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Abstract 
This thesis concerns the modeling and simulation of the steel frame of a racing car. A literature 

study on the fundamentals of racing car design, with particular attention to frame design, has 

been carried out. A considerable amount of time has been invested in 3-D modeling and 

simulation.  

The main objective of this thesis was not to design and revise the best possible version of a 

racing car. The focus was instead on simulating and interpreting the results. However, it is worth 

mentioning that six frame iterations were made and improved. The design process was carried 

out using Autodesk Inventor Professional 2022. Ansys Workbench, Release 2020 R1 was used to 

analyze and simulate torsional stiffness, behavior under dynamic loading, and deformation 

during impact with a rigid wall. Simulation resulted in a torsional stiffness value of 

13 531.8 Nm/degree and low values in bending, compressive, and tensile stress. Values for 

external loading were estimated using multiplication factors. 
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1. Introduction 
The chassis is one of the more essential parts of a racing car. Almost every component of the 

vehicle is attached to the chassis, and it primarily affects handling, weight, safety, and the 

ergonomics of the driver. Throughout the 20th century, the chassis formed the FDU¶V�VNHOHWRQ, 

where the motor, transmission, axle assembly, and steering were bolted on [1]. The body of the 

vehicle was then mounted on top of the chassis. This design is referred to as a ladder frame 

simply because it resembles a ladder. One can still find this used today on heavy-duty trucks and 

vehicles designed to haul big loads. Herb Adams mentions in his book Chassis Engineering [2] 

that ladder frames offer poor torsional stiffness and are not for performance racing cars. 

The most popular chassis design seen in WRGD\¶V�VSRUWVFDUV (except for carbon monocoque cars) 

is a spaceframe configuration. The main principle behind this idea is welding tubular members 

together in a triangular manner which places them in either tension or compression [3]. By 

ensuring the members do not suffer any torsion or bending, one can maximize weight reduction 

while obtaining adequate torsional stiffness. One of the main reasons for its popularity in the kit 

car market and Formula Student populace is the low cost of tooling and ease of production [3].  

On the opposite end of the cost scale is the carbon monocoque chassis. In this design, there is no 

internal framing or support. The outer skin bears all the load, both compressive and tensile. The 

main design challenge here is to avoid point loads normal to the surface of the outer skin. To 

allow for safe mounting points for suspension, metal inserts are added to resist these 

concentrated loads [4]. Space frame and monocoque are the two most used chassis in racing.  

Modern passenger sportscars are a combination where chassis and body are combined or unified, 

therHE\�WKH�QDPH�³XQLERG\´�[1]. This design uses a steel body shell with carefully placed 

reinforcements and braces to adequately strengthen the construction. 

The design of a race car chassis is a challenging and iterative process. There is usually a set of 

strict rules and regulations to abide by and several considerations to be made. Early on, the 

decision was made not to model a frame for the popular Formula Student event, but rather be 

more creative and freethinking. This allowed us to experiment with different designs, cross-

sections and materials.  
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Figure 1 Ladder frame [5] 

 

 

Figure 2 Space frame 
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2. Theory 
To be able to design and simulate a racing car frame, we must familiarize ourselves with relevant 

theory and mathematical models relevant to car design. What follows presents the background 

for the thesis, a brief introduction to chassis theory, material and fabrication methods, essential 

design criteria and simulation theory, and design considerations. 

 

2.1. Chassis 
The essential functions of a chassis can be listed as follows [4]: 

- Act as a secure mounting place for all other components such as engine, suspension, and 

fuel tank. 

- To serve as a protective cover for the occupants, including the driver.  

- To provide enough strength and stiffness to support the weight and forces applied by 

acceleration, bumpy roads, turning, aerodynamic forces, and passengers.  

Although all these functions are important, criteria number three is the first one any car designer 

should focus on. It ensures that the car operates as expected when under normal or extreme use. 

It is also essential for the suspension to function as intended. This can only happen if the 

suspension mounting points remain as stationary as possible regarding the FDU¶V axis system [3]. 

To ensure these mounting points stay stationary, one must design the chassis to withstand three 

main types of dynamic loading: 

1. Torsional loads 

2. Bending loads 

3. Longitudinal loads.   

These three types of loading will most likely occur simultaneously, but torsional stiffness is the 

most critical parameter to focus on in the early design process [3]. But what shapes and materials 

will offer these qualities? To understand more about this, one must understand the principles of 

triangulation and shear plates. The latter can be found extensively in monocoque chassis.  
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2.1.1. Monocoque chassis 
The monocoque chassis is typically constructed using carbon or glass fiber composites. It is the 

most commonly used chassis material in professional racing due to its ability to be stronger, 

lighter, and if designed correctly, safer than its metal counterpart [4]. In Race Car Design by 

Seward [4], it is stated that per unit weight, the carbon fiber composite is three times stronger 

than steel or aluminum. As the name composites states, it is made up of multiple parts. The 

reinforcement material is often in the form of a woven mat and a bonding resin. The flexible 

woven material is cut into pieces, placed in a prefabricated mold, and coated with bonding 

material or resin. There are many types of fiber and resin depending on what material properties 

are wanted. Phenolic resins offer better fire resistance; polyester resins are cheap but lack the 

strength needed in car chassis. The better choice is an epoxy resin for its strength and toughness 

[4].  

On a spaceframe chassis, the members are placed in such a manner that they ideally only 

experience tension or compressing. However, on a monocoque, its design is based on plates or 

shells in shear [4]. Calculating the exact strength of these shells can be laborious as carbon fiber 

composites are anisotropic, meaning the characteristics rely on the direction of fibers. Two 

seemingly equal chassis can possess unequal properties depending on the stacking sequence and 

direction of the fibers. 

 

2.1.2. Space-frame chassis 
A space frame is a 3-D structure of elements connected at the ends, forming a geometric pattern. 

The strength in these frames comes from the strength of a triangle. This method of design has 

been popular in more than just the automotive industry. One of the more famous examples is the 

great Eiffel tower in Paris. The immense strength of these triangles can be seen in Figure 3 and 

Figure 4. The structures are both constructed using the same material and dimensions, with the 

main difference being triangulation. In both cases, supports are added in lower corners, and the 

same force is applied at the top right corner. We can observe a deflection of 5.36 mm in the 

unbraced frame and 0.16 mm in the braced frame. Adding one cross member has dramatically 

increased the stiffness of this simple structure. Both models are displayed with 4 times magnified 

deformation.  
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Figure 3 Non-triangulated 2-D frame 

 

 
Figure 4 Triangulated 2-D frame 

 

 

Table 1 Deflection and stress in braced and unbraced frame 

 Deflection [mm] Max. stress [MPa] 

With diagonal bracing 0.16 24.9 

Unbraced 5.36 326 
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The same principle applies when designing a race car frame. Ideally you want at least three 

elements passing through the same point, with the center of axis of each member meeting at this 

point. In a perfect world, the force applied to the structure is only on these points, nodes, 

resulting in the members only being subjected to pure tension or compression. This is one of the 

reason triangulations is so effective, by not having to designing the members to resist bending 

makes for a lighter structure. This is however not the case in real life; as the connections are 

welded, some bending will occur. 

This type of chassis is immensely popular in the small sports car category, partly because of the 

ease of design, low cost in tooling, and substantially easier to manufacture than its carbon fiber 

counterpart. 

A well-known race car that uses a true spaceframe is the Porsche 917, designed by Hans Mezger. 

The chassis was remarkably lightweight, weighing in at only 42 kg. Because it was so light and 

only meant to last one race, they pressurized the frame with gas to detect any cracks in the weld. 

The Porsche 917 succeeded in winning Le Mans in 1970 and 1971 [6]. 
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2.2. Frame material 
The construction material of a racecar significantly governs the behavior and is important in the 

design process. Materials range from high-tech aluminum plus composite constructions to tough 

thermoplastic matrix and stiff carbon fiber or Kevlar [3]. In the increasingly popular F1 Grand 

Prix, cars are made almost entirely of ultra-light carbon fiber composite materials, giving them 

astonishing power to weight ratio and exceptional stiffness [3]. 

However, it was the popular space-frame design that sparked our curiosity and motivated us to 

embrace this challenge. Its design is beautiful and enticing to look at; it is both industrial and 

elegant and often cheaper to produce than carbon monocoque chassis [3]. If designed correctly, 

the seemingly random placement of triangles and beams can create a strong and surprisingly 

lightweight chassis. This thesis will focus its efforts on a steel space-frame chassis and briefly 

mention the benefits and disadvantages of a monocoque chassis.  

 

2.2.1. Elastic deformation  
Understanding the material properties is essential when choosing a material for construction. 

Materials can have different properties with different advantages. In a spaceframe, the beams are 

subjected to forces and loads, resulting in deformation. This deformation can, if big enough, 

result in failure. Key properties of materials are stiffness, strength, hardness, ductility, and 

toughness [5]. 

When you supply force on an area of a beam, stress will occur. Molecules in the material gets 

squeezed together with the tension between them. If the deformation is elastic, the molecules 

spring back to their original positions, and the beam returns to its original shape. The stress ߪ can 

be set mathematically as [5]: 

ǡݏݏ݁ݎݐܵ ߪ ൌ
ܨ
௖௦ܣ

ሺͳሻ 

 

When the object is under stress it changes in one or more dimensions. The deformation caused 

by the stress is called strain. Engineering strain ߝ is defined by: 
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ǡ݊݅ܽݎݐܵ ߝ ൌ
݈߂
݈

ሺʹሻ 

 

The degree of the deformation, stress, depends on the magnitude of the imposed stress. Most 

metals subjected to low-level stress in tension have a proportional strain behavior, which is 

defined by +RRNH¶V�ODZ� 

ߪ ൌ ǡߝܧ ܧ ൌ
ߪ
ߝ ሺ͵ሻ 

 

7KH�FRQVWDQW�(�LV�WKH�0RGXOXV�RI�HODVWLFLW\�RU�<RXQJ¶V�PRGXOXV�DQG�LV�WKH�VORpe of the graph 

from zero till yield strength, see Figure 5. One might think of E as the material stiffness or the 

resilience to elastic deformation. The higher the Young´s Modulus, the stiffer the material is, and 

the smaller the deformations will be for an applied load. The deformation until yield strength is 

elastic, meaning non-permanent deformation.  

 

Figure 5 Stress strain curve 

 

Compressive stress evokes elastic behavior, giving it shear or torsional stresses. The stress-strain 

behavior is the VDPH�DV�LQ�WHQVLOH�VWUHVV��7KH�EHKDYLRU�RI�WKH�VKHDU�VWUHVV�Ĳ�DQG�VWUDLQ�Ȗ�LV�

expressed as the elastic modulus: 
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߬ ൌ ǡߛܩ ܩ ൌ
߬
ߛ ሺͶሻ 

 

Where G is the shear modulus, the slope of the linear region in the stress-strain curve.   

 

2.2.2. Plastic deformation 
When the material is deformed beyond the point of HODVWLF�GHIRUPDWLRQ��+RRNH¶V�ODZ�LV�QRW�YDOLG��

At this stage, plastic deformation occurs. When designing a structure, one must avoid plastic 

deformation. Therefore, it is essential to express where the material goes from elastic 

deformation to plastic deformation. This point, called the proportional limit, is hard to measure 

precisely. Therefore, a convention has been set to construct a parallel line to the elastic portion 

with a strain offset of usual 0.002. The intersection between the line and the stress-strain slope is 

defined as the yield strength as displayed left in Figure 6. 

 

Figure 6 Yield strength using the 0.002 strain method (left) and the yield point 
phenomenon (right) 

 

0,002 
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For some materials, the elastic-plastic transition is very well defined. This is displayed in Figure 

6 and is termed a yield point phenomenon. The plastic deformation is initiated at the upper yield 

point, and the continued deformation happens at a lower yield point. The yield strength is the 

average value in the lower yield point in materials with these properties.  

After the yield strength, the stress necessary to continue to deform the metals comes to a 

maximum point. This point is called tensile strength and is the point with the maximum absorbed 

stress in the material in tension. If the stress is applied and maintained, it will result in fracture. 

 

 

 

Figure 7 Stress strain curve of brittle and ductile material 
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2.2.3. Energy absorption 
Ductility is an important property of the material. Callister and Rethwish [5] describe it as: ³the 

measure of the degree of plastic deformation that has been sustained at fracture´. The material is 

brittle if it has a low level of ductility. Figure 7 shows the difference in a brittle and ductile 

material. When the material is under load below yield strength it absorbs the energy and 

deforms. Upon unloading, releasing the energy goes back to its original form. This is called 

Resilience and the associated property is the modulus of resilience which is the strain energy per 

unit volume required to stress up to the yield point [5]. If the racecar frame is not stiff enough, it 

will act as a spring, absorbing energy under loading and releasing energy during de-loading. This 

results in an unpredictable racecar. It is therefore crucial to make the frame stiff enough to where 

it can be safely ignored [7].   

The toughness of the material can be used in several contexts as described by Callister and 

Rethwish [5]. For one, toughness, more specifically fracture toughness, can be described as the 

property of the material to ensure no fracture by cracks or imperfection. It is almost impossible 

to make a material without any imperfections, therefore it is vital to have a tough material. 

Toughness can also be described as the ability of a material to absorb energy and plastically 

deform before fracturing. For a racecar, it is crucial to absorb large amounts of energy during a 

crash. The combination of stiffness, flexibility, strong in some places, and weaker in others, is 

challenging in race car design. Therefore, one needs to make a stiff chassis that absorb energy 

during plastically deformation.  

For a low strain situation, one can measure the toughness by the result of the stress-strain test. 

The toughness is then the area under the stress-strain curve up to the fracture point. Figure 7 

shows that the stress-strain curve area differs for a brittle and ductile material. The brittle 

material might have higher tensile strength but will not absorb nearly as much energy as a ductile 

material at fracture. 

The toughness can be measured by an impact test for a high strain situation, specifically the 

Charpy V-notch test. The CVN-test can measure the toughness at the state of low temperature, 

high strain, and triaxial stress. A bar shaped with a square cross-section test specimen is used, 

where a V-notch is machined. The apparatus for the test, displayed in Figure 8, has a pendulum 

with a mass of m. It gets released from the start point at the height H. Then, the pendulum hits 
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the test specimen, absorbs energy, and reaches a height of h. The difference in height is the 

energy absorbed by the test specimen. This can be expressed as:   

 

ܧ ൌ ݉݃൫ܪ௜ �െܪ�௙൯ ሺͷሻ 

 

 

 

Figure 8 Charpy v-notch test 

 

Designing a car chassis as rigid and stiff as possible can have some disadvantages. One of which 

shows itself during a crash. When a vehicle is involved in a collision, forces are at play. How 

PXFK�GHSHQGV�RQ�WKH�FDU¶V�VSHHG�DQG�PDVV��DQG�WKH�PDVV�RI�WKH�Rbject it hits. The aim is to 

maximize the time it takes for the vehicle to decelerate, thereby minimizing the force transmitted 

to the passengers.  

The worst-case scenario would be that all the kinetic energy of a moving vehicle was transmitted 

to its occupants. Modern passenger cars solve this by utilizing crumple zones, i.e. parts of the 

FRQVWUXFWLRQ�ZKRVH�RQO\�SXUSRVH�LV�WR�GHIRUP�DQG�³DEVRUE´�VRPH�RI�WKe energy from the crash.  

Hi 

Hf 
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Material selection also plays a big role in the ability to deform and shield passengers from high-

energy crashes. A look at the mDWHULDO¶V�VWUHVV-strain curve lets us calculate the amount of energy 

absorbed by said material. The integrated area under the entire stress-strain curve is the energy 

absorbed [5]. Figure 9 shows a graph comparing two fictional materials of different composition 

and properties, where one resembles properties found in carbon fiber, and the other resembles 

construction steel. No calculation is needed to see which material absorbs the most amount of 

energy under deformation.   

 

Figure 9 Material properties of brittle and ductile material. 
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Despite not being able to absorb significant amounts of energy, carbon fiber is still the most used 

material in modern formula 1 cars. The design takes advantage of entire sections of the car 

breaking off in a controlled fashion to decelerate the vehicle. One example of the breakaway 

sections in formula 1 doing what they are intended to do, can be found looking at Carlos Sainz`s 

crash in the Russian Grand Prix in 2015 [8]. He reportedly crashed into the barrier at 150 km/h. 

Crash data indicated that the total deceleration time was 0.09 seconds. Using simple equations of 

motion this results in a peak rate of deceleration of 463 ݉Ȁݏଶ. Assuming Carlos weighed 70 kg 

at the time of the crash, his body weighed (albeit only for a split second) over three tons. That is 

over 4 times more than his own formula 1 car. Carlos raced the next day, a great testimony to the 

capabilities of a carbon fiber.   

 

 

2.2.4. Material selection 
Choosing the right material means taking a closer look at its attributes. Its attributes include 

density, strength, and weldability. A project my demand certain of these attributes, such as 

corrosion resistance over low weight, or strength rather than low cost. :LWK�WRGD\¶V�H[WHQVLYH�OLVW�

of materials, a systematic approach is needed to assure that the designer is left with the material 

best suited for his needs. Not evaluating all possibilities may lead to missed opportunities. 

One way of doing this is by [9]: 

1. Establishing the desired attribute profile and then 

2. Comparing it with those of real engineering material to find the best match. 

The first step in narrowing down the vast number of materials is screening out the ones that do 

not meet the desired specifications. One would not consider glass when designing a hammer. The 

second step is scoring and ranking the remaining candidates to your set of requirements.  

Matching the desired attributes to those of real materials can according to Ashby [9] be further 

divided in to four steps. Translation, screening, ranking and supporting information.  

Translation can be described as identifying the criteria needed for the material. Depending on the 

project, some criteria may be answered by yes/no questions, further eliminating the ones not 
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meting these goals (screening). You will be left with a group of materials all inhibiting the 

needed criteria. Some materials will outperform others, you rank them according to this. Lastly 

an in-depth review will give you the supporting information you need regarding each material. 

The process of translation can be set up as a table of function, constraints, objective and free 

variables. Table 2 defines the boundary conditions for choosing a material for a race car frame.  

 

Table 2 Function, constraints, objective and free variables for the frame 

Function Race car frame 

Constraints - Material must be strong 

- Must support axial tensile load, compressive and bending 

without failing. 

Objective - Maximize strength of car while minimizing weight  

Free variables - Choice of material 

- Cross-sectional area 

 

When a mechanical component is under load, may it be tension, compression, bending or torsion, 

the condition can be written as a mathematical function. Rearranging that equation for the 

quantity you want to maximize gives you the material index for that problem.  

If we solve for the material index Mi of a light, stiff beam we get: 

௜ܯ �ൌ �
ܧ
ଵ
ଶ

ߩ
ሺ͸ሻ 

 

More material indices can be found in Figure 10 and Figure 11. This is an easy process, if you 

understand which constraints are considered, and what you are trying to maximize.  
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Figure 10 Stiffness-limited design at minimum mass [9] 
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Figure 11 Strength-limited design at minimum mass [9] 

 

The process, is as mentioned, simple. Finding the material index for your problem, applying that 

to the appropriate chart and parallel shifting the line until a small group of materials are above it. 

The material last touched by the moving line is the one with the largest value for Mi, and the one 

most appropriate for the condition you set. As a designer or engineer you must decide which of 

the appropriate material are best suited for your application. 
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Figure 12 Youngs modulus, E, plotted against density [9] 
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Figure 13 Strength, plotted against density [9] 

 

Table 3 Material for race car frame 

Material 
Index M =  ۳

૚
૛

ૉ
 

Comment 

Steels 61 Heavy, but cheaper. Strong 

enough.  

CFRP 214 Light, strong, not suited for 

space frames.  

Aluminum 98 Light, strong, but difficult to 

weld 

Titanium 80 Strong, light, expensive 
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Ranking the materials results in several possible candidates for a race car frame. Steels, CFRP 

and aluminum alloys all scored high. 

The final deciding factor between possible candidates will often come down to conditions such 

as local expertise, equipment and availability. For this specific thesis the deciding factors was 

ease of manufacturing, availability, cost, and local expertise in structural engineering.  

 

2.2.5. Material and safety factor 
It is a common practice to apply a safety factor n to construction materials. This will account for 

material imperfections such as: 

- Quality  

- Straightness 

- Dimensional deviations  

- Uneven load distribution  

 

The safety factor is defined by the following equation[10]: 

ǡݎ݋ݐ݂ܿܽ�ݕݐ݂݁ܽݏ ݊ ൌ
ݏݏ݁ݎݐݏ�݈݀݁݅ݕ
ݏݏ݁ݎݐݏ�݊݃݅ݏ݁݀

ሺ͹ሻ 

 

It is suggested to use a value of 1.5 as a safety factor [4]. 
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2.3. Welding 
The world of welding is vast and complicated. There are several popular welding techniques, but 

at its core, it is the process of joining two or more pieces of metal together. In other words, this is 

unavoidable when constructing a metal frame. If done correctly, a weld is strong, if done 

incorrectly, a weld is unreliable.  

 

³/LNH�FKHVV��KRZHYHU��ZHOGLQJ�LV�HDV\�WR�OHarn yet hard tR�PDVWHU´ Atteberry [11] 

 

It is normal to add filler material when melting the two existing materials together. This is done 

to avoid gaps or voids in the weld. Heat is quite naturally generated in this process, which can 

greatly alter the properties of the material. The significance of this effect is fairly difficult to 

determine for each weld, but must be taken into account. Rapid cooling of the heated material 

can both harden it and make it more brittle. If the material was hard to begin with (i.e., cold 

drawn or heat-treated) further heating can change these characteristics and diminish the effects of 

heat treatment. Welding can be done in various ways but can be narrowed down to two main 

methods. 

 

The two main types of welds are: 

Fillet weld 

Fillet welds are used when the strength requirement is moderate [10]. It is used 

when two pieces of material meet at an angle or are in contact with each other in 

any way. The parent material will in this case physically melt together and form a 

strong bond. In welding science, this is called penetration. To achieve good 

penetration, it is useful to bevel the workpiece and ensure you are using the 

appropriate current.  

 



22 
 

Butt weld 

In this type of welding, there is usually a gap between the materials being bonded 

together. This gap is then filled up with filler material, making it one piece. The 

pieces are placed end to end in the same plane and have no overlap with the 

parent material. The endV�RI�WKH�PDWHULDOV�WR�EH�ZHOGHG�DUH�³EXWWHG´�DJDLQVW�each 

other. It is easy to machine and inspect after welding, but can be prone to 

incomplete penetration and porosity. To get full penetration of a butt weld, the 

thickness and width must be equal to or greater than the lesser thickness of the 

materials welded together.  

 

The challenge welders are faced with is that melting metal produces heat. Heat causes metal to 

expand, warping the intended shape of the part, and as mentioned, can alter the material 

properties. Both butt and fillet welds can be carried out in two manners: continuous and 

intermittent welding. 

 

Continuous weld: 

As the name suggests this is a continuous weld from one end of the joint, till the 

welder reaches the full length of the workpiece. This technique is often used when 

joining piping or tubes [12].  

Intermittent weld: 

An intermittent weld is often sectioned off and carried out in multiple lines. The 

metal pieces appear to be tacked together with alternating patches of welded and 

unwelded sections over the length of the material. This technique puts less 

thermal stress on the material and is cheaper as a result of using less filler 

material.  
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The two welding techniques to consider when fabricating a steel frame is MIG and TIG welding. 

Both techniques are based on the same principle, an electrical current is generating heat that 

melts the base material and bonding material. There are however some differences worth 

mentioning.  

TIG welding: 

The most versatile of the two is Tungsten Inert Gas welding. It is used by 

professionals in a wide variety of industries, including the aircraft industry, 

aerospace industry, and automobile industry [13]. It offers great control and 

allows the user to weld thick and thin material with only small adjustments to the 

equipment. This technique requires skilled workers, as the filler material is 

deposited by hand into the weld pool. The result is a slag-free, strong, and 

aesthetically pleasing result that shares the same corrosion resistance as the parent 

material [13]. It is often used on pipes. 

 

MIG welding: 

Unlike TIG welding where the filler material is fed by hand, MIG uses a wire that 

flows continuously through the handle of the welding tool simultaneously with 

shielding gas. This allows for the production of larger and longer continuous 

welds as the operator is not forced to stop and change the filler rod. 

  

Navigating the jungle of filler materials can be a daunting task for the inexperienced welder, and 

sometimes even for the experienced professional, but there are some guidelines to help with this. 

Numerous variables determine what filler material is best suitable: Composition of base material, 

joint type, thickness and material properties of base material, amperage, gas flow, cup size, etc.  

A rule of thumb is to choose a filler material with similar properties to the metals which you are 

welding, and a rod diameter less than the thickness of the stock material [14].  

The filler material is often of higher strength than the metals being welded together, and a 

welded connection often surpasses the strength of the base material. This means that the design is 
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governed by this, and there are no procedures required for the weld [15]. Therefore, it is common 

practice to assume the same material properties in the weld as in the base material. Eurocode 3 

requires that butt welds have greater or equal properties to those of the metals welded [15].  

 

Table 4 Material properties [10, 16] 

Material Yield Strength [MPa] Ultimate Tensile Strength [MPa] 

Lincoln Electric Kryo 3 

electrode 

min. 460 530-680 

S355 Steel tube 355 510 

 

 

2.3.1. Welding calculations  
The allowable stress in a fillet weld is given by the following equation [17]. 

 

௘ߪ ൌ ටୄߪଶ ൅ ͵ሺ߬ୄଶ ൅ �ଶሻצ߬ �൑ ௔௟௟௢௪௔௕௟௘ߪ� ൌ
௨݂

ெଶߛ௪ߚ
ሺͺሻ 

 

and:  

ୄߪ ൑ � ௨݂

௪ߚெଶߛ
ሺͻሻ 

Where:  

 The normal stress perpendicular to the throat -ୄߪ

߬ୄ- the shear stress perpendicular to the axis of the weld 

 the shear stress parallel to the axis of the weld - צ߬

  ௪ - correlation factorߚ

 ெଶ- partial safety factor for joints = 1.25ߛ

௨݂- the nominal ultimate tensile strength of the weaker material joined 
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Table 5 Correlation factor for fillet welds, and partial safety factor [17]. 

Material EN10025 Correlation factor ࢝ࢼ  Partial safety factor ࡹࢽ૛ 

S235 

S235W 

0.8 1.25 

S275 

S275 N/NL 

S275 M/ML 

0.85 1.25 

S355  

S355 N/NL 

S355 M/ML 

S355 W 

0.9 1.25 

S420 N/NL 

S420 M/ML 

1.0 1.25 

S460 N/NL 

S460 M/ML 

S460 Q/QL/QL1 

1.0 1.25 
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2.4. Torsional stiffness 
According to Seward [4], torsional stiffness refers to twisting throughout the length of the car. It 

is simply how much a car frame will flex as it is loaded with one front wheel up and the other 

down, and both rear wheels level. A condition that occurs at every corner of the racetrack.  

One can think of a chassis as a large spring twisting and bending as the car accelerates and turns. 

Having an extra spring added to the already complex system of springs and dampeners 

complicates an already difficult calculation. Making this spring as stiff as possible will allow the 

designer to safely eliminate it from the equation when setting up the suspension [7]. It is 

therefore obvious that torsional stiffness is of utmost importance.  

Torsional stiffness is also important when cornering hard. In hard cornering, the chassis obtain 

strain energy. The frame twists like a spring in a mechanical watch, and when the car is at the 

critical point of a cornering, straightening up, the stored energy gets released. This makes the car 

behave and handle unpredictably.  

The torsional stiffness of a frame is measured in Nm/degree. Historically this was done by fixing 

three corners of the car and applying a load to the fourth. This was usually the left or right front 

suspension mounting point, or directly on the frame. With the advance of CAD programs and 

powerful analyzing software, this is often done computationally to save time and money on 

production.  

Multiplying the added force with the width of the frame equals the moment about the support 

point. From the momentum you get a downward displacement used to calculate the angular 

rotation with the formula: 

ǡ݊݋݅ݐܽݐ݋ݎ�ݎ݈ܽݑ݃݊ܣ ߶ ൌ ଵି݊ܽݐ ൬
ܪ
ܮ
൰ ሺͳͲሻ 

 

With the angular rotation ࢥ and the momentum M, the torsional stiffness k can be calculated 

[10]: 

ǡݏݏ݂݂݁݊݅ݐݏ�݈ܽ݊݋݅ݏݎ݋ܶ ݇ ൌ
ܯ
߶ ሺͳͳሻ 
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Figure 14 Angular rotation 

 

Figure 15 Torsion 
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There are four common ways to measure torsional stiffness in a race car frame. All of them can 

be done physically as well as computationally. 

Option 1. 

 

Figure 16 Constraints and forces for option 1 

Constraints: Point 1, 2, 3, 4, 5 ± Fixed translation (x, y, z) 

Forces: Point 6 ± downward forced 

Measurement: Vertical displacement of probe on node 6

Option 2. 

 

Figure 17 Constraints and forces on option 2 

Constraints: Point 1, 2, 3, 4, 5 ± Fixed translation (x, y, z) 

Forces: Point 6 ± downward forced, Point 7 ± upward force 

Measurement: Vertical displacement of probe on node 6 
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Option 3. 

 

Figure 18 Constraints and forces on option 3 

Constraints: Point:  1, 2, 3 - Fixed translation (x, y, z) 

Forces: Point 4 ± downward forced 

Measurement: Vertical displacement of probe on point 4, Suspension 
modeled as rigid links

 

Option 4. 

 

Figure 19 Constraints and forces on option 4 

Constraints: Points 1, 2, 3, 4 ± Fixed constraint (x, y, z) 

Forces: Point 4 ± Upward force 

Measurements: Vertical displacement of probe on point 4. Suspension 
modeled as flexible links 
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They all offer different advantages and disadvantages and can yield slightly different results of 

torsional stiffness for the same frame. Skovajsa  and Sedlaeck [18] found the maximum 

difference to be 1112.4 Nm/deg between respective methods two and three. It was concluded that 

modeling the suspension as rigid links increased the stiffness to unrealistic levels. Considering 

this, and in close corporations with our supervisor we have decided that option 1 is best suited 

for this thesis. It is a configuration that resembles real-world conditions as a car turns, and one 

wheel lifts off the ground.  

Option three and four may yield more realistic results, but moves the load away from the frame, 

and may require additional modeling of wheel and suspension systems. Since this is beyond the 

scope of this thesis no further investigation was invested in perusing these results. 
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2.5. Bending stiffness 
The frame is exposed to bending in both vertical and horizontal directions. The vertical bending 

comes from the weight of the car and its components. Figure 20 displays the vertical load with 

the wheels as reaction forces. This loading is present both when the car stands still or drives in a 

straight line but multiplies when turning or driving over uneven roads.  

The lateral bending is due to the centrifugal force acting on the car while cornering. In Figure 20 

you can see the centrifugal force acting from the center of mass of the car while the wheels act as 

reaction forces. The amount of acceleration load depends on the mass and the cornering speed.  

The bending stiffness can be expressed as: 

ݏݏ݂݂݁݊݅ݐݏ�݃݊݅݀݊݁ܤ ൌ
݀ܽ݋݈�݈݀݁݅݌݌ܽ�݈ܽݐ݋ܶ

�݀ܽ݋݈�݈݀݁݅݌݌ܽ�ݎ݁ݐ݂ܽ�݀݁ݎݑܿܿܽ�݊݋݅ݐ݈݂ܿ݁݁ܦ
ሺͳʹሻ 

 

 

 

Figure 20 Vertical bending (left) and lateral bending (right) 
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2.6. Finite element method 
Finite element analysis (FEA) can be used to make a racing car space frame as strong and light 

as possible. FEA is the simulation of any physical phenomenon using the numerical technique 

called the Finite Element Method (FEM) [19]. It can be used to analyze a wide range of 

engineering problems such as structural engineering, heat transfer, thermal loading, fluid 

mechanics aerodynamics, and electrostatics. Performing such an analysis help predict how 

certain objects perform, and to predict mechanical behavior.  

This can be done manually using large systems of equations, or computationally using software 

such as MATLAB or Ansys.  

What follows are the equations used to calculate bending moments, shear stress and axial forces 

in beams. Equation 13 below conforms to the deformation in a beam in the x-y plane. 

 

Equation 13 Element equation[20] 
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This should then be combined with the beam element as displayed in the Equation 14 below. 

 

Equation 14 Beam element equation [20] 
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Further expanding the element equation to a 3-D system containing axial forces as well as 

bending moments and shear forces ultimately yields: 

 

Equation 15 3-D element equation of a beam [20] 
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Where the sub-matrices are defines as: 

 

Equation 16 Sub-matrices in the 3-D element equation of a beam [20] 

 

 

As shown these systems of equations get quite large rather quickly, thus making them ideal to 

solve using a computer.  
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2.6.1. Mesh 
Selecting the correct mesh setting for analysis is crucial for extracting the correct result. When 

meshing, the model is divided into increments that contain nodes, these nodes represent the 

shape of your geometry. Quite often a three-dimensional model consists of irregular shapes 

which can be troublesome for an FEA program to process. A shape more suited for an FEA 

solver is cubes and tetrahedrons, these volumes are called elements. Calculations are then made 

for every element, sometimes ranging in the millions, then combining the result.  Selecting 

which element is the correct one for your model requires experience.  

 

 

Figure 21 Meshing of chassis 
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After choosing the correct mesh begins the process of mesh refinement. This process boils down 

to using finer and finer meshes and comparing the results. The quality of the mesh can greatly 

impact the results obtained by the analysis. Decreasing the element size is often related to a 

higher level of accuracy in the results, but only down to a certain level. At one point the results 

will not depend on the number of elements, but rather converge to give the same result. This is 

known as mesh convergence. Further decreasing the mesh size after the convergence limit is 

reached will only increase the computational time and complexity of the model, with only minor 

insignificant changes to the result.  

 

2.6.2. Weld 
The meshing of welded connections is hard to accurately calculate due to several variables 

mentioned in chapter 2.3. A space frame can consist of several dozen welds, making it a time-

consuming task to correctly simulate and generate a good mesh. Structured quadrilateral mesh is 

well suited for welds [21]. If done correctly it can capture the peak stress at the toe of the weld.  

 

2.6.3. Crash 
While the regular graded mesh is suited for simulating the durability of a weld, it is not ideal for 

crash simulation. For computational efficiency, it is preferred to use a uniform-sized mesh [21]. 

Using Hooke´s law relies on one assumption, that the model in question returns to its original 

shape, not realistic in a car crash. Since the deformations a car experiences remain after the crash 

it is not possible to simulate it using linear equations. It is evaluated using nonlinear dynamics 

and explicit time steps. The forces are calculated for each specified time step, with the forces 

from the previous timestep determining the next iteration.  
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2.6.4. FEA results 
When solving a FEA using software, the results are worthless without the correct interpretation. 

Not knowing what the values imply, or how to use them, renders the simulations pointless. 

Solving a Static Structural problem using Ansys Mechanical Beam Tool gives the following 

result: 

 

Table 6 Explanation of Ansys solver results [22] 

Direct stress The stress component of a beam caused by 

axial load. 

Minimum bending stress The lowest of four bending stresses that arise 

from bending loads 

Maximum bending stress The highest value of the four bending stresses 

Minimum combined stress The linear combination of Direct stress and 

Minimum bending stress 

Maximum combined stress The linear combination of Direct stress and 

Maximum bending stress 

Axial force The force along the x-axis of a beam element 

Bending moment The moment in the plane perpendicular to the 

beam element axis 

Torsional moment The moment about the beam element axis (x 

component). 

Shear force The force acting perpendicular to the beam 

element axis (y and z components) 

 

 



39 
 

2.7. Center of mass of a vehicle 
To get the weight distribution of the axels we need the center of mass, also known as the center 

of gravity. The weight distribution determines how the car rolls while cornering and the weight 

transfer between wheels when braking, accelerating, and cornering [4]. The different components 

have a weight of m and their location for center mass, l and h, can either be measured or 

estimated. By combining all the components one can calculate the center of mass of the car. 

 

݉௠ ൌ σሺ݉ଵ ൅݉ଶ ൅݉ڮ௡ሻ� ሺͳ͹ሻ 

 

 The combined center of mass by length l and height h is given by: 

 

݈௠ ൌ
σሺ݈ଵ݉ଵ ൅ ݈ଶ݉ଶ ൅ڮ ݈௡݉௡ሻ

݉௠
ሺͳͺሻ 

݄௠ ൌ
σሺ݄ଵ݉ଵ ൅ ݄ଶ݉ଶ ൅݄ڮ௡݉௡ሻ

݉௠
ሺͳͻሻ 

 

 

Figure 22 Center of mass 
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2.8. Aerodynamic and Downforce Fundamentals 
Aerodynamics is the science and study of forces on objects moving through the air [23]. Closely 

monitoring how air moves around an object allows an engineer to determine the ideal shape of 

wings, propellors, ships, and racing cars. Altering the shape of a car greatly governs the behavior 

during acceleration, high speed, and cornering. Drag depends on the density of air, the velocity 

of the moving object, the drag coefficient ܥௗ and a reference area. A flat brick held perpendicular 

to the flow of air has a drag coefficient of approximately 1.1, compared to a raindrop with the 

drag coefficient of approximately 0.05. The drag coefficient is often determined experimentally 

using wind tunnels, or computationally using CFD. 

 

Table 7 Coefficients of drag and lift [4] 

Shape ࢒࡯ ࢊ࡯ 

Passenger car 0.35  

Open-wheel race car 0.6  

Racecar with wings 0.7 ± 1.2 0.3 ± 1.2 

Dolphin < 0.01  

 

Listed above are some realistic drag coefficients for various shapes.  

 

The aerodynamic drag force increases rapidly with the increase of speed. One can observe from 

equation 20 that by doubling the velocity it will result in quadrupling the drag forces [24]. 

Therefore, the designer needs to consider different load cases at different velocities.   

 

ிܦ �ൌ ௗܥ כ
ଶܸ�ߩ

ʹ
כ ܣ� ሺʹͲሻ 

 

In addition to aerodynamic drag, we must mention lift and side forces. If designed correctly a car 

can have minimum amount of drag while obtaining maximum amount of lift. To avoid 
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confusion, it is common to refer to this as negative lift. ,W¶V not optimal to have a car WKDW�³OLIWV´�

off the ground. The downforce equation is almost identical to the drag equation, however the 

value for reference area changes. For aerodynamic downforce the area in question is taken as the 

width and chord length of the wing. Also, the coefficient of drag is substituted for the coefficient 

of lift.  

��݁ܿݎ݋݂݊ݓ݋ܦ ൌ ௟ܥ כ
ଶܸ�ߩ

ʹ
כ ܣ� ሺʹͳሻ 

 

 

Figure 23 Terminology for aerofoil 

 

On race cars, aerodynamics plays a vital role in the performance and is crucial at high speed for 

traction. One example is the Swedish designed Koenigsegg Jesko, delivering a downforce 

payload of 800 kg at 250 km/h, and an astonishing 1400 kg maximum downforce. At this level 

of car design, nothing is left to chance. Even the rear-view mirrors add 20 kg of downforce and is 

directing air to the massive rear spoiler [25]. 

Many race cars can be seen sporting a big rear wing, as this is a certain way of improving 

downforce. All this downforce often comes with a drawback, which is more drag. It is estimated 

by Miliken and Miliken [7] that a rear spoiler can increase downforce by 20 %, but at the same 

time increase drag by 50 %. You then need more engine power to overcome the added drag.  
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Contradictory to race cars, the aim of passenger cars is often to minimize the coefficient of drag 

to boost fuel efficiency. This comes at the expense of reduced downforce, this is not a big 

concern for normal road use.  

Downforce has a significant effect on high-speed cornering. It adds additional g-force on the car 

which transforms into more grip. Mathematically it can be written as: 

 

ǡ݁ܿݎ݋݂�݃݊݅ݎ݁݊ݎ݋ܿ�݉ݑ݉݅ݔܽܯ ܨ ൌ ሺܹ ൅ ሻܦ כ ߤ ሺʹʹሻ 

 

When viewing the maximum cornering force in light of the downforce, it is obvious that 

increasing downforce D will yield a greater maximum cornering force, thereby resulting in faster 

lap times and better results. 
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2.9. Dynamic loads 
As a race car is rarely standing still, it is not enough to analyze it using static forces only. One 

must consider dynamic forces to ensure a more realistic result and a safer vehicle. These 

dynamic forces occur during the entire duration of a race. As previously mentioned, a race car is 

ideally in either an accelerating phase or a decelerating phase. The objective is to carry the 

maximum amount of speed through a corner and onwards to the straights. This will quite 

naturally result in weight being shifted from the front wheels to the rear wheels, and from left to 

right. In some instances, the car might even get airborne. Accurately calculating all these forces 

is very challenging, the design procedure, however, is quite manageable.  

A multiplication factor is applied to account for uneven roads, hitting curbs, cornering, and 

aerodynamic downforce. The multiplication factor of 3 is stating that the mass of the car is 

subjected to an acceleration of 3 g. 

Below is a table with suggested load cases with their assigned multiplication factors [4]. 

 

Table 8 Multiplication factors and load cases [4] 

Load case Multiplication factor 

Max. vertical load 3.0 

Max. torsion 1.3 on vertical loads 

Max. cornering  1.3 on vertical and lateral loads 

Max. decelerating  1.3 on vertical and longitudinal loads 

Max. acceleration 1.3 on vertical and longitudinal loads 
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2.10. Design considerations 
Structures such as beams and spaceframes experience three types of loading, and effort must be 

made to ensure all elements of the structure can withstand said loads. 

 

2.10.1. Elements in tension 
Ideally all members in a triangulated structure are loaded in either compression or tension. 

Adding the material safety factor of 1.5 mentioned above gives [4] : 

௧ߪ�ݏݏ݁ݎݐݏ�݈݁݅ݏ݊݁ܶ ൌ �
ǡ݁ܿݎ݋ܨ ௧ܨ
ǡܽ݁ݎܣ �ܣ

�൑
ǡݏݏ݁ݎݐݏ�݈ܻ݀݁݅ ௬ߪ

ͳǤͷ
ሺʹ͵ሻ 

Ǥ݊݅ܯ ǡܽ݁ݎܽ �ܣ ൌ
ͳǤͷ ൈ ௧ܨ

௬ߪ
ሺʹͶሻ 

 

2.10.2. Elements in compression 
Thin and slender members often fail by buckling long before the material yield strength is 

reached. In the case of a spaceframe, the beams are connected by welds. The weld connection 

gives us the Euler critical load case IV. This results in reducing the effective length LK to be 

equal to 0.5 times the original length L. Using the material safety factor of 1.5 the allowable 

Euler buckling load can be defined as[10]: 

ாܨ�݀ܽ݋݈�݈݃݊݅݇ܿݑܾ�ݎ݈݁ݑܧ�݈ܾ݁ܽݓ݋݈݈ܣ ൌ �
ܫܧଶߨ
ͳǤͷܮ௞ଶ

ሺʹͷሻ 

 

The moment of inertia I, for a hollow tube can be mathematically derived as [26]: 

ǡܽ݅ݐݎ݁݊݅�݂݋�ݐ݊݁݉݋ܯ ܫ ൌ
ߨ
Ͷ
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2.10.3. Elements in bending 
If the applied load does not act directly on the intersection of triangles bending moment will 

occur. This will in turn generate bending stress. Using the same material factor we can write [4]:  
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3. Concept selection 
Choosing between the previously mentioned chassis was difficult. Available literature showed 

popularity among both monocoque design and steel space frames. The vast use of 3-D trusses in 

civil engineering was the winning argument that led us to pursue this concept. Bridges, stadiums, 

and perhaps even more relevant to our geographical location, offshore structures all use framed 

structures. This was a great opportunity to further our knowledge on this topic and learn more 

about both strengths and weaknesses of trussed structures.  

 

4. Preliminary Design 
The goal of the preliminary design process is to get the bigger picture of all the components, and 

their placement in the car. In motor racing, there are often strict rules to abide by concerning the 

weight, length, and width of the car. In this thesis there is taken no consideration of this. Since 

there are no rules limiting our design, the body shape, or the geometry of the car, we have simply 

designed a race car with estimated dimensions and external shape of our pleasing.  

In this stage of the design process, we start by gathering data on all components used in the car. 

Some data will be assumptions and some estimates.  

To produce a more realistic simulation, we have decided to include the weight of a motor, 

gearbox, and one passenger. To not exceed the scope of the task and exceed our capabilities we 

have chosen estimates in both size and weight of these components.  

 

4.1. Design 
The CAD software used for designing the spaceframe was Autodesk Inventor. The university of 

Stavanger holds an educational license for this program and both students are avid users of the 

program. The chassis was drawn as a 3-D sketch of lines as a part file, as displayed in Figure 24. 

The part file was then imported to an assembly where tubes were generated using frame 

generator. The model on the right in Figure 24 shows the chassis with the generated tubes in 

Inventor. 
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Figure 24 3-D frame of lines (left) and frame with tubes (right). 

 

 

4.1.1. Design concepts 
Below are the different design concepts made in Autodesk Inventor. The initial design was 

purely based on aesthetics, but later iterations were designed to improve torsional stiffness. 

Design 1 is the first iteration made with limited knowledge to triangulation and frame design. 

One can track the progress throughout the design process from iteration 1 all the way to iteration 

6. The reason for these designs was to make a frame that could be simulated and improved 

further in Ansys with different beams and cross-sections.  

 

 

Figure 25 Design 1 

 

 



48 
 

 

Figure 26 Design 2 

 

Figure 27 Design 3 

 

  

Figure 28 Design 4 

 

 

Figure 29 Design 5 
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Figure 30 Design 6 

 

 

 

Table 9 Frame properties of design 6 

Description Units 

Mass 123.93 Kg 

Material S355 

Cylindrical tubes  33.7 x 2 mm 

 

 

 

Figure 31 General dimensions of design 6 
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4.2. Assumptions and limitations 
Assumptions are defined by Cambridge Dictionary as something that you accept as true without 

question or proof [27]. The assumptions and limitations of this thesis will be represented in this 

chapter. 

 

4.2.1. Static forces 
To retain a more realistic result, a mass for the car engine, gearbox and passenger had to be 

added. Research showed that average engine sizes ranged from 140 to 200 kg. Assuming high 

output race car engines weigh more than average we settled on 200 kg. This is a conservative 

estimate and will only contribute to a conservative result during simulations. The mass of the 

gearbox is set to be approximately 100 kg, that of a standard size gearbox [28]. The driver is set 

to be 85 kg. 

 

Figure 32 Location of center of mass of engine and driver 

 

Table 10 Weight and center gravity of components 

Component  Weight [kg] CG length [mm] CG height [mm] 

Engine + Gearbox 300 2375 484 

Driver 85 1363 375 
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4.2.2. Aerodynamics 
The science of aerodynamics is complicated and cumbersome and not the main concern of this 

thesis, therefore no calculations were made to obtain real numbers.  

It is however, important to consider the additional loading applied by aerodynamic downforce 

both under straight-line driving as well as in cornering speed. This can be done using estimates 

and tables of similar shapes. As mentioned in chapter 2.8, Table 7, a race car with a wing will 

commonly have a coefficient of drag between 0.7 ± 1.2. We have opted for a Cd value of 1. This 

is a realistic estimate, one can say even a bit optimistic. Since aerodynamic downforce is outside 

the scope of this project, an estimated reference area of 2.8 m2 was chosen. This area was 

calculated using the length and width of the frame. Further assuming that the shape of the car 

resembles a one element airfoil of width 0.8 m and length 3.6 m.  

 

Table 11 Estimated downforce with increasing velocity 

Velocity [km/h] Downforce [N] 

50 397 

100 1588 

150 3573 

200 6352 

 

To account for additional uncertainties such as road conditions and real aerodynamic values it 

was decided to use dynamic load factors found in Table 8. 
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4.2.3. Material 
It is important to use a material that is both strong and tough for our racecar frame. We choose to 

use S355 from the standard EN-NS10025. This is weldable construction steel. From Table 12 , 

where the thickness is under 40 mm, the yield strength is 355 MPa and the tensile strength is 

510 MPa.   

 

Table 12 Material properties 

Properties EN S275 EN S355 EN S420 25CrMo4 

Tensile strength [MPa] 275 355 420 740 

Yield point [MPa]  430 (370-530) 490 (470-630) 550 590 

Density [g/cm3] 7.85 7.85 7.85 7.85 

<RXQJ¶V modulus [GPa] 210 210 210 210 

  

 

4.2.4. Weld 
It is assumed that all welds exhibit the same material properties as the parent material. The weld 

geometry changes around the circumference of pipes. Accurately modeling this is time-

consuming and challenging and may not considerably influence the result.  
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5. Ansys modeling 
The finite element analysis was performed using the FEA software Ansys® Workbench, Release 

2020 R1. The newest version at the time of writing this thesis was Release 2022 R1, but this was 

not available for use for students at the University of Stavanger. The figures regarding modeling 

and simulation in the thesis are all from Ansys® Workbench, Release 2020 R1. 

Two different simulations were carried out, one for static structural problems, the other for 

explicit dynamics. Torsional stiffness, dynamic loading lateral and vertical were all simulated 

using Static structural, while crash simulation was done using Explicit dynamics.  

 

 

5.1. Static Structural Simulation 
The static structural simulation was divided into three stand-alone systems with shared 

engineering data and geometry. This eliminates the possibility of human errors when entering 

engineering data or preparing the geometry. Each system with different setups according to the 

loading type are displayed in Figure 33.  

 

 

Figure 33 Setup of Static Structural 
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5.1.1. Engineering data 
The built-in material library of Ansys did not feature the material S355. Therefore, it had to be 

entered manually as a new material. The European structural steel standard EN 10025:2004 was 

used to collect the material properties for the S355 [29]. The material has a Tensile Yield 

strength of 355 03D�DQG�D�WHQVLOH�XOWLPDWH�VWUHQJWK�RI�����03D��7KH�\RXQJ¶V�PRGXOXV�LV�

210 GPa and the 3RLVVRQ¶V ratio is 0.3. The material has a density of 7850 kg/m3. The material 

added in Ansys is displayed in Figure 34. 

 

 

Figure 34 Material properties for S355. 
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5.1.2. Geometry preparation 
The CAD file was converted to STEP format, imported to Ansys workbench, then edited in 

Ansys SpaceClaim. In SpaceClaim WKH�³H[WUDFW�EHDPV´�WRRO�ZDV�XVHG��7KLV�DOORZHG�XV�WR�H[WUDFW�

the beams from the solid model. Further improvement was needed to clean the CAD file. Lines 

were connected, overhanging lines deleted. These improvements were needed to smoothly mesh 

the model, and to successfully run the simulation. Removing the complicated geometry of all the 

mitered and notched connections reduced the risk of failed mesh, or to small elements. The 

dimensions are standard 33.7 mm diameter with a 2.0 mm thickness. This equals an outer radius 

of 16.85 mm and an inner radius of 14.85 mm. The cross-section is displayed in Figure 35.  

 

 

Figure 35 Cross section of frame material 
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Figure 36 Solid frame in Ansys SpaceClaim 

 

Figure 37 Beams extracted from frame in Ansys SpaceClaim 
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5.1.3. Mesh 
A mesh convergence study was performed on the chassis. We used the maximum combined 

stress for the lateral dynamic load setup. The element size decreased with a ratio of 1.5 from 

10 mm to 0.0343 mm. While decreasing the element size and increasing the number of elements, 

the combined stresses increased. The changes in stress were noted and plotted in an excel 

document. The results are displayed as a chart in Figure 38. From the chart, one can see the 

graph start converging around 450 000 elements. Further, we used the mesh size from point A in  

Table 13 and which gave the mesh size of 0.1156 mm. 

 

 

 

Figure 38 Mesh convergence study 
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Table 13 Mesh convergence test 

Mesh size [mm] Number of elements Maximum Combined Stress [MPa]  

10 7973 187.82 

6,6667 11942 188.75 

4,4444 17914 190.81 

2,9630 27069 192.18 

1,9753 40198 193.03 

1,3169 60251 193.63 

0,8779 90357 194.03 

0,5853 135494 194.3 

0,3902 203211 194.48 

0,2601 304813 194.6 

0,1734 457201 194.68 

0,1156 685775 194.73 

0,0771 1028182 194.76 

0,0514 1542219 194.79 

0,0343 2311035 194.8 
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5.1.4. Torsional stiffness 
First step in Ansys Mechanical was to assign the material S355 to the geometry. For the torsional 

stiffness test, the frame was supported by simply supports at vertices 1-5 as displayed in Figure 

39. This ensures no displacement of vertcies. A force of -1000 N was applied at vertex 6 in the z-

direction.  

 

 

Figure 39 Supports and force on frame. 

 

 

To calculate the torsional stiffness of the frame, the directional deflection was used. It is applied 

at vertex 6, the same vertex where the force is applied. Figure 40 shows the setup of the 

directional deformation.  
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Figure 40 Directional deformation setup 
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5.1.5. Dynamic load lateral 
The dynamic lateral load has the same material assignment as the torsional stiffness test. To add 

the mass of the motor, gearbox and driver the function point mass was used. A local coordinate 

system was set up at the front left lower corner as displayed in Figure 41. From the local 

coordinate system, the center mass of the engine, transmission, and the driver was located. The 

engine and transmission have the coordinates of x = 2712, y= 500 and z = 358.2 and are 

connected to the vertices shown in Figure 41. The driver has the coordinate points of x = 1700, 

y = 500, and z = 250 and are connected to the vertices displayed in Figure 42. 

 

 

Figure 41 Point mass engine and transmission 
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Figure 42 Point mass driver 

 

Figure 43 Supports dynamic load lateral 
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For the dynamic lateral load the frame was supported by simply supports on vertices 1-4 as 

displayed in Figure 43.  

Standard earth gravity was then added in the negative Z-direction to achieve the weight of the 

frame and the point masses. The gravity is displayed as B in Figure 44. To simulate the stresses 

during a bump the acceleration of 29 430 mm/s2 was added in the positive Z-direction, displayed 

as E in Figure 44. The value of 29 430 mm/s2 comes from Table 8 and is equal to 3g. 

 

 

Figure 44 Dynamic load lateral setup 

 

 

 

 

B 

E 
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5.1.6. Dynamic load vertical 
The dynamic load vertical simulates hard cornering of the vehicle with an acceleration of 

17 658 mm/s2 in the Y-direction. The supports, point masses and gravity are the same as the 

dynamic load vertical. Figure 45 shows the setup for the dynamic load setup. 

 

 

Figure 45 Dynamic load vertical setup 

 

D 
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5.2. Explicit Dynamics Simulation 
For the crash simulation the Explicit dynamics module in Ansys® Workbench, Release 2020 R1 

was used. This is ideal for capturing deformation and physics of high velocity evets of short 

duration. It lets us gather results when the steel frame undergoes highly nonlinear forces.  

 

5.2.1. Engineering data 
To achieve an explicit dynamic simulation, it is required to add a material with non-linear 

properties. The material properties of S355 steel had to be entered manually in Explicit 

Dynamics. The data for the non-linear properties was collected from Figure 46. Points were 

added along the length of the graph with great caution using WebPlotDigitizer [30]. The values 

were download to Microsoft Excel, formatted, and added to the multilinear isotropic hardening 

option in Ansys Workbench. The material S355 multilinear isotropic in Ansys can be seen in 

Figure 47 and Figure 48. 

 

Figure 46 True stress Plastic strain data [31] 
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Figure 47 Multilinear Isotropic Hardening graph from extracted points and true stress and 
plastic strain values used to generate multilinear isotropic hardening graph 

 

 

 

 

Figure 48 Material properties for S355 Multilinear isotropic 
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5.2.2. Geometry preparation 
To prepare the model and reduce computational time the frame was made to a shell model 

existing of surfaces. The surface of every member of the frame were copied and combined into 

one entity as shown in Figure 49. The thickness was added afterwards in Ansys Mechanical to 

equal the wall thickness of the frame. 

For the frame to be able to crash, a wall was designed. The wall was dimensioned to be bigger 

than the crash surface of the frame. Figure 50 display the chassis and the wall. The wall was 

drawn on a surface tangent to the frame. 

 

 

Figure 49 Surface extracted from frame in Ansys SpaceClaim 

 

 

Figure 50 Frame and wall in Ansys SpaceClaim 
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5.2.3. Mesh 
The element size selected for the frame was set to 10 mm, resulting in a total amount of elements 

of 79 467. The impact structure was modeled as rigid to reduce simulation time.  

 

 

Figure 51 Mesh of frame and wall 
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5.2.4. Crash simulation 
In the initial conditions, the velocity was scoped to the frame using body select. A value of 

30 m/s in the negative x-direction was selected. The rigid ³wall´ was supported by fixed support. 

A surface contact was defined. The analysis settings can be seen in Figure 53.  

 

 

Figure 52 Contact body (left) and target body (right) 
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Figure 53 Analysis settings for crash test 
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6. Results 
In this chapter the results from the torsional test, vertical and lateral dynamic load simulation and 

crash simulation will be represented.  

 

6.1. Torsional stiffness 
From the torsional stiffness test we get a directional deflection of 2.437 mm. Using the equation 

10, with the width of 1034 mm the angular rotation is: 

ǡ݊݋݅ݐܽݐ݋ݎ�ݎ݈ܽݑ݃݊ܽ ߶ ൌ ���ିଵሺ
ͳǤʹͻͲͳ�݉݉
ͳͲͲͲ�݉݉

ሻ ൌ �ͲǤͲ͹͵ͻ�݀݁݃݁݁ݎ 

 

The angular rotation result in a torsional stiffness:  

ǡݏ݂݂݁݊݅ݐݏ�݈ܽ݊݋݅ݏݎ݋ܶ ݇ ൌ
ͳͲͲͲ�ܰ݉

ͲǤͲ͹͵ͻ�݀݁݃݁݁ݎ
ൌ ͳ͵ ͷ͵ͳǤͺ�ܰ݉Ȁ݀݁݃݁݁ݎ 
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Figure 54 Chassis before torsional stiffness test  

 

Figure 55 Total deformation, torsional stiffness test. Scale 140x 
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Figure 56 Directional deformation, torsional stiffness test. Scale 140x 
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6.2. Dynamic load lateral 
The result from the dynamic load lateral simulation is expressed in Table 14.  

 

Table 14 Results from lateral dynamic loading 

Result Max Min 

Total Deformation [mm] 0.89261 0 

Axial Force [N] 5065 -7701 

Total Shear Force [N] 893.87 7.7436e-7 

Total Bending Moment [Nmm] 1.605e5 0.037535 

Torsional Moment [Nmm] 22076 -24948 

Direct Stress [MPa] 22.449 -38.694 

Maximum Combined Stress [MPa] 115.84 -38.447 

Minimum Combined Stress [MPa] 19.964 -110.21 

Maximum Bending Stress [MPa] 106.92 2.2023e-5 

Minimum Bending Stress [MPa] -2.2023e-5 -106.92 
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Figure 57 Total deformation at dynamic load lateral. Scale 110x 

 

Figure 58 Maximum combined stress at dynamic load lateral. Scale 230x 
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6.3. Dynamic load vertical  
 

Table 15 Results from vertical dynamic loading 

Result Max Min 

Total Deformation [mm] 0.58368 0 

Axial Force [N] 3384.2 -8795.9 

Total Shear Force [N] 183.13 7.1446e-8 

Total Bending Moment [Nmm] 32926 0.0733377 

Torsional Moment [Nmm] 3628.8 -3628.8 

Direct Stress [MPa] 17.004 -44.196 

Maximum Combined Stress [MPa] 28.406 -43.556 

Minimum Combined Stress [MPa] 16.621 -54.524 

Maximum Bending Stress [MPa] 22.102 4.9324e-5 

Minimum Bending Stress [MPa] -4.9324e-5 -22.102 
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Figure 59 Total deformation at dynamic load vertical. Scale 170x 

 

Figure 60 Maximum combined stress at dynamic load vertical. Scale 340x. 
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6.4. Tensile stress 
With the S355 steel with yield strength of 355 MPa and the safety factor 1.5, we can derive the 

allowable tensile stress from the equation 23: 

ǡݏݏ݁ݎݐݏ�݈݁݅ݏ݊݁ݐ�݈ܾ݁ܽݓ݋݈݈ܣ ௧ߪ ൌ
͵ͷͷܽܲܯ�

ͳǤͷ
ൌ ʹ͵͸Ǥ͸͹ܽܲܯ� 

 

From the vertical load results, we get the direct stress, which is the tensile stress, of 17.004 MPa. 

Using the equation 7 we get the safety factor of:  

݃݊݅݀ܽ݋݈�݈ܽܿ݅ݐݎ݁ݒ�ݎ݋ݐ݂ܿܽ�ݕݐ݂݁ܽݏ ൌ
͵ͷͷܽܲܯ�

ͳ͹ǤͲͲͶܽܲܯ�
ൌ ʹͲǤͺͺ 

 

From the lateral load results, we get the direct stress of 22.449 MPa. Using the equation 7 we get 

the safety factor of: 

݃݊݅݀ܽ݋݈�݈ܽܿ݅ݐݎ݁ݒ�ݎ݋ݐ݂ܿܽ�ݕݐ݂݁ܽݏ ൌ
͵ͷͷܽܲܯ�

ʹʹǤͶͶͻܽܲܯ�
ൌ ͳͷǤͺͳ 

 

 

6.5. Compressive stress 
Checking column buckling for the most critical member, that being the longest member in the 

frame. This value is 1400 mm, with a material factor of 1.5 and end-conditions L = 0.5L we get 

the maximum force before buckling from equation 25: 

ாܨ�݀ܽ݋݈�݈݃݊݅݇ܿݑܾ�ݎ݈݁ݑ݁�݈ܾ݁ܽݓ݋݈݈ܣ ൌ
ଶߨ כ ʹͳͲ כ Ͷߨ ሺͳ͸Ǥͺͷ

ସ െ ͳͶǤͺͷସሻ
ͳǤͷ כ ሺͲǤͷ כ ͳͶͲͲሻ

ൌ ͹Ͳ ͺ͵ͳǤʹ�ܰ 

 

The maximum value of 8795.9 N of tensile compressive load was measured during vertical 

dynamic testing. 
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6.6. Bending stress 
From equation 27, we get the bending stress during dynamic lateral test:  

ǡݏݏ݁ݎݐݏ�݃݊݅݀݊݁ܤ ௕ߪ ൌ �
ͳ͸Ͳ�ͷͲͲ�ܰ݉݉
ͳͶͻͳ�݉݉ଷ�

�ൌ �ͳͲ͹Ǥ͸ͷܽܲܯ� 

 

From the bending stress, we can calculate the safety factor: 

ܾ݃݊݅݀݊݁�ݎ݋ݐ݂ܿܽ�ݕݐ݂݁ܽݏ ൌ
͵ͷͷܽܲܯ�

ͳͲ͹Ǥ͸ͷܽܲܯ�
ൌ ͵Ǥ͵Ͳ 

 

During the dynamic vertical simulation, we get the following results: 

ǡݏݏ݁ݎݐݏ�݃݊݅݀݊݁ܤ ௕ߪ ൌ �
͵ʹ�ͻʹ͸�ܰ݉݉
ͳͶͻͳ�݉݉ଷ�

�ൌ �ʹʹǤͲͺܽܲܯ� 

 

Using the bending from the vertical load, we get the safety factor: 

ܾ݃݊݅݀݊݁�ݎ݋ݐ݂ܿܽ�ݕݐ݂݁ܽݏ ൌ
͵ͷͷܽܲܯ�
ʹʹǤͲͺܽܲܯ�

ൌ ͳ͸ǤͲͺ 
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6.7. Crash test 
Figure 61 display the deformation of the frame during the crash. The maximum total deformation 

is 43.453 mm. The time of the simulation is 0.0013722 s with maximum number of cycles set 

to 100 000. The maximum equivalent (Von-Mises) stress is 682 MPa, as displayed in Figure 62. 

 

 

Figure 61 Total deformation crash test 
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Figure 62 Von-Mises stress crash test 
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7. Discussion 
The goal of this thesis was to design and simulate the frame of a racing car. In this chapter, we 

will discuss the results gathered from all simulations. We will evaluate the results against design 

criteria and allowable stresses. Lastly, we will mention areas of improvement, potential errors 

and point out how to further improve the frame. 

 

7.1. Results 
The torsional stiffness test was the first focus when simulating the frame in Ansys. Several 

possible test methods were available, but option 1 was chosen, as displayed in Figure 16 . The 

reason for using option 1 was that we GLGQ¶W have any suspension setup. This gave us the best 

result when there without suspension added. From the analyses in Ansys, we got the torsional 

stiffness of 13 531.8 Nm/degree. The alternative methods for the torsional stiffness analyses 

would result in different values. 

To get relevant loading for the dynamic loads, point masses were added for an engine with 

transmission and driver. In real life, these loads would differ and give different results. But for 

the meaning of this thesis, these loads and their center of gravity were only approximated. 

A dynamic load in the vertical direction was applied to simulate driving over a bump. The load 

was approximated to be 3 g. From the material factor, we got allowable tensile stress of 

236.67 MPa. The result from the vertical dynamic load gives maximum tensile stress of 17.004 

MPa. This results in a safety factor of 20.88, which is significant compared to the material factor 

of 1.5.  

The cornering was simulated with a lateral dynamic load of approximately 1.8 g. This resulted in 

the maximum tensile stress of 22.449 MPa. The stresses for the lateral dynamic load are well 

under the allowable stress and give a safety factor of 15.81. These results indicate that the frame 

will handle the applied load with a significant safety margin.  



83 
 

The maximum compressive axial force happens during the vertical dynamic loading, with a 

value of 8795.9 N. The allowable Euler buckling is 70 831.2 N, which indicates that the frame is 

safe for bending under compressive forces. 

The maximum combined stress is 115.84 MPa, the linear combination of direct stress and 

maximum bending stress. This happens in the dynamic load lateral and is under the allowable 

stress of 236.67 MPa.  

 

7.2. Crash test simulation 
The car crash simulation was time consuming and problematic. Computational times were 

ranging from 7 to 200 hours. From Figure 61 we get a maximum deflection 43.5 mm, and we get 

the equivalent stress of 682 MPa. Because of the maximum cycle was set to 100 000, the 

simulation stopped before reaching a zero velocity. This resulted in the simulation stopping 

while the frame was still in motion. Because the crash simulation does not reach zero velocity, 

there is no real way of knowing the outcome of the crash. Further research and simulation are 

needed to determine the full effect of the crash, and to calculate the energy absorbed.  
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7.3. Potential problem areas 
The frame consists of 107 members, where all of them are cut differently. The cutting would 

have had to be done using a computer-controlled laser cutter. Assembling all members in the 

correct order could impose some challenges.  

Figure 63 display a connection at the front left side. This connection of tubes would be complex 

to weld. Small clearances and hard to reach areas will result in intermittent welding, and loss of 

weld strength. The complexity could transform to improper welds resulting in failure during 

loading. A resolution for further work could be changing the design of the joints, or there could 

be D�³cRQQHFWLQJ�SDUW´�for the tubes to be welded to. 

 

 

Figure 63 Complex joint 
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8. Conclusion  
This thesis aimed to design and simulate a racing car frame. The first iteration was primarily 

based on aesthetic qualities and general design principles. The design of the frame was made in 

Autodesk Inventor using a 3-D line model, later beams were generated by frame-generator using 

the desired cross-section. The frame was imported to Ansys for simulation. The beams were 

extruded from the solid frame for the static structural analysis. A shell model of 2 mm thickness 

was used for the Explicit Dynamics simulation. 

The torsional stiffness test and dynamic loading simulation indicate that the frame is sufficiently 

stiff and strong. One can argue that a torsional stiffness value of 13 531.8 Nm/degree and low 

values in bending, compressive and tensile stress indicate a successful frame design. However, it 

is worth mentioning that all loads were approximated. Additional loads from suspension, 

bodywork, and interior will affect the results. This indicates that triangulation increases strength 

and stiffness immensely and that no member is in danger of failing. 

The benefits of designing a racing car frame using CAD software become evident when the 

complexity and size of the frame increase. This design would be infinitely more time-consuming 

and challenging if all calculations and measurements had to be done manually. Further, 

destructive testing, such as crash testing, can be undesirable and expensive to do physically. The 

benefit of explicit dynamics simulations can be of great value.  

In further work, it would be interesting to see how suspension mounting points would affect the 

strength of certain frame members. It would also be interesting to observe the change in torsional 

stiffness and how springs and dampeners would influence simulation results. We would also like 

to invest time in modeling and simulation of the strength of welded connections. Further work 

could be done to minimize weight while maintaining an acceptable amount of stiffness and 

strength. 
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Appendix A 
Torsional stiffness test 
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Appendix B 
Dynamic load vertical 
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Appendix C 
Dynamic load lateral.  
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