerical methods will reduce the 

huge cost of vehicle crashworthiness testing while with accurate simulation 

obtaining good results close to the real experimental test is quite possible. 

Due to high interest of governments in using green materials to reduce the 

toxic gases emission, composite material can be a complete substitution for the 

traditional solutions such as metallic structures. In this thesis, it will be proved 

that using these materials along with the proper design of the structure will 

increase the energy absorption capacity of the vehicle structure and control the 

dissipated energy during the crash occurrence while reducing the vehicle 

components mass considerably.    

1.3 Problem statement 

A recent trend for auto industries is to produce lighter and lighter vehicles. In the 

near future vehicles have to be lighter to match requests about lower fuel 

consumption and CO2 emissions, but at the same time provide maximum 

passenger safety. One way to decrease fuel consumption is through lightweight 

construction, but this should not cause any change in the safety of vehicle 

occupants. Vehicle bodies until now have consisted largely of a homogenous 

sheet steel structure with constant component sheet thicknesses, now the use of 

lighter materials such as aluminum and composites can be the alternatives for 

traditional steel. The use of these alternative materials asks for appropriate 

redesign of the structure.   
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1.4 Aims and objectives 

In these researches the behavior of vehicle body when parts of the structure, 

specifically roof panel, redesigned with steel, aluminum, composites and 

sandwich materials has been investigated during the different scenarios of 

stiffness and crashworthiness analyses. The main objectives of the thesis are: 

 

1) To study and improve the contribution of light-weight vehicle roof panels 

made of aluminum and composite materials to the vehicle chassis static 

and dynamic stiffness and present a method to optimize the panel 

thickness improving the roof panel structural efficiency. 

2) To investigate the detailed response of vehicle roof structure regarding to 

applying metallic and light-weight solutions during the vehicle frontal 

crash and study the effects of panel thickness optimization on the response 

of the roof panels. 

3) To develop an innovative design configurations made of composite and 

sandwich materials for the vehicle roof panel in the rollover crash test 

reducing the vehicle roof structure weight and providing maximum 

structural efficiency which is comparable to the steel solution. 

1.5 Overview of the thesis    

The overall methodology of the research is presented in Figure 1.1; Chapter 2 is 

dedicated to present the broad overview of using different types of light-weight 

materials in automotive industry. After interpreting the characteristics of light-

weight steels, aluminum and magnesium, thermoplastics and thermosets, the 

advantages of the above-mentioned materials will be discussed. Finally a short 

comparison review of composite material properties to other solutions with 

respect to elastic modulus, density, strength, stiffness and cost will be presented. 

Interpretation regarding to different composite manufacturing process anther 

advantages are presented at the last section of this chapter. 

Chapter 3 generally belongs to presenting the information and regarding to 

vehicle crashworthiness assessment and behavior of composite material during 

crashworthiness. Having discussed the different types of vehicle standard safety 

tests, interpretation regarding to the most common vehicle structure collapse 

modes and the testing methods will be presented. The most important structure 

energy absorption metrics will be studied at the next section. Different types of 

composite material failure modes during the loading will be discussed and the 

parameters that affect the energy absorption of composite structure will be studied 

thoroughly. Finally theories related to different formats of Hookeôs law for 

isotropic and non-isotropic materials will be presented and at last the most usual 
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Figure 1.1: Methodology flowchart  
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theories of studying the composite material failure will be discussed. 

Chapter 4 is presenting the first part of the research results regarding to 

comparison of the vehicle roof panel made of different solutions at stiffness 

analysis. At the first step, the benchmark of typical sedan roof panel will be 

developed with respect to the most important factors of designing automotive 

panels based on the primary and modified thicknesses of panels. After introducing 

the general framework for estimating the vehicle chassis bending and torsion 

stiffness value, load path analysis using the simple structural surfaces (SSSs) 

model during the bending and torsion loads will be discussed theoretically. In 

order to calculate the vehicle dynamic and static stiffness, the chassis of four-door 

sedan car (TOYOTA YARIS 2010) is developed using different material solutions 

for the roof structure. Different LS-DYNA material models for designing the 

composite structure will be introduced and compared and the complete procedure 

for modeling the composite roof structure will be described. Results related to 

load path analysis of the chassis during the bending and torsion loads obtained 

from SSSs and finite element method will be compared at the next step. After that 

vehicle stiffness results regarding to applying different material solutions for 

vehicle roof structure will be presented. As the last step results regarding to effect 

of increasing the composite layer thickness on the chassis stiffness values will be 

discussed. 

In chapter 5 light-weight design of vehicle roof panel at frontal crash analysis 

with respect to different material solutions will be studied. The behavior of the 

vehicle roof structure though the frontal crash will be studied completely and the 

section forces and section displacements of vehicle roof structure with respect to 

different material solutions will be obtained and compared. The roof structure 

internal energy dissipation will be calculated and compared as a merit for energy 

absorption capacity.as the last step effect of increasing the roof panel thickness on 

energy absorption will be studied and results will be presented. 

In chapter 6 an innovative design solution for the vehicle roof structure will 

be developed and tested in rollover crash analysis. After presenting the extensive 

theoretical interpretation related to modeling the failure of metallic, composite 

and sandwich structures in ABAQUS, the progressive failure analysis of thin-

walled tubes made of steel, composite and composite foam-filled materials have 

been done through the three-points bending test. Modes of tubes deformation and 

failure have been presented for different solutions and energy absorption capacity 

of the tubes will be presented and compared by means of load-displacement 
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curves. After proving the efficiency of composite-foam design; the same idea will 

be implemented on the vehicle roof panel during the roof quasi-static crush test. 

The sandwich solutions will be designed and tested in the vehicle roof structure 

and the energy absorption capacity will be compared with the traditional 

solutions. The effect of using the sandwich core with higher density and 

increasing the sandwich face-sheets thickness will be discussed completely and 

the results will be presented. 

In chapter 7, challenges of vehicle composite roof panel assembly in the 

production line have been discussed and at chapter 8 the overview of the 

conclusions and findings through the research will be presented once again. 
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Chapter 2 

Light -weight Materials for 

Automotive Industry  

2.1 Introduction  

Nowadays, light-weight design has absorbed attentions in automotive industry due 

to its beneficial impacts such as reducing fuel consumption and CO2 emission. In 

this chapter, the most important light-weight materials which are applicable to 

automotive industry will be pointed out; however the main focus in this thesis is 

on using metallic, composite and sandwich solutions. In USA, the average fuel 

economy is reported by the Corporate Average Fuel Economy (CAFE) standard, 

which measures the average fuel consumption expressed in miles per gallon 

(mpg); 1 mile per gallon equals to 0.43 km/liter. The history of vehicle weight 

changing is presented in Table 2.1 [1]. After decreasing the vehicle weight in 

1986, adding additional parts to newly designed vehicles increased vehicle 

weight. For passenger cars, the CAFE standard increased from 18 mpg in 1978 to 

27.5 mpg in 2009. It is predicted to increase the CAFE standard to 35 mpg in 

2020. It is estimated that for every 10% reduction in vehicle weight, fuel 

consumption is reduced by 5 to 8% [1]. Reducing vehicle weight leads to decrease 

the power needed for acceleration and braking that creates an opportunity to 

design smaller engine, transmission and braking systems. Besides the fuel 

consumption, reducing vehicle weight causes greenhouse gases emission; 

reducing vehicle weight by 100 kg results in CO2 reduction up to 12.5 g/km.  
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Table 2.1: US cars Average vehicle weights [1] 

Year Vehicle (curb) weight 

 kg lb 

1976 1839 4059 

1986 1385 3057 

1996 1600 3532 

1999 1683 3716 

2002 1742 3846 

2004 1820 4018 

2007 1775 3918 

 2009* 1701 3755 

 2015* 1631 3600 

                    *Forecast 

The global passenger automobile raw materials demand is presented in Figure 

2.1. Today steel has the major part of materials used in vehicles as shown in Table 

2.2 [2], so substituting steel with another materials needs to consider design 

characteristics, formability, corrosion, joining, cost and recycling of the 

alternative material. Properties of different materials applicable in vehicle 

structure and design are presented in Table 2.3 [2]. There are different materials 

available which can be good substitutions to the metallic structure such as high-

strength steels, aluminum, magnesium and composites that will be presented in 

the next section.  

 

Figure 2.1: Global estimated materials for automotive industry 

(http://www.transparencymarketresearch.com) 
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Table 2.2: Material distributions in typical automobiles [2] 

  

 Material  

 

 

Percentage of  

vehicle weight 

 

Major areas of application 

 

Steel 

 

55 

Body structure, body panels, engine and 

transmission components, suspension 

components, driveline components 

 

Cast iron 

 

 

9 

Engine components, brakes, suspension 

Aluminum  8.5 Engine block, wheel 

Copper 1.5 Wiring, electrical components 

 

Polymers (plastics) and 

polymer matrix composites 

 

 

9 

Interior components, electrical and 

electronic components, under-the hood 

components, fuel line components 

Elastomers 4 Tires, trims, gaskets 

Glass 3 Glazing 

Other 10 Fluids, lubricants, etc. 

 

Table 2.3: Comparison of material properties used in vehicle [2] 

 

 

Material  

 

Density ( 

ɟ) 

(g/cm3) 

 

Tensile 

modulus 

(E) 

(GPa) 

Yield 

strength 

(Sy) 

(Mpa) 

 

Tensile 

strength 

(St) 

(MPa) 

Coeff. Of 

thermal 

expansion 

(10-6/0C) 

DQ Low carbon steel 7.87 207 186 317 11 

DP 400/700 Steel 7.87 207 400 700 11 

TRIP 450/800 Steel 7.87 207 450 800 11 

5182-H24 Aluminum 2.7 70 235 310 23 

6111-T62 Aluminum 2.7 70 320 360 23 

AZ91 Magnesium 1.8 45 160 240 26 

Ti-6Al-4V Titanium 4.43 114 827 896 9 

304 Stainless steel 7.9 200 241 614 17 

Nitronic 30 stainless steel 7.86 193 393 862 16 

High strength CFRE 

(unidirectional) 

1.55 138 - 1550 - 

High modulus CFRE 

(unidirectional) 

1.63 215 - 1240 -0.9 (L)  

27 (T) 

GFRE (unidirectional) 1.85 39 - 965 6 (L) 

19 (T) 

CFRE (quasi-isotropic) 1.55 45.5 - 579 0.9 

Sheet molding compound 

(SMC-R50) 

1.87 16 - 164 14.8 

L is the longitudinal direction and T is the transverse direction 
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2.2 Lightweight steels in automotive industry  

Several types of steel used in automotive industry to reduce mass and improve 

energy absorption in crash events as presented in Table 2.4 [2]. These steels are 

divided into three categories of low carbon and conventional types of high 

strength steels (HSS), first generation of advanced high strength steels (AHSS) 

and the third category consists of the second generation of AHSS.  

For a long time, low carbon steels were the most common steels used in 

vehicle body panels and structural components due their superior characteristics 

of formability, weldability, high quality appearance after painting, ease of 

manufacturing and low cost. High strength low alloy (HSLA) steels are used for 

load carrying structural parts for which good weldability is needed. These steels 

use to produce as motor compartment rails, rocker side panels and rear 

longitudinal rails due to their good formability, high strength and affordable cost. 

Table 2.4: Steels used in automotive industry [2] 

Low carbon and conventional high strength steels (HSSs) 

Low carbon steels (LC) 

Solid solution strengthened (SSS) 

Bake hardenable (BH) 

High strength low alloy (HSLA) 

First generation advanced high strength steels (AHSSs) 

Dual phase (DP) ï ferrite/martensite 

High hole expansion (HHE) ï ferrite/bainite 

Stretch flangeable (SF) 

Transformation induced plasticity (TRIP) 

Complex phase (CP) 

Fully martensitic (MS) 

Boron heat treatable steels 

Second generation advanced high strength steels 

Twinning induced plasticity (TWIP) 

Lightweight steels with induced plasticity (L-IP) 
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The term Advanced High Strength Steels (AHSS) generally refers to a wide 

range of steel grades that are part of the first generation of AHSS. This type of 

steel has other phases except ferrite which has changed its material mechanical, 

forming and even energy absorbing properties. Among all AHSS steels dual phase 

steels are the most commonly used in automotive applications. Twinning Induced 

Plasticity (TWIP) steels and Lightweight Steels with Induced Plasticity (L-IP) are 

the latest generation of Advanced High Strength Steels designed to provide the 

combination of very high tensile strengths and exceptional ductility. This steel 

generation consists of a face centered cubic austenite structure that is obtained 

through the use of very high levels of manganese. Strength comparison of HSS, 

first and second generations of advanced high strength steels is presented in 

Figure 2.2. The second generation of AHSS hugely increases the ductility to 

tensile strength ratio of steel in comparison with the conventional steel [2]. 

In order to fill the gap in strength/ductility ladder between the first and second 

generations of AHSS and propose the more cost of effective choice of AHSS, 

American Iron and Steel Institute (AISI) developed the third generation of steels. 

The comparison of strength/ductility ladder is presented in Figure 2.3 for the third 

generation of AHSS [2]. 

 

Figure 2.2: Automotive steel strength/ductility ladder [2] 
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Figure 2.3: Strength/ductility for the third generation of AHSS [2] 

2.3 Aluminum alloys in automotive industry 

Aluminum with the density of 2.69 g/cm3 and high deformability can be a good 

substitution for steel in automotive industry. Although the aluminum modulus of 

elasticity is low (69 GPa) in compare with that of steel (210 GPa), high 

deformability of aluminum alloys makes it possible to produce them in various 

forms of castings, extrusions, stampings, forgings, impacts, and machined 

components. Parts produced by casting and extrusion consolidate the product final 

form and this reduces the number of components necessary to produce a vehicle.  

Figure 2.4 shows that North American automotive industries increased the 

usage of aluminum materials in vehicles from 36 kg in 1973 to 147 kg in 2007 [3-

5]. Almost 100% of transmission cases, 60% of engine blocks and 60% of wheels 

are made of aluminum alloys. 
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Figure 2.4: History of vehicle aluminum content in North America [3-5] 

Applications of aluminum alloys in a typical automobile, without 

consideration of body design, are shown in Figure 2.5 [6]. Aluminum has a wide 

range of applications in vehicle body, as an example Audi built the R8 sport car 

made of full aluminum chassis with the weight of 210 kg and high torsional 

rigidity as shown in Figure 2.6 [7]. 

 

Figure 2.5: Automotive application of aluminum alloys [6] 
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Figure 2.6: Audi R8 aluminum frame [7] 

Although aluminum is a suitable alternative for steel but subtitling this 

material needs careful investigation in terms of design and applications in 

automobile. Parameters such as flexibility of design, light weighting efficiency, 

crashworthiness, manufacturing cost, maintenance cost, repair requirements and 

recyclability should be considered before substituting aluminum for any steel part 

[8]. Before considering aluminum as an alternative for steel it is necessary to 

compare their properties and characteristics as following [9]:  

× Aluminum density is one-third that of steel. 

× Aluminum elastic modulus is one-third that of steel. 

× Aluminum hardness is lower than steel. 

× Aluminum alloys specific fatigue strength, the highest stress that a 

material can withstand for a given number of cycles without breaking ð

called also endurance strength, is about one-half that of steel. 

× Aluminum alloys thermal expansion coefficient is about 1.5 times greater 

than that of steel. 

× Ductility, as measured by % elongation of aluminum alloys in the 

annealed condition, is about two-thirds less than that of annealed low 

carbon steel. 

× Aluminum alloy sheet formability is lower than that of annealed low 

carbon sheet steel. 
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× Aluminum alloys can be used down to cryogenic temperatures without 

loss of ductility, while carbon steels suffer from embrittlement at low 

temperatures. 

× Steel is strain rate sensitive while aluminum alloys are not. 

× Unlike steel, aluminum and aluminum alloys are non-magnetic. 

× Aluminum thermal and electrical conductivities are about four times that 

of steel. 

× Damping characteristics of aluminum alloys and steel are similar. 

× Corrosion resistance of aluminum is much higher than that of steel. 

× Aluminum alloys can be used unfinished in many applications while steels 

require paint to prevent corrosion. 

× Aluminum is harder to weld than steel. 

× Recycling value of aluminum is higher than that of steel. 

2.4 Magnesium alloys in automotive structures 

The density of magnesium is 1.74 g/cc, which is one-third that of aluminum (Al) 

and less than one-fourth that of steel; magnesium is less dense than most glass 

fiber-reinforced automotive polymers while it has equal density to carbon fiber 

composites, although magnesium alloys can cost considerably less. The 

advantages of magnesium as a structural material are presented in Table 2.5 [10]. 

 

Table 2.5: Magnesium applications in non-automotive industry [10] 

Military and Aerospace Consumer products 

Aircraft air frames 

Engines 

Transmission cases 

Missile skins and frames 

Electronic housings 

 

Power tools 

Cameras 

Hand luggage 

Appliance parts 

Cell phones 

Portable computers 
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Due to high chemical reactivity of magnesium, it has a major role in non-

automotive industries such as organic chemistry, pharmaceuticals, and 

electrochemical industry. Few applications of magnesium in non-automotive are 

presented in Table 2.6 [11].  

Table 2.6: Property advantages of magnesium [11] 

Property Advantage 

Specific strength 

 

 

 

      Specific stiffness 

 

           

Fluidity  

 

 

Hot formability  

 

 

Machining 

 

 

Damping 

 

 

Low temperature 

properties 

-Magnesium has a specific strength that is similar to 

cast iron, and similar or greater than many traditional 

automotive aluminum alloys and thus can provide 

more mass reduction relative to aluminum. 

-Magnesium has a higher specific stiffness than many 

polymeric materials and composites, thus allowing 

improved mass reduction. 

-The relatively high fluidity of magnesium allows 

extremely thin walled castings (1.5 mm), which 

enhances mass reduction opportunities. 

-Wrought magnesium can be formed into very 

complex shapes using elevated temperature forming 

processes. 

-Machining tools last longer with magnesium than 

aluminum, reducing costs. The only issue is added 

care required with machining chips. 

-Magnesium alloys have excellent damping 

capability compared with other materials making 

them attractive 

-Magnesium does not exhibit a brittle to ductile 

transition so it can be used at very low service 

temperatures 

 

Although magnesium is not a popular material for automotive industry, few 

applications of this material is shown in Figure 2.7. 
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Figure 2.7: Magnesium applications in automotive industry during history [2] 

2.5 Thermoplastics and Thermoset for lightweight 

automotive structures 

Polymers are divided into two main categories; thermoplastics and thermosets. 

Thermoplastics are a class of polymers that can be softened and melted when they 

are heated. This is in contrast to the thermosets which cannot be melted by 

heating. Besides the higher recyclability of thermoplastics, they have higher 

ductility and impact resistance than thermosets along with lower production time. 

Thermoplastics are used in automobiles structure to satisfy many needs as shown 

in Table 2.7 [12, 13]. 

Thermoset polymer due to its lower viscosity than thermoplastic has the 

possibility of combining with long and continuous fibers to produce composite 

structures with high strength. These composite structures are widely found in 

vehicle parts such as bumper beams, fenders, hoods, roof panels, radiator 

supports, deck lids and exterior and interior body components. 
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Table 2.7: Material properties of thermoplastic polymers used in automobile [12, 13] 

 

 

2.6 Composite materials 

2.6.1 Introduction  

Composites are the materials consist of different materials with various properties. 

The goal is that the composite material improve the defects of each constituent 

and creates new structure with better performance. The final product should be 

lighter along with higher strength. By weight, about 8% of todayôs automobile 

parts are made of composites including bumpers, body panels, and doors [14]. 

Composites consist of reinforcing phase and matrix as shown in Figure 2.8. 

The reinforcing phase provides the strength and stiffness. There are different 

fibers available at the market that the most common ones are carbon, glass and 

aramid. Comparison of typical stress-strain curve for composite fibers is shown in 

Figure 2.9 [15]. The reinforcement which is a fiber should be harder, stronger, and 

stiffer than the matrix. The continuous phase is the matrix, which is a polymer, 
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metal, or ceramic. Polymers have low strength and stiffness, metals have 

intermediate strength and stiffness but high ductility while ceramics have high 

strength and stiffness but are brittle. The matrix plays major roles such as 

maintaining the fibers in the proper direction and protecting them from abrasion. 

In polymer and metal matrix composites strong bond between the fiber and the 

matrix is formed in which the matrix transmits loads from the matrix to the fibers 

through shear loading at the interface. The goal to use ceramic matrix composites 

is to increase the toughness rather than the strength and stiffness; therefore a low 

interfacial strength bond is desirable [16]. 

 

Figure 2.8: Schematic of composite structure 

Detailed comparison of composite materials with metal and aluminum in 

terms of density, Youngôs modulus, specific strength and stiffness and cost are 

presented in Figure 2.10 [8]. It is observed that composite materials have higher 

production cost in compare with the other materials while they have lower density 

and similar strength and stiffness to metallic materials. 

 

Figure 2.9: Composite typical stress-strain diagram [15] 
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                  a. Elastic modulus vs. Density 

            

b. Strength vs. Cost 



2.6 Composite materials 21 

 

 

c. Stiffness vs. Strength 

Figure 2.10: Comparison of composite a. Elastic modulus vs. Density-b. Strength vs. 

Cost-c. Stiffness vs. Strength [8] 

 

Composite can use different formats of fiber reinforcement such as 

unidirectional fiber, fabric or woven format, short fibers, particulate and random 

fiber orientation as shown in Figure 2.11. 

 

Figure 2.11: Schematic of various formats available for the reinforcing fiber 
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2.6.2 Composite manufacturing processes 

Composite materials can be produced by different process such as hand lay-up, 

RTM, pultrusion, filament winding, SMC, BMC, etc. The production rate along 

with the applications of these processes are presented in Figure 2.12 [17]. The 

composite production processes are described in following: 

 

 

Figure 2.12: Comparison of composite production processes rate and applications [17] 

2.6.2.1 Hand lay-up 

Hand lay-up method is the simplest method in which reinforcing material and 

resin are laid into the mold and then compressed with the roller for the final shape. 

Using hand lay-up technique to manufacture composite materials has the 

advantages of low cost and possibility of producing small and large parts, while it 

has disadvantages of poor accuracy and high material waste. The schematic of 

hand lay-up process is shown in Figure 2.13. 
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Figure 2.13: Hand lay-up composite manufacturing 

2.6.2.2 Spray-up 

In this technique as shown in Figure 2.14 [18], spray gun is used to combine 

fibers and resin simultaneously in the mold. The process of spraying chopped 

fibers and resin, in place of mat type reinforcements, into an open mold resulting 

in a part with one finished surface is called Spray-up. This method has the 

advantages of higher output than hand lay-up and possibility of producing parts in 

different size. Although this technique has higher production rate, it needs higher 

initial investment, more emission and material waste.  

 

 

Figure 2.14: Hand lay-up composite manufacturing [18]  

2.6.2.3 Sheet Molding Compound (SMC) 

SMC (sheet molding compound) is a sheet of composites containing uncured 

thermosetting resins and short fibers and fillers. This composite consists of 

chopped glass fibers, fillers, additives, and polyester or vinylester resin. In this 

process, after all the ingredients of the resin paste are completely mixed, a resin is 
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placed on a polyethylene moving film through a metering device. Continuous 

strands of chopped glass fibers are dispersed over the moving resin paste and then 

another layer of resin paste is placed over dispersed fibers for good fiber 

combination. These polyethylene films remain until they are placed in a 

compression mold. Instead of glass fibers, carbon fibers or other fibers can be 

used. A heated compaction roller is then rolled up the complete sheet and then the 

sheet cut into any appropriate shapes suitable for shipping [19]. The schematic of 

SMC process is shown in Figure 2.15. 

 

 

Figure 2.15: Sheet molding compound (SMC) composite manufacturing [19] 

2.6.2.4 Bulk Molding Compound (BMC) 

Bulk molding compound (BMC), which is also known as dough molding 

compound (DMC), is a compound that is prepared in log or rope format. In BMC 

process, after fibers are mixed with resins then the compound is prepared in log or 

rope format by extrusion process. The extruded part is cut depending on the 

requirement. BMC generally contains 15-20 % fiber in a polyester or vinylester 

resin with the length of 6 to 12 mm. BMC composite has weaker mechanical 

properties in compare with the SMC composite due to the lower fiber volume 

fraction and shorter fiber length. The schematic of BMC process is shown in 

Figure 2.16. 
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Figure 2.16: Bulk Molding Compound (BMC) composite manufacturing 

2.6.2.5 Resin Transfer Molding (RTM) 

RTM is a semi-automatic process which uses closed models and performs at low 

pressure. In this process many dry layers of woven roving are placed at the bottom 

of the mold and the liquid resin with low viscosity is leaded through in the mold 

cavity and then at the next step it would be cured. Resin transfer modeling process 

is shown in Figure 2.17. The advantages of this process can be classified as below 

[20]: 

¶ Fabricating of complex structure. 

¶ Smooth surface after processing. 

¶ Design flexibility. 

¶ Combining several parts into the unique one. 
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Figure 2.17: Resin Transfer Molding (RTM) composite processing [20] 

2.6.2.6 Pultrusion 

Pultrusion is a fabricating process that uses for shaping composite materials which 

have constant cross section area. As shown in Figure 2.18, during this process 

fibers are leaded into a resin bath and then reinforced fibers are leaded to the 

specific oven for curing and final shaping. Pultrusion is an automatic 

uninterrupted process which can be useful for fabricating complex shapes [21]. 

Pultrusion process can improve the essential characteristics of products such as 

corrosion resistance, chemical resistance, increasing strength and stability, 

increasing durability and decreasing weight [22]. 

 

Figure 2.18: Pultrusion process 
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2.6.2.7 Filament winding process 

Filament winding (Figure 2.19) is one of the oldest and most common process of 

fabrication in situation where we need precise fiber orientation. This technique 

uses for retrofitting products by using reinforced fibers and composite resins. In 

this process after proper tension is provided for filaments, they are wound over a 

mandrel. The mandrel rotates with the spinning wheel on a horizontal axis then 

carriage begins to move linearly forward and backward so fibers are laid down in 

the predetermined pattern. Diverse resins or fibers can be used in the process of 

filament winding depends on the desirable performance and provided cost. The 

most common fibers are carbon fibers, aramid fibers and glass fibers. At the 

subsequent process set fibers are coated with liquid resins and after specific 

processes (wet winding or prepreg winding) they are wound on the mandrel; then 

after the mandrel covered by the adequate thickness leaded through an oven for 

curing and solidifying the resin. According to desirable products and their 

applications, mandrel could be removed or became an integral part of the product 

[23-25]. 

 

Figure 2.19: Schematic pictures of filament winding 

2.7 Conclusion 

Increasing greenhouse gases emission and fuel price enforce governments to set 

regulations to decrease these effects. It is estimated that for every 10% reduction 

in vehicle weight, fuel consumption is reduced by 5 to 8%. Based on these 

statistics lightening vehicle has a major role in reducing emissions and cost. In 

this chapter lightweight materials of advanced steel, aluminum, magnesium, 

thermoplastic, thermoset and composite materials and their applications in 
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automotive industry have been discussed thoroughly; however the main focus in 

this thesis is on using metallic, composite and sandwich solutions due to 

feasibility of the designs. Recently, composite as a material with low density and 

high stiffness gained a lot of attentions in automotive industry. In this chapter 

after composite materials have been compared in the terms of density, stiffness, 

elastic modulus and strength with the other solutions, the structure of composite 

material along with the method for producing it were investigated. 
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Chapter 3  

Crashworthiness and Composite 

3.1 Intro duction 

Crashworthiness is the ability of a structure to protect its occupants during an 

impact. Crashworthiness concept was first defined in aerospace industry around 

1950 to measure the potential of the structure in crash events. The same meaning 

was defined in automotive industry which implies that crashworthiness is the 

ability of vehicle structure to provide enough cabin space for the passengers and 

decelerate the loads transmitted to them by deforming plastically. This means that 

the crash deceleration pulse should be below the upper range of human tolerance. 

If the peak of crash deceleration pulse happens early and decrease slowly, this 

pulse would be less harmful to the vehicle passengers. In this way it is quite 

crucial that the restraint system absorbs the energy as much as possible by a 

controllable plastic deformation. 

The vehicle body should be stiff enough in the case of bending and torsion 

load insertion, beside it should have the minimum vibration frequency to reduce 

the vehicle harshness. In general vehicle structural crashworthiness can be viewed 

in the five different aspects of frontal, rear, side and roof crashworthiness and the 

designed restraint system. The front part of vehicle structure should be stiff to 

absorb the crash kinetic energy by plastic deformation; it should also prevent the 

vehicle body intrusion through the passenger cabin specifically in the case of 

crash with narrow objects. The rear part of the vehicle structure should be stiff to 

protect the passengers and the fuel tank. Vehicle side structure should be designed 

in a way that minimum intrusion occurs through the door during the crash. 

Vehicle roof panel should be stiff to provide sufficient space for the vehicle 
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occupants in the case of rollover, protecting them from severe head injury and the 

restraint system including energy-absorbing steering columns, seat belts, air bags 

and head restraints is necessary to protect the vehicle occupants from the collision 

inside the cabin in crash events [1]. 

In this chapter, besides the discussion about different types of vehicle crash, 

crashworthiness metrics will be introduced. Crashworthiness energy absorption 

characteristics and the typical modes of vehicle component deformation will be 

studied. Deformation modes of metallic and composite specimenôs will be 

compared and parameters affecting the energy absorption capacity of composite 

material will be discussed. Stress-strain relations for isotropic and non-isotropic 

material structures will be derived and failure criteria of composite materials will 

be studied.  

3.2 Vehicle crashworthiness assessment 

Crashworthiness tests are categorized into the three main groups of component 

tests, sled tests, and full-scale vehicle model test. At the first step vehicle 

components are tested under the quasi-static and dynamic loading condition to 

investigate their energy absorption capacity and deformation modes. In a sled test, 

a vehicle buck representing the passenger compartment including its interior 

components such as the seat, instrument panel, steering system, seat belts, air bags 

and dummies is tested under the dynamic loads to evaluate the passenger response 

in a frontal and side impacts and measuring the crash deceleration pulse 

transmitted to dummies by setting sensors on them. The full-scale model test 

consists of the complete vehicle model and the rigid barrier; so the response the 

full model is measured during the vehicle impact to the rigid barrier and the 

vehicle restraint system is evaluated thoroughly [1].  

Vehicle crash safety is divided into two main categories of active and passive 

safety. Active safety are the devices deigned to avoid the crash occurrence while 

passive safety goal is to reduce the damage of the vehicle structure to keep the 

occupants as safe as possible. Active safety related to applying devices such as 

ABS (Antilock Braking System), traction control, electronic stability control, 

rollover-detection sensors, active suspension and forward collision warning 

systems, emergency brake assist, etc., while passive safety is involved in 

improving the crashworthiness of the vehicle body and applying restraint systems 

such as seat belt and airbag [2]. The vehicle passive safety is assessed through the 

governmental standard tests such as the Federal Motor Vehicle Safety Standards 

(FMVSS) in the USA. In addition new car assessment programs (NCAPs, e.g. 

Insurance Institute for Highway Safety, IIHS) are implemented to evaluate the 
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performance of all vehicles and rate the vehicles crashworthiness. Distribution of 

crash accidents without considering the rollover crashes, which is around 2% of 

the total number of crashes, is presented in Figure 3.1. As shown in Figure 3.2 

while the majority of crashes cover only a small proportion of the vehicle front, 

full frontal impact amounts to 31.1% of all typical frontal crash accidents and this 

proves that every design should be prepared for different crash zones [3].  

 

Figure 3.1: Distribution of crash positions [3] 

 

 

Figure 3.2: Distribution of frontal crash positions [3] 
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There are different standards available to assess the crashworthiness of 

vehicle structure that the main groups of them will discuss briefly. The load path 

which determine the force distribution through the vehicle structure for frontal, 

side and roof crash occurrences is presented in Figure 3.3.  

 

Figure 3.3: Schematic of load paths during different types of impact 

FMVSS standard 208 as shown in Figure 3.4, related to assessment of vehicle 

frontal crash in collision with the rigid barrier with the initial velocity of 30 mph. 

In this test several load cells are set on the barrier face to monitor the impact 

force-time history and sensors on dummies to measure the crash pulses. This test 

can be done based on the NCAP requirements with the initial velocity of 35 mph. 

Another types of vehicle frontal crashworthiness assessment related to the vehicle 

frontal offset impact with 20 to 50 percent overlap with the initial velocity of 40 

mph are shown in Figures 3.5 and 3.6. The other possibilities for evaluating the 

vehicle frontal crashworthiness is presented in Table 3.1. 

 

Figure 3.4: Schematic of full frontal crash test 
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Figure 3.5:  Schematic of 20% frontal offset crash    

 

Figure 3.6: Schematic of 40% frontal offset crash 

 

Table 3.1:  Overview of European and United States crash tests for front events [4] 

 

 

In FMVSS 214 for evaluating the performance of vehicle structure in the case 

of side crash, the moving barrier with the mass of 3000 pound and the initial 
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speed of 30 mph is impacted to the vehicle at the angle of 630. The IIHS standard 

implements the test at the angle of 900 between the vehicle and the moving 

barrier. The schematic of side crash is shown in Figure 3.7. 

 

Figure 3.7: Schematic of side crash test 

 

In order to evaluate the performance of the vehicle rear part, the standard test 

of FMVSS 301 is implemented as shown in Figure 3.8. In this test the moving 

barrier with the mass of 4000 pound and initial speed of 30 mph is impacted to the 

stationary vehicle with the full tank to assess the major damage to the fuel tank.  

 

Figure 3.8: Schematic of rear crash test 

 

The vehicle roof strength is measured through the FMVSS 216 test as shown 

in Figure 3.9. In this test the quasi-static load is subjected to the vehicle roof 

structure by a rigid puncher and the amount of intrusion and force-time history are 

recorded [5]. 
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Figure 3.9: Schematic of roof crush test 

3.3 Vehicle structure collapse modes  

There are two main challenges of energy absorption and crash resistance in 

vehicle structures design through the crash tests. Vehicle structural members are 

usually considered as column or beam. In order to clarify the difference between 

the two concepts of structural members called column or beam, it is necessary to 

mention that the member which is loaded axially due to the compression load is 

called column and the member loaded by bending or combination of bending and 

axial loads is called beam. Pure axial deformation only occurs only in the case of 

full frontal and rear crashes or slightly off-angle impacts while most vehicle 

structures encounter with the combined axial and bending deformations during the 

crash. It is worth to note that, torsion is also another structural deformation mode 

which is quite likely during the crash. The sheet metal panels usually deform by 

irregular folding or crumpling [1]. 

Axial collapse mode is the most effective mechanism for energy absorption 

and it is the rarest type of deformation during the crash, while the bending mode 

leads to appearance of local hinges absorbs lower amount of energy. The axial and 

bending modes of metallic vehicle structures are shown in Figures 3.10 and 3.11. 
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      Figure 3.10: Axial collapse mode [1]               Figure 3.11: Bending collapse mode [1] 

3.4 Test methodologies 

In order to evaluate the behavior of material in the crush tests, the two typical tests 

of quasi-static and impact are implemented. 

3.4.1 Quasi-static test 

In quasi-static test the specimen is crushed at the constant speed. Although quasi-

static test is not able to simulate the real crash condition due to not considering of 

material strain rate effects, because of simple and low cost set up is a common 

method to evaluate the energy absorption capacity of the structures. It is worth to 

mention that using quasi-static method, it is possible to capture the failure 

mechanism of the structure due to the long period of the procedure which is 

impossible in the case of impact test. 

3.4.2 Impact Test 

Impact test is implemented in order to simulate the actual crash condition. In this 

test in contrast to the quasi-static test, the speed is not constant and it decreases 

from the initial speed during the procedure; so it is able to consider all the strain-

rate effects of material. This test is completed in just a fraction of second so it is 

necessary to use high speed camera and sensors to follow the test and this issue 

increases the cost of the impact test [6, 7]. 

3.5 Structures energy absorption metrics 

In order to evaluate the crashworthiness of the structures, it is necessary to 

introduce the most important parameters for measuring the energy absorption of 

the components. The typical parameters are the specific energy absorption (SEA), 

the crush force efficiency (CFE) and the sustained crush stress (SCS). The SEA is 

calculated by Eq. 3.1: 



3.5 Structures energy absorption metrics 39 

 

0

Fd
W

SEA SSCS
A A

d

d

= = =
r d r d

ñ
                                                                          Eq. 3.1 

W is the total absorbed energy, ɟ the material density, A the cross-section, ŭ 

the total crush displacement and F the crush force. In most cases F is also equal to 

the mean force as shown in Figure 3.12; the SEA is also referred to as the specific 

sustained crush stress (SSCS). The CFE is the ratio of maximum to mean force at 

Eq. 3.2, where the mean force can be calculated from the SEA or from the stable 

load after the initial peak as shown in Figure 3.12. The peak force is related to the 

elastic properties of the structure before fracture, while the mean force obtained 

during the stable permanent deformation in the structure leading to energy 

dissipation [4]. There is also a parameter called the load uniformity index (LU) 

which is inverse of CFE. 

Mean

Peak

F 1
CFE

F LU
= =                                                                                                             Eq. 3.2 

 

Figure 3.12: Example of the force-displacement curve for a composite specimen [4] 

 

The ideal value of CFE is the one near the 1 and the reason is that the CFE 

value close to 1 shows that after the elastic deformation, the structure fails at the 

constant load with the peak load. Close mean force to the peak force means that 
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energy is dissipated in the structure with a controllable manner. For typical quasi-

static tests the CFE values from 0.6 to 0.8 have been considered as optimum 

values for effective structures, while in dynamic tests this value as low as 0.4. The 

sustained crush stress as the other important crashworthiness factor is calculated 

by Eq. 3.3: 

MeanF
SCS

A
=                                                                                                                          Eq. 3.3 

3.6 Composite crashworthiness 

3.6.1 Introduction  

Composite materials show different behavior from what it was observed for 

metallic structures; instead of buckling and folding that observed in metallic 

structures due to the plastic deformation under the compression loading, 

composite structures fail through various mechanism modes due to their brittle 

nature. The comparison of metallic and composite tubes during axial compressive 

loading is presented in Figure 3.13 [4]. The failure mechanism of composite 

include of fiber fracture, matrix cracking, fiber-matrix debonding, delamination 

and interplay separation. Generally composite failure modes are divided into the 

two main categories of catastrophic and progressive modes. 

 

 

Figure 3.13: Comparison of metallic specimen folding and composite specimen fracture 

[4] 
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3.6.2 Catastrophic failure modes 

Composite catastrophic failure modes are not of interest for crashworthiness 

design of structures due to its low energy absorption. This is due to the fact that 

during the catastrophic failure a sudden increase in load to the peak value is 

followed by a low post failure load. The early rising of the load peak along with 

the low energy absorption turns this type of composite failure mode to the 

undesirable one [7, 8]. 

3.6.3 Progressive failure modes  

As soon as progressive failure occurs in the composite structure, the peak load 

increases until the initiation of the failure and followed by a gradual decreasing 

trend. This manner helps to improve the energy absorption in structures faced 

with the progressive failure. Due to high energy absorption capacity during the 

progressive failure, there is no need to increase the structure weigh. Progressive 

failure is controlled by triggers in a stable manner. Triggers are stress 

concentrators that control the structure deformation and help to initiate the failure 

in a specific location, so they prevent the global buckling and appearance of the 

high peak load [7, 9]. The schematic of load-displacement history for the 

composite structure during the catastrophic and progressive failure is shown in 

Figure 3.14 [10]. The four modes of composite progressive crushing are presented 

at below. 

 

 

Figure 3.14: Typical loadïdisplacement profiles of catastrophic and progressive axial 

compressive failures [10] 
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3.6.3.1 Transverse shearing or fragmentation mode 

Through the transverse shearing or fragmentation failure mode as shown in Figure 

3.15, a wedge-shaped laminate cross-section with one or multiple short 

interlaminar and longitudinal cracks forming the partial lamina bundles is created. 

cracks length and location depend on the material properties and the absorbed 

energy through the fracturing of the lamina bundles [8]. Lamina bundles as load 

resistant columns fragment causing the longitudinal and interlamina cracks length 

to be less than that of the lamina under the loading. 

 

Figure 3.15: Crushing characteristics of transverse shearing failure mode [11] 

3.6.3.2 Lamina bending or splaying mode 

This failure mode is determined by long interlamina, intralamina and parallel to 

fiber cracks as shown in Figure 3.16. The main energy absorption mechanism is 

lamina bundles fracturing. The lamina bundles exhibit bending deformation or 

splaying and do not fracture as in the transverse shearing mode. When the laminas 

bend, two secondary energy absorption mechanisms, which are associated to 

friction, occur as a result of the sliding bundle and the loading surface. 
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Figure 3.16: Crushing characteristics of lamina bending failure mode [11] 

3.6.3.3 Brittle fracturing  

The brittle fracturing mode is a combination of transverse shearing/fragmentation 

mode and lamina bending as shown in Figure 3.17. Interlamina cracks appeared in 

brittle fracturing mode are longer than those created in fragmentation mode but 

shorter than those in the lamina bending mode. In this way, the energy absorption 

mechanism is the mix of the two failure mechanisms.  

 

 

Figure 3.17: Crushing characteristics of brittle fracturing failure mode [11] 
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3.6.3.4 Local buckling or progressive folding 

Local buckles caused by material plastic deformation are created in this failure 

mode as shown in Figure 3.18. In this failure mode, composite materials exhibit 

both brittle and ductile behaviors. Due to fiber and matrix plastic deformation and 

fiber splitting occurring in the material, most fiber-reinforced composites remain 

intact after being crushed. However, under high stress brittle fiber reinforced 

composites exhibit local buckling crushing mode while the matrix exhibit plastic 

deformation. Mechanisms like plastic yielding of the fiber and matrix control the 

crushing process for progressive folding. 

 

 

Figure 3.18: Crushing characteristics of local buckling failure mode [11] 

3.6.4 Parameters affecting the energy absorption of composite 

structure 

Energy absorption of composite structures during the loading can be affected by 

various parameters as they are described in the following [4]. 

3.6.4.1 Fiber Material  

Different types of fiber such as carbon, glass, aramid, polyethylene are used in 

automotive industry. Also natural fibers such as cotton or hemp gained attention 

due to strict recycling requirements in vehicle industries. Glass and carbon fiber 

reinforced tubes tend to crush in brittle fracture, through splaying, fragmentation 

or a combination of the two while aramid, polyethylene and steel fiber reinforced 

structures are progressively folded due to ductile deformation.  
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3.6.4.2 Matrix Material  

Thermoplastic matrixes due to their high fracture toughness is desirable for 

energy absorbing structures in comparison with thermoset matrixes [12]. So the 

matrix toughness is an important factor for constituting composite structures with 

higher SEA. 

3.6.4.3 Fiber Volume Fraction 

Generally by increasing the fiber volume fraction the energy absorption capacity 

of composite materials improves but not for all kinds of fibers. It has been 

reported that [13] the specific energy absorption for glass fiber rods, made of long 

or continues fibers, increased when the fiber volume fraction increased from 10 to 

40%. In the case of using the chopped short fiber tubes [14], increasing fiber 

volume fraction beyond the certain level leads to decreasing the SEA.  

3.6.4.4 Fiber Architecture  

Fiber architecture refers to the effects of the fiber arrangement, such as 

unidirectional, woven or braided on the SEA of composite structures. It has been 

reported [15, 16] that woven and braided reinforced structures have higher SEA 

than those with unidirectional fibers. This behavior of the woven and braided 

materials is due to the through-thickness reinforcing effect of the individual layers 

crimp. During the progressive folding deformation, the plies are separated and 

then bent to the sides or crushed in the middle causing high SEA.  

3.6.4.5 Trigger  

Triggers are stress concentrators that control the structure deformation and help to 

initiate the failure in a specific location. Triggers are divided into the two 

categories of geometrical and non-geometrical. Geometrical grippers such as 

chamfer, bevels, grooves, and holes are used to initiate the progressive failure 

while non-geometric trigger means applying ply drops and fiber layup orientation 

in the specimen. Based on the results reported in [17], while the chamfer trigger 

yielded higher mean loads for round specimens, the tulip trigger yielded higher 

mean loads for rectangular specimens. 

3.6.4.6 Geometry 

The proportion of thickness to diameter of tubes (t/D) is an important geometrical 

factors that can affect the SEA due to determining the tendency of tubes for global 

or local buckling deformations. This parameter is measured for non-circular cross-

section tubes by defining the proportion of tube thickness to contact area or the 

structure moment of inertia. It was approved that, the SEA increases when t/D 

ratio is between 0.05-0.1 and out of this range the SEA of composite structures 

reduces. This can be explained assuming unstable collapse below 0.05 and 

changes in crush zone morphology above 0.10. Also it is worth to mention that. 

Usually rounded tubes have higher specific energy absorption than the rectangular 

tubes and this can be explained with the more uniform loading of round 
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specimens and the hoop constraints imparted by transverse layers on the perimeter 

that can act to support axial fibers in the center of the layup.  

3.6.4.7 Test Speed and Direction 

Composite materials exhibit a strain stiffening behavior; during the progressive 

crushing, structures under dynamic loading absorb more energy than those under 

the quasi-static loading. Also it is necessary to take into consideration that 

structures under the axial compressive loading absorb more energy than those 

under the bending forces. 

3.6.5 Hookeôs law for linear isotropic material 

For a linear isotropic material in a three-dimensional stress state, the Hookeôs law 

stressïstrain relationships at a point in an xïyïz orthogonal system can be 

expressed in matrix form as following in Eqs. 3.4 and 3.5 [18]: 
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ɡ is the Poissonôs ratio and G is the shear modulus which is a function of two 

elastic constants, E and ɡ, as in Eq. 3.6: 

=
+n

E
G

2(1 )
                                                                                                     Eq. 3.6 

The 6×6 matrix in Equation 3.4 is called the compliance matrix [S] of an 

isotropic material while 6×6 matrix in Equation 3.5, obtained by inverting the 

compliance matrix in Equation 3.4, is called the stiffness matrix [C] of an 

isotropic material. 

3.6.6 General format of Hookeôs law for different types of 

materials  

The stressïstrain relationship for materials which are not linearly elastic and 

isotropic are more complicated than Equations 3.4 and 3.5 [18]. The most general 

stressïstrain relationship for a three-dimensional body in a 1ï2ï3 Cartesian 

coordinate system is given as in Eqs. 3.7 and 3.8: 
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                                                   Eq. 

3.7 

The 6 × 6 [C] matrix is the stiffness matrix to determine the general strainï

stress relationship for a three dimensional body in a 1ï2ï3 orthogonal Cartesian 

coordinate system and has 36 constants. By inverting Equation 3.7, the 

compliance matrix is obtained as in Eq. 3.8: 
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3.6.6.1 Anisotropic material 

The anisotropic material has 21 independent elastic constants at a specific point. 

Once these constants are found for a particular point, the stress and strain 

relationship can be developed at that point. 

3.6.6.2 Monoclinic material 

If, in one plane of material symmetry one of the coordinate system direction is 

normal to the plane of material symmetry as direction 3 in Figure 3.19, then the 

stiffness matrix reduces to Eq. 3.9. 

 

 

Figure 3.19. Transformation of coordinate axes for 1ï2 plane of symmetry for a 

monoclinic material 
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where C14=0, C15=0, C24=0, C25=0, C34=0, C35=0, C46=0, C56=0. 

The direction perpendicular to the plane of symmetry is called the principal 

direction. The monoclinic material has 13 independent elastic constants. Example 

of the monoclinic material is Feldspar which is the most abundant group of 

minerals in the earth's crust, forming about 60% of rocks. The compliance matrix 

also reduces as in Eq. 3.10. 
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                                                          Eq. 3.10 

3.6.6.3 Orthotropic material (orthogonally anisotropic)  

If a material has three mutually perpendicular planes of material symmetry, then 

the nine independent elastic constants are present and the stiffness matrix is given 

by Eq. 3.11 and the compliance matrix by Eq. 3.12. 
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                                                          Eq. 3.11 

where C16=0, C26=0, C36=0, C45=0. 

Examples of an orthotropic material is a single lamina made of continuous 

fiber composite arranged in a rectangular array as shown in Figure 3.20. 
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                                                            Eq. 3.12 

 

Figure 3.20: A unidirectional lamina as a monoclinic material with fibers, arranged in a 

rectangular array 
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3.6.6.4 Transversely isotropic material 

Consider a plane of material isotropy in one of the planes of an orthotropic body. 

If direction 1 is normal to that plane (2ï3) of isotropy, then the stiffness matrix is 

given by Eq. 3.13 and only five independent elastic constants remain. 
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                                                        Eq. 3.13 

where C22= C33, C12= C13, C55= C66, 22 23
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C C
C
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-
=  

An example of transversely isotropic material is a unidirectional lamina in 

which the fibers are arranged in a square array or a hexagonal array as shown in 

Figure 3.21. In Figure 3.21, the fibers are in direction 1 and plane 2ï3 will be 

considered as the plane of isotropy. 

The compliance matrix reduces to Eq. 3.14 for transversely isotropic material. 
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Figure 3.21: A unidirectional lamina as a transversely isotropic material with fibers 

arranged in a square array 

3.6.6.5 Isotropic material 

If an orthotropic body has all identical planes then it is called an isotropic 

material. It has only two independent constants and its stiffness matrix is reduced 

to Eq. 3.15: 
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where C11= C22, C12= C23, 22 23 11 12
66
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( )( )
n

=
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12

E
C

1 2 1
                                                                                       Eq. 3.17 

Examples of isotropic material are the common materials such as steel, iron, 

and aluminum. 
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3.6.7 Failure theories of a lamina 

 In order to analyze the strength of composite layers, failure analyses should be 

applied. Different types of failure analyses can be used for evaluating the strength 

of composites. The theories are generally based on the normal and shear strengths 

of a unidirectional lamina. 

Generally failure criteria are divided into two main branches: independent 

(non-interactive) criteria and interactive criteria. Although independent criteria 

such as maximum stress and maximum strain can be simply applied and 

investigate mode of failure, these analyses neglect the effects of stress 

interactions. Interactive criteria such as Tsai-Wu, Tsai-Hill, Chang and Hashin 

include stress interactions in failure mechanism and are applying for predicting 

first-ply failure [19]. 

There are two material axes in unidirectional lamina; the axis which is parallel 

to the fibers direction and the one perpendicular to the fibers direction. Thus, there 

are five strength parameters for a unidirectional lamina; compression and tension 

strength in fiber direction, compression and tension strength perpendicular to fiber 

direction and the shear strength. The five strength parameters of a unidirectional 

lamina are: 

( )T

1 ult
s = Ultimate longitudinal tensile strength in direction 1 

( )C

1 ult
s = Ultimate longitudinal compressive strength in direction 1 

( )T

2 ult
s = Ultimate transverse tensile strength in direction 2 

( )C

2 ult
s = Ultimate transverse compressive strength in direction 2 

( )12 ult
t = Ultimate in-plane shear strength in plane 12 

3.6.7.1 Maximum stress failure theory 

This theory is related to the maximum normal stress theory by Rankine and the 

maximum shearing stress theory by Tresca [18]. The stresses acting on a lamina 

are divided into the normal and shear stresses in the local axes. Using Eq. 3.18 it 

is possible to transform the given global stresses or strains of a lamina to the 

corresponding ones in the material axes; where [T] is called the transformation 

matrix. If normal or shear stresses in the local axes of a lamina is equal to or 
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beyond the corresponding ultimate strengths of the unidirectional lamina, then it is 

possible to predict the failure in a lamina as shown in Eq. 3.19: 

  

[]
x 1

1

y 2

z z

T
-

s sè ø è ø
é ù é ù
s = s
é ù é ù
é ù é ùs sê ú ê ú

                                                                                                            Eq. 3.18 

 

The lamina is failed if the following unequal are violated. 

( ) ( )C T

1 1 1ult ult
- s <s < s, or 

( ) ( )C T

2 2 2ult ult
- s <s < s, or                                                                             Eq. 3.19 

( ) ( )12 12 12ult ult
- t <t < t 

3.6.7.2 Maximum strain failure theory  

This theory is based on the maximum normal strain theory by St. Venant and the 

maximum shear stress theory by Tresca. The strains applied to a lamina are 

resolved to strains in the local axes. If normal or shearing strains in the local axes 

of a lamina equal or exceed the corresponding ultimate strains of the 

unidirectional lamina then the failure occurs [18]. Failure occurs in lamina if Eq. 

3.20 is violated. 

 

( ) ( )C T

1 1 1ult ult
- e <e < e, or 

( ) ( )C T

2 2 2ult ult
- e <e < e, or                                                                               Eq. 3.20 

( ) ( )12 12 12ult ult
- g <g < g 

3.6.7.3 Tsai-Wu failure criterion  

This failure theory is based on the total strain energy failure theory of Beltrami. 

Satisfying the following equality (Eq. 3.21) is essential for Tsai-Wu theory to 

predict failure in an orthotropic lamina under plane stress condition: 
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2 2 2

11 22 221 11 2 22 6 12 11 66 12 111 22 2Fů Fů Ű ůF F F F 2Fů ů 1ů Ű+ + + + + ²+                          Eq. 3.21 

Elastic characteristics should be defined with four independent elastic 

constants (% ,% ,' ,ʑ . Strength properties are divided into five independent 

strength properties: 

tX = longitudinal tensile strength  

tY = transverse tensile strength 

cX = longitudinal compressive strength 

cY = transverse compressive strength 

 S = in-plane shear strength 

&, & are the strength coefficients and are given by, it should be considered 

that &, &, &  ȟ &  and &  can be calculated by using the tensile, compressive 

and shear strength properties in the principal material directions. 

1
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1 1
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X X
= - ,  2

t c

1 1
F

Y Y
= - , 6F 0=  

11
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X X
=- ,  22
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1
F

Y Y
=- , 

66 2

1
F

S
=-  

&  is a strength interaction term between ʎ  and ʎ  which can be 

determined with a suitable biaxial test. Since it is not always easy to perform 

biaxial tests, it is necessary to determine an approximate range of value for & . 

The approximate range of  &  is as following in Eq.  3.22: 

11 22 12

1
F F F 0     

2
- ¢ ¢                                                                                  Eq. 3.22 

The lower limit of Eq. 3.19 is frequently used for &  [19-23]. 
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3.6.7.4 Tsai-Hill failu re criterion  

This theory is based on the distortion energy failure theory of Von-Misesô 

distortional energy yield criterion for isotropic materials as applied to anisotropic 

materials. Distortion energy is a part of the total strain energy caused by changing 

in shape of a body. It is supposed that as soon as the distortion energy becomes 

greater than the failure distortion energy of the material failure occurs.  

Tsai-Hill failure criterion can be explained as below [23, 24]: 

2 2 2

11 22 211 66 12 1 222 2 11F F F 2Fů ů 1        ů ů Ű+ + + ²                                                    Eq. 3.23 

The strength parameters & , & , &  and  &  are given by 
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1
F  

Y
=  , 

66 2
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F

S
=  ,  12 2 2

1 1 1
F  

2 X Y

å õ
=- +æ ö

ç ÷
. 

3.6.7.5 Chang-Chang failure criterion  

The Chang-Chang failure criterion with degraded parameters are reported in Eqs. 

3.24-3.27 [25]. 

- for the tensile fiber mode, 
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                     Eq. 3.24 

if failure condition is reached then degradation of the elastic coefficients takes 

place according to  

1 2 12 21 12E E G ɡ ɡ 0= = = = = 

- for the compressive fiber mode, 

11ů < 0    then      

2

2 11
c
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0 failed

< 0 elastic

²ë û
ì ü
í ý

                                 Eq. 3.25 

if failure condition is reached then degradation of the elastic coefficients takes 

place according to    



3.6 Composite crashworthiness 57 

 

1 21 12E ɡ ɡ 0= = = 

- for the tensile matrix mode,      

22ů > 0    then       
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                    Eq. 3.26  

if failure condition is reached then degradation of the elastic coefficients takes 

place according to 

2 21 12E ɡ 0 G 0= = ­ = 

- for the compressive matrix mode, 

22ů < 0 then    
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  Eq. 3.27  

if failure condition is reached then degradation of the elastic coefficients takes 

place according to 

2 21 12 12E ɡ ɡ 0 G 0= = = ­ =                                                                              

3.6.7.6 Hashin failure criterion   

The hashin 3D failure criterion predicts the failure according to Eqs 3.28-3.31 

[26].  

 

-Tensile fiber mode 

( )2 211
12 132

t
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1

X S
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                                                                                             Eq. 3.28 

or 

11 tXs =  

-Compressive fiber mode 
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11 cXs =                                                                                                                              Eq. 3.29 

-Tensile matrix mode 22 33 0s +s > 

( ) ( ) ( )
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-Compressive matrix mode 22 33 0s +s < 
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Eq. 3.31 

in addition to the previous definitions, St  represents the transverse shear strength, 

the allowable value of shear stress ů23 (the allowable value of ů13 is, as for ů12 , S). 

3.7 Conclusion 

Through this chapter different types of vehicle crash have been discussed and 

crashworthiness metrics have been introduced. Crashworthiness energy absorption 

characteristics and the typical modes of vehicle component deformation have been 

studied. Comparison of metallic and composite specimenôs deformation modes 

has been discussed and parameters affecting the energy absorption capacity of 

composite material have been investigated. Composite materials do not deform 

plastically due to their brittle behavior while metallic structure has the possibility 

of folding plastically. Stress-strain relations for isotropic and non-isotropic 

material structures are calculated based on Hookôs law. Various failure criteria of 

composite materials were presented and the material properties degradation were 

studied based on them.  
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Chapter 4  

Light -weight Design: Detailed 

Comparison of Roof Panel 

Solutions at Stiffness Analyses 

4.1 Introduction  

In this chapter, the general idea is to study the contribution of light-weight vehicle 

roof panel in the total vehicle stiffness and present a method to optimize the 

thickness which improves the vehicle structure efficiency. 

After developing a benchmark for vehicle roof panel with respect to the most 

important factors of designing automotive panels, the chassis load path analysis 

under the bending and torsion loads will be done theoretically and numerically. 

Next, the chassis static and dynamic stiffness analyses based on the standards will 

be implemented. Then, the roof panel thickness with respect to the chassis weight 

and stiffness will be optimized for different material solutions. 

4.2 Automotive panelsô behavior under loading 

Before starting to develop a benchmark for the vehicle roof panel it would be 

useful to mention about the difference of stiffness and strength; stiffness is 

defined when the small and elastic deformations occur due to the loading. 

Stiffness is defined only in elastic regions for the structures as the slope of the 
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load vs deflection curve as shown in Figure 4.1. Strength implies that no part of 

the structure will lose its function when it is subjected to loads [1, 2]. On the 

words, the strength implies to the maximum load where some permanent 

deformation is expected as shown in Figure 4.1.  

 

 

Figure 4.1: The concepts of stiffness and strength 

  

The curved panel under the normal load shows different behavior as shown in 

Figure 4.2; at the first part of the graph, panel shows linear elastic behavior under 

the loading and the normal stiffness of the panel can be calculated as a proportion 

of subjected load to the respective vertical deformation. As loading increases, the 

panel curvature is inverted and this inversion can be soft in which the panel 

surface maintains its contact with the load puncher or it can be hard in which the 

panel surface loses its contact with the puncher and snaps over. The load which 

causes the hard snap over in panels is referred as critical buckling load or oil-

canning resistance load. Dent resistance is measured as the minimum energy that 

causes permanent deformation in panels. Also the shear rigidity of the panel, 

which is defined as the proportion of the shear load value to the respective 

displacement of the panel under the loading, and the first bending frequencies of 

the panel are determined. The theoretical formula will be presented at the 

following section [2]. 
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Figure 4.2: Curved panel behavior under the normal loading [2] 

4.2.1 Bending stiffness of a panel 

Bending stiffness of the automotive panels are estimated by FEM based on the 

proportion of the subjected load amount to the panel deformation value in elastic 

region of material behavior. The roof panel dimensions are clear in Figure 4.3. In 

the case of roof panel consideration, the roof panel is subjected to the distributed 

load (in order to prevent stress concentration) while the roof edges are constrained 

as shown in Figure 4.4. However there are some theoretical formulation by which 

it is possible to estimate the bending stiffness of automotive panels as presented at 

Eq. 4.1 [2]: 

 

2

2

B Et
K

R 1
=

-u
                                                                                               Eq.4.1 

where R is the spherical radius, B is a constant equals to 2.309, E is the Youngôs 

modulus, ɡ is the Poissonôs ratio and t is the panel thickness. 
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Figure 4.3: Roof panel dimensions 

 

Due to the fact that most of the automotive panels are doubly curved panels, it 

is necessary to calculate the equivalent radius as in Eq. 4.2 to substitute in Eq. 4.1: 

2 2

1 2

1 2

EQ 1 2

L L

R R1
 

R 2L L

å õ å õ
+æ ö æ ö

ç ÷ ç ÷=                                                                                                       Eq. 4.2 

where R1 and R2  are radii of panel curvature in orthogonal directions and L1 and 

L2 are rectangular panel dimensions. 

 

          a. Boundary condition                                           b. Load case 

Figure 4.4: Roof linear bending stiffness analysis 
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The bending stiffness of the panel is calculated using FEM by applying 1N 

normal load to the roof panel and calculation of the resultant displacement as 

shown in Figure 4.5. 

 

Figure 4.5: Panel deformation under normal loading (steel panel) 

 

4.2.2 Oli canning resistance 

Oil canning is local elastic buckling which is created by a sudden reversed 

curvature on the surface when the panel is pressed by hand. Since it is an elastic 

deformation, it does not leave any permanent depression as shown in Figure 4.6. 

The critical buckling load can be calculated as follows in Eq. 4.3 [2]: 

 

( )

2 4
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1 2

CR Et
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L L 1

p
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-u
                                                                                                           Eq. 4.3 

where 

7

1 2C 0.645 7.75 10 L L-= - ³                                                                                              Eq. 4.4 

2

CRR 45.929 34.183 6.397= - l+ l                                                                             Eq. 4.5 
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And the panel lengths and curvatures are valid just in the following range: 
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However, due to the above-mentioned limitations, the oil caning resistance is 

calculated for a part of roof resulted from the panel section cut and not through 

the whole panel length. 

 

 

Figure 4.6: Typical force-displacement curve including oil canning load 

(http://www.azom.com/article.aspx?ArticleID=1629) 
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4.2.3 Dent resistance 

Denting is a permanent deformation and it occurs when the local stresses in the 

dented region exceed the yield strength of the material. The dent resistance energy 

is calculated based on Eq. 4.7 [2]: 

 

( )
2

2

YD t
W 56.8

K

s
=                                                                                                            Eq. 4.7 

where K and t are the panel normal stiffness and thickness respectively and „  is 

the yield strength of material at a dynamic strain rate. The ratio of dynamic to 

static yield strength of steels at various strain rates is shown in Figure 4.7 [2].This 

value for the considered steel in 298 MPa. 

 

Figure 4.7: Dynamic yield stress for steel 

4.2.4 Shear rigidity of a panel 

The shear rigidity of the panel is estimated by applying the shear load at the roof 

edge while the other edge is constrained as shown in Figure 4.8.  
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               a. Boundary condition                                    b. Load case 

 Figure 4.8: Roof linear shear stiffness analysis 

However the approximate shear rigidity of the roof panel can be calculated by 

Eq. 4.8 as follows [2]: 

( )
F b

Gt
a
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=æ öæ ö
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                                                                                                                 Eq. 4.8 

where Gt is the effective shear rigidity of a panel, a is the panel dimension side in 

which loading occurs and b is the adjacent side dimension. 

The nodal force and displacement of a particular node of the roof panel after 

the shear loading is presented in Figures 4.9 and 4.10. 

 

Figure 4.9: Nodal force during shear analysis 
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Figure 4.10: Nodal displacement during shear analysis 

4.2.5 First bending frequencies  

The modal analysis of the vehicle roof panel has been implemented regarding to 

two types of boundary conditions named ñsingle sided constraintò and ñdouble 

sided constraintsò [3] as shown in Figure 4.11. 

 

 

               a. Single sided boundary condition           b. Double sided boundary condition  

Figure 4.11: Panel modal analysis boundary condition 
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4.3 Framework of developing benchmark for vehicle roof 

panel 

After describing the requirements for evaluating the behavior of vehicle roof 

panel under normal loadings, now it is time to develop the benchmark for the roof 

panel with respect to different material solutions. At the first step, the benchmark 

for the roof panel with the same thickness but different material properties is 

presented. At the next step, the new benchmark regarding to panels with modified 

thickness will be presented and compared. 

4.3.1 Vehicle roof panel benchmark 

After estimating bending and shear stiffness, critical buckling load, dent resistance 

and first bending frequencies, the benchmark of the TOYOTA YARIS 2010 roof 

panel with respect to the stiffness and the material solutions cost is presented in 

Table 4.4. It is worth to mention that, longitudinal Youngôs modulus of composite 

materials has been considered to calculate the pre-scribed factors. The considered 

Youngôs modulus used in theoretical formulation for steel, aluminum, 

unidirectional carbon fiber, woven carbon fiber and unidirectional glass fiber are 

200, 71, 127, 53.6 and 31.2 GPa respectively. The properties of different material 

solutions are presented in Tables 4.1-4.3. 

 

Table 4.1: Steel and Aluminum material properties 

 ɟ (kg/m3) E (GPa) ɡ ἧ (MPa) 

Steel 7890 200 0.3 220 

Al 6082-T6 2710 71 0.33 270 
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Table 4.2: Composite material properties 

 

Table 4.3: Strength parameters of composites [4-6] 

 Xt 

(MPa) 

Xc 

(MPa) 

Yt 

(MPa) 

Yc 

(MPa) 

S 

(MPa) 

Carbon/Epoxy- Woven 642 618 652 556 84 

Carbon/Epoxy ï

Unidirectional 

2200 1470     48.9 199 154 

Glass/Epoxy- 

Unidirectional 

483 409     34.9    92.2   73.3 

 

The gap between the theoretical and FEM results of composite solutions is 

due to the fact that first of all, the Eq. 4.1 is an empirical equation which was 

originally developed for isotropic material; secondly another reason is that 

probably the effective Youngôs modulus of composite material is less than that of 

considered in theoretical formulations. 

 

 

 

 

  

(Kg/m3) 

E1 

(GPa) 

E2 

(GPa) 

ɡ12 G12 

(GPa) 

G23 

(GPa) 

G13 

(GPa) 

Carbon/Epoxy- 

Woven [4] 
1450 53.6 55.2 

 

0.04 
 2.85 

  

1.425 
  2.85 

Carbon/Epoxy -

Unidirectional [5] 
1520 127 8.41 0.02 4.21 4.21 4.21 

Glass/Epoxy- 

Unidirectional [6] 
1850 31.2 9.36 0.29 5 5.5 5.5 
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Table 4.4: Benchmark values of roof panels with the same thickness (1.2mm) 

Material  Steel Aluminum  Uni. 

carbon 

Woven 

carbon 

Uni. 

glass 

Bending stiffness 

(N/mm)-FEM 

248 90 121 27 25 

Bending stiffness 

(N/mm)-Theoretical 

279 100 169 73 43 

Shear rigidity 

(N/mm)-FEM 

102 37 23 16 11 

oil canning resistance 

(N)-Theoretical 

461 166 284 123 72 

Dent resistance 

(N.mm)-Theoretical 

4.5E+4 - - - - 

The first four 

eigenvalue 

frequencies (Hz)-

single sided constraint 

2-3-18-

19 

2-3-18-19 2-3-21-

23 

2-3-19-

21 

1-2-12-

13 

The first four 

eigenvalue 

frequencies (Hz)-

double sided 

constraints 

61-70-

76-122 

62-71-77-

124 

70-81-

82-127 

62-73-

74-110 

41-47-

51-81 

Mass (Kg) 15.7 5.4 3.0 2.9 3.7 

Mass + Non-

structural mass (Kg) 

31.7 21.4 19 18.9 19.7 

Cost ($) 35 60 500 550 400 

 

4.3.2 Optimizing strategies for roof panel thickness 

Thickness of roof panels made of different solutions has been increased based on 

two methods: 

1- Increasing the panel thickness based on the proportion of the normal 

stiffness of panels made of different material solutions as presented at Eq. 

4.1 (with respect to the steel solution as a reference); from now on this 

method is called as M1.  

2- Increasing the panel thickness based on the equation for calculating the 

maximum deflection of the rectangular plate as shown in Figure 4.12 by 

Eqs. 4.9-4.12 [7]; from now on this method is called as M2. 
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Figure 4.12: Plate under the bending load [7] 

 

Due to the fact that the roof panel has small curvatures, it can be 

approximated as a rectangular plate and the maximum deflection is estimated for a 

steel plate as in Eq. 4.9: 

2

max,1

1 1

Ml
ŭ

8E I
= , where  

3

1
1

bt
I =

12
                                                                        Eq. 4.9 

If the steel solution is replaced with the other solutions then the Eq. 4.9 is replaced 

with the Eq. 4.10 as follows: 

2

max,2

2 2

Ml
ŭ

8E I
= , where 

3

2
2

bt
I =

12
                                                                   Eq. 4.10 

In order to avoid excessive deformation of roof panel, the maximum 

deflection of aluminum and composite panels should not be greater than the 

reference steel panel. Therefore Eq. 4.9 and Eq. 4.10 should be equated as follows 

to determine the desired thickness for the roof panel made of different solutions. 

2 2

1 1 2 2

Ml Ml

8E I 8E I
=                                                                                               Eq. 4.11 

 

2 1
3

1 2

t E

t E
=                                                                                                                            Eq. 4.12 
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4.3.3 Vehicle roof panel benchmark with respect to the modified 

panelsô thickness 

At the updated benchmark, results regarding the stiffness values and bending 

frequencies along with the estimated cost for all the material solutions with 

optimized thickness are presented as in Table 4.5.  

Increasing thickness increases the panel stiffness values and bending 

frequencies as it is obvious in Table 4.5; however, as mentioned before the gap 

between the results of theoretical and FEM methods is due to the fact that 

equation developed for calculating the bending stiffness of a panel is exact for 

isotropic material and another reason is the difference between the longitudinal 

and effective Youngôs modulus of the composite solutions.  

After developing the benchmark for vehicle roof panel and calculating the 

metrics for the panel, now it is time to evaluate behavior of the roof panel in the 

full vehicle model through various load cases and determine the contribution of 

light-weight vehicle roof panel in the total vehicle stiffness. 

 

 

 

 

 

 

 

 

 

 

 

 



76  Light-weight Design: Detailed Comparison of Roof Panel Solutions at 

Stiffness Analyses  

 
Table 4.5: Benchmark values of roof panels with the modified thickness 

Material  Aluminum  Uni. 

carbon 

Woven 

carbon 

Uni. 

glass 

Thickness-M1-(mm) 2.00 1.54 2.34 3.04 

Thickness-M2-(mm) 1.70 1.40 1.86 2.23 

Bending stiffness (N/mm)-

FEM-M1 

210 198 88 135 

Bending stiffness (N/mm)-

FEM-M2 

157 161 58 72 

Bending stiffness (N/mm)-

Theoretical-M1 

279 279 279 279 

 

Bending stiffness (N/mm)-

Theoretical-M2 

201 230 177 150 

Shear rigidity (N/mm)-FEM-

M1 

130 39 59 92 

Shear rigidity (N/mm)-FEM-

M2 

88 32 39 49 

The first four eigenvalue 

frequencies (Hz)-single sided 

constraint-M1 

3-3-21-22 3-4-23-24 3-4-23-24 2-3-16-

17 

The first four eigenvalue 

frequencies (Hz)-single sided 

constraint-M2 

3-3-20-21 3-4-22-24 3-4-22-23 2-2-15-

15 

The first four eigenvalue 

frequencies (Hz)-double sided 

constraints-M1 

70-78-86-

130 

73-84-85-

128 

70-80-81-

115 

52-56-

61-88 

The first four eigenvalue 

frequencies (Hz)-double sided 

constraints-M2 

68-75-83-

128 

71-83-84-

128 

67-78-79-

113 

48-53-

58-86 

Mass (Kg)-M1 9.0 3.9 5.6 9.3 

Mass (Kg)-M2 7.6 3.5 4.5 6.8 

Mass + Non-structural mass 

(Kg)-M1 

25 19.9 21.6 25.3 

Mass + Non-structural mass 

(Kg)-M2 

23.6 19.5 20.5 22.8 

Cost ($)-M1 100 640 1060 1010 

Cost ($)-M2 85 580 845 740 
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4.4 Vehicle body stiffness 

Structural stiffness has an important effect on the riding and safety performance of 

vehicles. Body as the primary part of vehicle that embeds the passengers and 

various vehicle systems, should be stiff enough to protect the passengers. 

Structural stiffness is divided into the two categories of static and dynamic 

stiffness. Static stiffness is related to the study of deforming body under the static 

and quasi-static loads, it is traditionally subdivided into bending and torsional 

stiffness. Bending and torsional stiffness are measuring the response of body 

structure against flexural and torsional loads, they have huge impact on the 

handling and comfort characteristics of vehicle. Dynamic stiffness is related to the 

study of vibrational characteristics of chassis which refers to vehicle internal 

noise, vibration and harshness (NVH) specifications and in the customer 

perspective the vehicle riding comfort [8].  

In this section, the theoretical formations for calculating the bending and 

torsional stiffness of a chassis are presented. 

4.4.1 Vehicle body bending stiffness  

During the static bending test, forces are applied at the front seat locations, while 

the body is fully constrained at front and rear shock towers, as shown in Figure 

4.13. The static bending stiffness Kb is defined equal to the ratio of the applied 

load F to the average vertical displacement  of the two load points along the 

rocker panel and tunnel beams according to Eq. 4.13. The maximum load-FS- (see 

Figure 4.13) after which that plastic deformation begins is called vehicle bending 

strength. 

 

b

F
K

ŭ
=  (N/mm)                                                                                             Eq. 4.13 
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Figure 4.13: Vehicle bending stiffness and strength [2] 

4.4.2 Vehicle body torsion stiffness  

In the case of the static torsion test, a static torque is applied around the 

longitudinal axis of the body, to the body-in-white at the front shock towers, 

whereas the rear shock towers are fully constrained, as shown in Figure 4.14. The 

torsion stiffness, Kt is defined as the ratio of the applied torsion Moment (T) to the 

rotation angle F of the vehicle at the load points according to Eq. 4.14. 

 

Figure 4.14: Vehicle torsion stiffness and strength [2] 

t

T
K =

f
 (N.m/deg), where T=Fw                                                             Eq. 4.14  
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4.5 Load path analysis by simple structural surfaces 

(SSSs) model 

Although vehicle in the road are subjected to different load cases, the major load 

cases are bending and torsion loads. The load path caused by both bending and 

torsion loads can be determined using the simple structural surfaces (SSSs) model 

[1]. The standard sedan shown in Figure 4.15, considered as a óclosed boxô 

passenger compartment, including front and rear bulkheads, side-frames, floor, 

roof and windscreen that are assumed as plane surfaces. In order to determine the 

load path it is necessary to consider the following SSSs parts in the standard sedan 

as shown in Figure 4.15. 

1. and 2. Front and rear transverse floor beams. 

3. and 4. Inner wing panels. 

5. Dash panel. 

6. Front parcel shelf. 

7. and 8. Rear quarter panels. 

9. Panel behind the rear seats. 

10. Rear parcel shelf. 

11. Floor panel 

12. and 13. Left and right-hand side-frames. 

14. Windscreen frame. 

15. Roof panel. 

16. Backlight or rear window frame. 
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Figure 4.15: Baseline model [1] 

4.5.1 Vehicle load path analysis during bending  

The main bending loads inserted to the sedan are shown in Figure 4.16. The main 

bending loads are power-train (Fpt), the front and rear passengerôs seats (Fpf, Fpr) 

and the luggage (Ὂ). 

 

Figure 4.16: Baseline model ï bending loads [1] 

If the sedan viewed in side elevation (Figure 4.17), it can be considered as a 

rigid body. According to the equilibrium equations; by taking moments about rear 

and front suspension mounting, the front and rear suspension reaction forces are 

obtained with Eqs. 4.15 and 4.16.  

Eq. 4.15 

                                                                                                                      Eq. 4.16 

Ὑ
Ὂ ὰ Ὂ ὰ Ὂὒ ὰ Ὂ ὰ

ὒ
 

Ὑ
Ὂ ὒ ὰ Ὂ ὒ ὰ Ὂ ὒ ὰ Ὂὰ

ὒ
 



4.5 Load path analysis by simple structural surfaces (SSSs) model 81 

 

 

Figure 4.17: Payload distribution [1] 

 

By considering the sedan model in the óexplodedô view shown in Figure 4.18, 

it is easily possible to calculate all the loads in substructures based on equilibrium 

equations. By deriving the equilibrium equations, the edge and end loads obtained 

by Eqs. 4.17 to 4.31.  

 

Figure 4.18: Baseline model ï bending case, end and edge loads [1] 

By resolving the forces vertically and horizontally about the vehicle 

longitudinal centerline and taking the moments about the front and rear lower 

corners the following loads are obtained: 

for substructure (1) the loads are determined by: 

                                                                                                                          Eq. 4.17 
ὖ

Ὂ
ς 
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for substructure (2) the loads are determined by: 

                                                                                                                                               Eq. 4.18 

 

for substructures (3 and 4) the loads are determined by: 

                                                                                                                                               Eq. 4.19 

 

                                                                                                                                               Eq. 4.20 

 

                                  Eq. 4.21 

for substructure (5) the loads are determined by: 

                                                                                                                                               Eq. 4.22 

for substructure (6) the loads are determined by: 

                                                                                                                                               Eq. 4.23 

for substructures (7 and 8) the loads are determined by: 

ὖ Ὑ
Ὂ
ς                                                                                                              Eq. 4.24 

 

                               Eq. 4.25 

                                                                                                                      Eq. 4.26 

for substructure (9) the loads are determined by: 

                                                                                                                      Eq. 4.27 

for substructure (10) the loads are determined by: 
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                                                                                                                 Eq. 4.28 

for substructure (11) reaction forces P5 from the inner front wing panels and 

forces P10 from the rear quarter panel are applied to this panel but these forces are 

not necessarily equal so additional forces P13 are required acting at the sides 

which react on the side-frames. The loads are determined by: 

                                                                                                                  Eq. 4.29 

for substructures (12 and 13) the loads have been determined by Eqs. 4.17, 

4.18, 4.22, 4.23, 4.27, 4.28 and 4.29, however it is necessary to check the 

accuracy of the equations by the following relation: 

ὖ ὖ ὖ ὖ π                                                                                            Eq. 4.30 

ὖχ ὖρσ ὖρς π                                                                                                Eq. 4.31 

It should be noted that windscreen frame (14), roof panel (15) and backlight 

(16) substructures are not subjected to any load during the bending loading in the 

SSSs model. 

4.5.2 Vehicle load path analysis during torsion 

The vehicle is subjected to torsion loading on the road when a wheel on one side 

strikes a bump. This loading caused by vertical displacement in the wheel axel. 

Although this displacement subjects the combination of bending and torsion 

loading to the vehicle, the pure torsion load is considered. The Equal and opposite 

RFT loads are applied to the front suspension towers as RRT loads at rear 

suspension towers leading to the equal couple of T about the vehicle centerline as 

shown in Figure 4.19. The SSS edge loads in the case of torsion loading are 

indicated by Q; so it is possible to consider the combination of bending and 

torsion loading effects by estimating P and Q. The torque T is calculated by Eq. 

4.32: 

                                                                            Eq. 4.32 

Hence 

 

ςὖ ςὖ ὖ  

Ὕ Ὑ Ὓ Ὑ Ὓ 

Ὑ Ὕ
ὛȟὙ

Ὕ
Ὓ 

ὖ ὖ 



84  Light-weight Design: Detailed Comparison of Roof Panel Solutions at 

Stiffness Analyses  

 

 

Figure 4.19: Vehicle in pure torsion [1] 

For Front and rear inner fenders, as shown in Figure 4.20, the loads are 

determined based on moment equilibrium equation by Eqs. 4.33-4.35: 

                                                                               Eq. 4.33 

thus 

                                                                       Eq. 4.34 

 

 Eq. 4.35 

where L2= loaded length and h2= height of rear inner fender 

 

Figure 4.20: Frontal structure [1] 

ὖ
Ὕὒ

ὛὬ
 

Ὑ ὒ ὖ Ὤ 

ὖ
Ὕὒ

ὛὬ
 



4.5 Load path analysis by simple structural surfaces (SSSs) model 85 

 

when the torque T is applied to the engine bulkhead the force PFT can obtain 

by Eq. 4.36 as shown in Figure 4.21: 

                                                         Eq. 4.36 

 

Figure 4.21: Forces on dash panel [1] 

The parcel shelf carrying the couple PFTSF out to the sideframe at the mid A-

pillars as shown in Figure 4.22. The end forces QX1 form a couple to balance this 

couple, thus: 

                                                                                                                      Eq. 4.37 

 

Figure 4.22: Parcel shelf [1] 

By similar reasoning the rear parcel shelf reaction forces QX2 are: 

Eq. 4.38 

The exploded view of the SSS edge forces in the passenger compartment is 

shown in Figure 4.23. 

ὗ ὄ ὖ Ὓ& ȟὗ
ὖ Ὓ&

ὄ 

ὖ Ὓ Ὕ 

ὗ
ὖ Ὓ

ὄ 



86  Light-weight Design: Detailed Comparison of Roof Panel Solutions at 

Stiffness Analyses  

 

 

Figure 4.23: Edge forces in the standard sedan in the torsion load case [1] 

 

The load path for the other passenger compartment parts are calculated from 

Eqs. 4.39-4.45: 

                                                Eq. 4.39- front bulkhead 

                                                      Eq. 4.40- windshield 

                                                                Eq. 4.41- roof  

                                                         Eq. 4.42- backlight 

                                                      Eq. 4.43- rear bulkhead  

                                          Eq. 4.44- floor  

       

Eq. 4.45-sideframe 
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Figure 4.24: Sideframe [1] 

It is much clear if the above equations are written in matrix format as below: 

5 1 FT F RT R

1 2

3 3

7 4

4 5

2 6

2 3 4 5 6 7 7 X1 1 X2 2

L 0 0 0 0 0 B Q P S P S

h B 0 0 0 0 0 Q T

h 0 B 0 0 0 0 Q 0

L 0 0 B 0 0 0 Q 0

h 0 0 0 B 0 0 Q 0

h 0 0 0 0 B 0 Q T

0 r r r r r r Q Q (h Z) Q (h Z)

            Equil

- +è øè øè ø
é ùé ùé ù
é ùé ùé ù
é ùé ùé ù-
é ùé ùé ù
- =é ùé ùé ù
é ùé ùé ù-
é ùé ùé ù
é ùé ùé ù
é ùé ùé ù- - - + -ê úê úê ú

ibrium matrix         Edge forces                 Input forces

floor

front bulkhead

windshield

roof

backlight

rear bulkhead

sideframe

 

4.6 Finite element analysis formulation  

The differential equations are derived from the virtual work principles [9].The 

virtual work principle states that the work done by external loads is equal to the 

ones by internal loads. By applying the virtual work principle into a finite element 

volume Ve, the Eq. 4.46 is derived [10]: 

 

e e(U) Wd =d                                                                                                Eq. 4.46 

 (U)e is the work done by the internal loads and We is the work done by the 

external loads. By completely deriving the above formula, the structure equations 

of motion can be derived as: 

[ ]{}[]{}{ } { }int extM D C D R R
¶¶ ¶

+ + =                                                                Eq. 4.47 
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[M] and [C] are system structural mass and damping matrixes respectively; {
intR } = [K] $ is the internal load vector and {extR } is the external load vector. 

{D}, { D
¶

} and { D
¶¶

} are the nodal displacements, velocities and accelerations 

respectively. It worth to mention that the stiffness matrix [K] is not constant for 

the non-linear problems such as crashworthiness and is a function of displacement 

and time.  

Based on the direct integration methods, the time derivatives in Eq. 4.47 ({ D
¶

}, { D
¶¶

}) is replaced by differences of displacement {D} at various portions of 

time. In this way the equation is written as: 

[ ]{} []{} { } { }int ext

n n
n n

M D C D R R
¶¶ ¶

+ + =                                                          Eq. 4.48 

n implies to nDt time andDt is the time step. To solve the Eq. 4.48, there are the 

two possible methods of implicit and explicit that will describe as follows. 

4.6.1 The Implicit Method 

In the implicit method, {D} is defined as: 

{} {} {} {}
n 1 n

n 1 n 1

D f D , D , D ,...
¶ ¶¶

+
+ +

å õ
= æ ö
ç ÷

                                                            Eq. 4.49 

In order to determine the time derivatives of{}
n 1

D
+

, it is necessary to 

implement several iterations. During each iteration, equations including of mass, 

damping and stiffness matrixes should be resolved; if the model is the complex 

one then several iterations needed to solve the equation which makes this method 

is very expensive. The implicit method is unconditionally stable under some 

circumstances and it allows for large time steps to be used but it is not suitable for 

crash analysis that occurs in portion of a second [10].  

4.6.2 The Explicit Method 

In the explicit method, {D}  is defined as: 
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{} {} {}{}{}n 1 n n 1
n n

D f D , D , D , D ,...
¶ ¶¶

+ -

å õ
= æ ö
ç ÷

                                                Eq. 4.50 

This method requires knowledge of the complete history of the information 

consisting of displacements and their times derivatives at time nDt and earlier to 

calculate the displacements at time step n + 1. The explicit method is 

conditionally stable, according to the length of the time step which itself depends 

on the smallest element size in the mesh. This method is very suitable for 

nonlinear dynamic problems occur in short periods of time such as crash problems 

[11]. 

4.7 Finite element modeling of composite structures with 

LS-DYNA 

Composites are orthotropic linear elastic materials characterized by a quite 

complicated failure surface because of the different failure mechanisms that could 

take place. During the failure, material elastic properties are degraded, and this 

behaviour can be reproduced by means of different degradation methods. The 

resulting constitutive models are generally divided into the two main categories:  

the progressive failure models (PFM) and the continuum damage mechanics 

models (CDM). PFM is a strength-based degradation law that uses the ply 

discount method to degrade the material properties. After the ply applied stresses 

have exceeded the specific strength values, the material mechanical properties are 

immediately dropped from undamaged status to fully damaged status. In other 

words, progressive failure model is considered as a ply-by-ply failure model in 

which once all plies have failed the whole element is deleted [5]. CDM describes 

the gradual deterioration of the elastic properties of the material through the use of 

internal damage variables [12]. 

The finite element code LS-DYNA presents various composite material 

models including both PFM (MAT22, MAT54/55 and MAT59) and CDM 

(MAT58 and MAT158, MAT161/162 and MAT261/262). The comparison of 

different material models which can be used to model composite materials is 

presented in Table 4.6 [13, 14]. 

 

 

 



90  Light-weight Design: Detailed Comparison of Roof Panel Solutions at 

Stiffness Analyses  

 
Table 4.6: Ls-Dyna available composite material model 

Material Card  Failure Criteria  Elements Specifications 

MAT22 

Composite Damage 

Reduced Chang-

Chang 

Thin and Thick 

Shells, Solid, 

SPH 

Brittle model, PFM, No 

damage effects 

MAT54/55 

Enhanced Composite 

Damage 

54: Chang-Chang 

55: Chang-Chang 

and Tsai-Wu 

Thin Shell 

Crashfront algorithm, PFM, 

Strength-based failure, 

Damage effects 

MAT58 

Laminated 

Composite Fabric 

Reduced Hashin 
Thin and Thick 

Shells 

Smooth stress strain relation, 

CDM, Crashfront algorithm 

MAT59 

Composite Failure 

Model 

Reduced Tsai-Wu 

Thin and Thick 

Shells, Solid, 

SPH 

Crashfront algorithm, PFM- 

Smooth stress strain relation, 

No damage effects, Fabric 

shear behaviour control, 

Plasticity based 

MAT114 

Layered Linear 

Plasticity 

User Subroutine 

and Plastic to 

Strain Criteria 

Thin and Thick 

Shells 

Elastoplastic model, Strain 

rate effects 

MAT116 

Composite Layup 
No Failure Thin Shell 

Composite lay-ups Elastic 

response, Input pre-

integration done inside 

LSDYNA 

MAT117/118 

Composite Matrix/ 

Composite Direct 

No Failure Thin Shell 

Elastic response, Input pre-

integration done outside 

LSDYNA, Stiffness matrix 

coefficients imported directly 

from the experimental data 

MAT158 

Rate Sensitive 

Composite Fabric  

Reduced Hashin 
Thin and Thick 

Shells 

Similar to MAT58, Viscous 

stress tensor for eliminating 

spurious stress oscillations, 

Strain rate effects, CDM, 

Viscoelastic material 

MAT161/162 

Composite MSC/ 

Composite DMG 

MSC 

Hashin Solid 

Extra licence Required for 

translation and connection to 

MSC, Delamination 

Modelling, CDM, Strain rate 

effects 
MAT221 

Orthotropic 

Simplified Damage 

Reduced Chang-

Chang 
Solid, SPH 

Developed of MAT22, 

Damage Effects 

MAT261/262 

Laminated Fracture 

Daimler Pinho/ 

Laminated Fractur e 

Daimler Camanho 

261: Pinho 

262:  Camanho 

Thin and Thick 

Shells, Solid 

CDM, Non-linear shear 

behavior, Crashfront 

algorithm, Shear plasticity 

hardening parameter 
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MAT 54/55 has been selected between the available material models to model 

the composite structure. This material model predicts composite structures failure 

based on the Chang-Chang or the Tsai-Wu failure criteria. It is based on four 

concurrent failure modes. When failure limit condition is reached in one of the 

four failure modes, the related orthotropic elastic material properties (i.e. Young's 

modulus, Poisson's ratios and shear modulus) are set to zero. The Chang-Chang 

and the Tsai-Wu failure criteria with degraded parameters are reported in Eqs. 

3.24-3.27 in chapter three. 

The Material model 54/55, Mat Enhanced Composite Damage, consists of 

different sections that are used to define in detail the constitutive material 

properties, material coordinate system, damage factors, strain to failure 

parameters, failure criteria, shear stress weighting factor, material strength 

parameters and element deletion option as shown in Table 4.7. Unfortunately, LS-

DYNA manual does not provide complete description of the theoretical 

background that is under those material card parameters and there are only few 

papers available that discuss these parameters. Although a complete description 

can be found in [5] it is worth to present here a brief description for some 

parameters in the material card relevant for our particular study. The constitutive 

material inputs include the elastic material properties such as the Young and shear 

modulus and Poisson ratio in longitudinal (fiber) and transverse (matrix) 

directions which are completely described in [5] and the material coordinate 

system parameters - that will be described later - moreover there is the important 

factor ALPH that is used in the shear stress-strain relations as reported in Eq. 

4.51. In Eq. 4.51, Ŭ (APLH in the material card) is a weighting factor for the non-

linear shear stress term. 

3

12 12 12

12

1
2Ů Ű ŬŰ

G
= +                                                                                      Eq. 4.51 

The damage initiation factors with respect to failure criteria have already been 

discussed in the chapter three. The damage factors FBRT and YCFAC are the 

strength reduction parameters used to degrade the undamaged fiber strength of the 

remaining plies once the matrix failure has occurred. The FBRT parameter shows 

the reduction percentage of the tensile strength from its undamaged value 

(8*FBRT) and the YCFAC parameter uses the undamaged matrix compressive 

strength to determine the damaged compressive fiber strength (8=YCFAC*9). It 

is worth to mention that the selected range of the FBRT parameter is between 0-1 
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while the YCFAC parameter value can be more than 1. The SOFT parameter is a 

strength reduction factor for crush simulations and ranges between 0-1. This 

parameter reduces the element (fiber and matrix) strength immediately ahead of 

the crush front in order to simulate the damage that is propagating from the crush 

front. This parameter is activated only if the TFAIL value is non-zero where 

TFAIL is the parameter for deleting elements based on time step size. There is 

also the possibility of predicting failure based on a strain-failure criteria. The 

parameters DFAILT, DFAILC and DFAILM are the strain to failure values in 

fiber tensile, fiber compression and matrix directions respectively. Based on the 

quoted work [5] the value for DFAILT is assumed equal to the ÓÕÇÇÅÓÔÅÄ  8/EA, 

and similarly for DFAILC it is assumed 8/EB and for DFAILM it is assumed 

9/EB or 9/EB. DFAILS is intended to be the maximum tensorial shear strain but, 

at the authorsô best knowledge, a criterion for this type of failure is not available 

and, finally, EFS is the effective failure strain. The complete specifications of mat 

54/55 are presented in Table 4.8.  

Table 4.7: Reduced format of mat 54/55 

Card 

1 

MID RO EA EB (EC) PRBA (PRCA) (PRCB) 

Card 

2 

GAB GBC GCA (KF) AOPT    

Card 

3 

XP YP ZP A1 A2 A3 MANGLE  

Card 

4 

V1 V2 V3 D1 D2 D3 DFAILM  DFAILS 

Card 

5 

TFAIL  ALPH SOFT FBRT YCFAC DFAILT DFAILC EFS 

Card 

6 

XC XT YC YT SC CRIT BETA  


