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Abstract 

This master thesis has been done in collaboration with the “Ankers JUSS-AMG” 

company in Turin. The study is a numerical structural analysis about a sport car: it is 

focused on its composite monocoque and its roll cage. Given the input geometry from 

the customer, some improvements have been done to enhance the structural behaviour 

through FEM analysis. 

The study is divided into two parts: at first, a stiffness optimization of the composite 

monocoque has been carried out. The aim is to have a response as prompt as possible 

to the inputs of the pilot while driving. The second part concerns the simulation of a 

roof compression test following indications of a norm.  

The monocoque is composed by some plies of carbon fibre, all with the same thickness. 

Through the optimization, these plies are divided into more sub-plies with optimized 

thicknesses and shapes. The result is that some plies of the basic lamination cover all 

the monocoque, while others are put only in weaker areas as supports. This leads to 

stiffness maximization with the lowest possible mass.  

Starting from the optimized geometry, the roof compression test is simulated. This 

time the whole structure is considered: monocoque and roll cage. The first test with 

the basic geometry is followed by some modifications to improve the roll cage 

behaviour. Moreover, a sensitivity analysis has been done on the thickness of tubes to 

compare their resistance with respect to their mass.  

Finally, a roof compression test with some heads in the monocoque has been done to 

assess eventual contacts between the pilot and the roll cage in case of accident. 

Some final considerations and ideas are suggested for future developments. 

 

Key-words: FEM, composite optimization, roof compression test.  



 

 

 

Abstract in italiano 

Questa tesi di laurea magistrale è stata realizzata in collaborazione con l’azienda 

“Ankers JUSS-AMG” di Torino. Il progetto consiste in un’analisi numerica strutturale 

di una vettura sportiva ed è incentrato sulla sua monoscocca e sul roll cage. La 

geometria iniziale fornita dal cliente è stata modificata per migliorarne il 

comportamento tramite analisi ad elementi finiti.  

Lo studio si compone di due parti: un’ottimizzazione di rigidezza della monoscocca 

il cui scopo è ottenere una vettura il più possibile pronta a rispondere agli input del 

pilota; in seguito, è simulato uno schiacciamento tetto seguendo un’apposita 

normativa.  

La monoscocca è composta da alcune pelli di carbonio, tutte con stesso spessore 

iniziale. L’ottimizzazione di rigidezza mira a suddividere i fogli di composito in più 

pelli di forma e spessore ottimizzati. Ciò che si ottiene è una laminazione base che 

riveste interamente la monoscocca, mentre gli strati ottimizzati sono posti solo nelle 

aree più critiche. Il risultato è una struttura dalla rigidezza massimizzata con minor 

massa possibile. 

A partire da questa geometria, viene poi eseguito un test di schiacciamento tetto che 

coinvolge tutta la struttura: monoscocca e roll cage. Una prima simulazione viene 

utilizzata come caso base, a seguito del quale alcune modifiche geometriche sono 

apportate per migliorare il comportamento strutturale. Inoltre, è stata realizzata 

un’analisi compartiva sullo spessore dei tubolari per analizzare la loro resistenza in 

funzione della massa.  

In aggiunta è stato simulato uno schiacciamento tetto con delle teste all’interno 

dell’abitacolo per simulare eventuali urti tra pilota e roll cage.  

Infine, sono proposte alcune idee e sviluppi futuri del progetto.  

 

Parole chiave: FEM, ottimizzazione materiale composito, schiacciamento tetto.  
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1 Customer model presentation 

The customer is a relatively newborn automotive company in Turin. It has provided 

the preliminary CAD model on which the analysis will be processed.  

 

Figure 1.1 Starting geometry 

The geometry is a monocoque with roll cage of a sport car which is designed to have 

super car performance with road homologation. 

The target of this master thesis is to use FEM analysis to make a stiffness optimization 

of the monocoque in implicit field and a roof compression test of the whole structure 

in explicit field.  

1.1. Model description 

As can be seen from the above Figure 1.1, the structure is made by the monocoque (in 

brown) and the roll cage. The latter is composed of a front and rear part (light blue 

tubes), connected with two longitudinal pillars. The rear part has also some transversal 

tubulars to reinforce the structure. The same role is played by the yellow components 

which support the longitudinal tubes.  
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Figure 1.2 Roll cage, plates and inserts  

The roll cage structure is linked to the monocoque through the four grey plates (Figure 

1.2). Finally, the red inserts are connecting the monocoque with the front and rear 

chassis of the car. 

1.2. Model realization 

To define this geometrical model in FEM field, the definition of mesh, materials, 

properties and contacts is needed. In this first chapter, characteristics common to the 

implicit and explicit field will be discussed. For specific details, they will be described 

in their respective chapters (2.Stiffness analysis and 3.Roof compression test).  

1.2.1. Materials 

Concerning material choice, the monocoque is made of carbon fibre while roll cage, 

plates, inserts and seams are all made of steel (HSS). 

The main materials used for roll cages are aluminium or steel: the first is lighter but 

since the structure will undergo also a roof compression test (Chapter 3), the more 

rigid material has been chosen (HSS). Its properties are reported in the picture below 

(Figure 1.3).  

 

Figure 1.3 HSS characteristics 
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Since in the software a fracture law is not defined for steel, some considerations will 

be done about the limit percentage of acceptable plastic strain along the thickness 

(Figure 3.23 in chapter 3.4.3). 

Concerning the composite monocoque, three main types of carbon fibre weaves are 

used, all of them with their respective fracture law: 

- Plain: it is the aesthetic layer, so just one layer is used and positioned as external 

coating. It has the same Young modulus in both the principal directions 

(64GPa); 

- Twill: this layer has a good Young modulus both in first and second direction 

(73GPa and 71GPa), it is the most used in mixed stress regions. It can be oriented 

in 0° - 45°; 

- Unidirectional: it has a really high Young modulus in the first direction while 

in the second one its stiffness is really poor (156GPa and 9GPa). It can be 

oriented in 0°- 45°- 90° and it is used where the stress has one main direction. 

 

Figure 1.4 Materials used: carbon in grey and steel in pink 

1.2.2. Mesh definition 

Concerning the meshing procedure, most of the components are 2D so they are 

modelled as shell elements. This is the case of the monocoque, all tubular parts and 

their supports from which their mid-surface has been extracted and meshed. 
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Figure 1.5 Red component: extracted mid-surface (on the left) then meshed (on the right) 

All bolting elements have been modelled as rigid elements (green elements Figure 1.6). 

 

Figure 1.6 Example of rigid connection 

Concerning inserts and plates (Figure 1.7), their third dimension is not negligible with 

respect to the other two, so they are modelled as solid elements. Plates and inserts 

have a simple geometry, so they are modelled as brick elements: 2D mesh is realized 

on one face and then it is dragged through the thickness of the component.  

 

Figure 1.7 Plates modelled with brick elements 
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A different methodology is applied for the green reinforcements connecting roll cage 

with pates (Figure 1.8): they have a more complex geometry, so they are meshed with 

tetra elements. 

 

Figure 1.8 Tetra elements in green 

 

Concerning the mesh size, it has been chosen based on some numerical-experimental 

correlations already made by the company. The chosen size is 5mm for steel and 8mm 

for composite.  

1.2.3. Contacts 

It is necessary to realize some contacts between inserts and plates with the monocoque 

so that there is an interaction between them. This type of contact is modelled as rigid 

(tie contact), and the involved components are shown in the picture below (Figure 1.9): 

 

Figure 1.9 Tie contacts 

Speaking about seams, they also could have been realized through tie contacts, that 

are ideal bonds. But the idea is to model them as quad elements tied with the two 

components to weld. This is to make a more accurate analysis so that the software 
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considers the effects of having steel as welding material (with its elasticity, 

deformation etc.). The following image shows how and where seams have been 

created (Figure 1.10):  

 

Figure 1.10 Seams enlightened in red
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2 Stiffness analysis 

The stiffness analysis presented in this master thesis is a test done in implicit field. It 

acts only on the composite monocoque since the final target is to improve the response 

of the car to the driver’s inputs. This means if the pilot steers, the car must react as fast 

as possible and the more precise as possible. If the stiffness is not high enough, the 

monocoque would act as a spring and would filter the person’s inputs.   

Before starting the computations, properties must be defined, and they are described 

in the following paragraph. 

2.1. Properties 

Properties are different for each kind of component (see Figure 2.1): 

 

Figure 2.1 Structure properties 

- 2D elements have a shell property with 2mm thickness (tubes and 

reinforcements, violet in the picture); 

- Seams have still a shell property but with 1mm thickness (yellow elements); 

- Plates have a solid property (red elements); 

- Composite has its specific PCOMPP which allows to put each ply in a laminate 

component and define each ply with its specific characteristics (thickness, 

carbon layer weave and shape). 
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Concerning the definition of the carbon fibre monocoque, it is realized with the 

company basic lamination: three twill layers and one plain (the external one) with 

their specific thicknesses. Thickness of each ply is reported in the next picture: 

 

Figure 2.2 Basic lamination composition 

2.2. Linear-static analysis  

Before doing the optimization analysis on the stiffness, a linear-static analysis is 

required to put in evidence the most stressed areas so to enforce them. It is a linear 

computation, so it gives a generalized output: if the input load duplicates, also the 

output will follow the same trend. 

2.2.1. Load conditions  

To be sure to remain in the linear field, small force and moment are applied: a moment 

M=10Nmm and a force F=10N are set as shown in the picture below: 

 

Figure 2.3 Load case (F=10N and M=10Nmm) 

As a general rule for this kind of analysis, the structure has been completely 

constrained at the rear and loaded at the front. More in detail, some rigid joints 

between rear inserts have been realized (light blue lines in Figure 2.3) and they are 
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connected to a master node which constraints all the degrees of freedom (1-2-3-4-5-6 

blocked). Similarly at the front, all inserts have been linked rigidly and force and 

momentum are applied to the master node.  

The output of the simulation is that stresses due to force and momentum are not 

comparable: the force generates a stress that is three orders of magnitude bigger than 

the one of the momentum (Figure 2.4): 

 

Figure 2.4 Stress [MPa] output with F=10N (on the left) and M=10Nmm (on the right) 

Since the thickness optimization of the monocoque is based on stress values (process 

described in chapter 2.2.2), if the stress generated by moments is too low, the solver 

would not put additional layers in those places. The target is to obtain comparable 

values of maximum stress from force and momentum.  

Since the structure is in linear field, to have a comparable moment output it is needed 

to have a ratio between momentum and force that is 
𝑚𝑜𝑚𝑒𝑛𝑡𝑢𝑚

𝑓𝑜𝑟𝑐𝑒
= 1000. So, the new 

load case is set with F=10N and M=10000Nmm. 

Results are given in the next picture (Figure 2.5): 

 

Figure 2.5 Stress [MPa] field due to force (on the left) and due to the moment (on the right) 
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As can be seen, the maximum stresses due to force and momentum are comparable. 

This is good for the next optimization analysis. Moreover, the linear hypothesis is 

confirmed since the momentum stress is 1000 times bigger than the previous load case.  

A stiffness indicator is the displacement of the monocoque: with the optimization 

(2.2.2. Optimization), the target is to reduce the maximum displacement by varying 

plies shape and thickness.  

 

Figure 2.6 Displacement [mm] field due to force (on the left) and due to moment (on the right) 

2.2.2. Optimization 

Now that the load case has been defined, the optimization can be run. It consists in 

maximising the stiffness of the structure by adding the lowest possible quantity of 

mass. The process is divided in three steps: 

1. Free-size optimization: in this first phase, as input to the software, some more 

plies (twill and unidirectional in all orientations) are added to the basic 

lamination. Then, the software divides each additional ply into four sub-plies, 

each one with an optimized thickness (the basic lamination remains 

unchanged).  
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Figure 2.7 Sub-division of additional plies 

The constraints imposed to the software are the maximum thickness of the 

composite and a general value of maximum composite total mass.  

Target: maximum stiffness; 

Constraints:  - mass < 100Kg; 

- thickness < 6mm; 

 Free variable: thickness and shape of plies; 

The results of this optimization in terms of maximum displacement are the 

following: 

 

Figure 2.8 Displacement [mm] map of free size optimization (due to force on the left, to the 

moment on the right) 

Concerning the thickness output, the situation is the one presented here (Figure 

2.9): 
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Figure 2.9 Stresses [MPa] due to force (top left image) and due to momentum (bottom left); 

total thickness [mm] representation on the right 

The minimum thickness is 1.41mm that is the thickness of the basic lamination. 

So, the grey part has remained untouched since it is not stressed by input force 

and moment. Moreover, the thickness has its highest values where the stress is 

maximum, as expected.  

A couple of additional ply shape examples are shown in the image below: 

 

Figure 2.10 Example of some ply shapes 

A summary of the improvements in this first optimization phase is reported in 

the following table: 
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FREE SIZE  

OPTIMIZATION 
Mass [Kg] 

Force  

displacement [mm] 

Moment 

displacement [mm] 

Basic lamination 24.5 0.063 0.029 

Free size output 41.2 (+68.2%) 0.018 (-71.4%) 0.005 (-82.7%) 

Table 2-1 Summary in mass and stiffness terms of the free size optimization 

2. Thickness manufacturing optimization: this second phase has the target to 

reduce the monocoque mass even paying with a little stiffness decrease. A 

maximum threshold of 5% in displacement increase is accepted as long as the 

mass is minimized. Moreover, a manufacturable value of thickness is imposed 

to the additional plies (0.19mm for unidirectional and 0.39mm for twill plies). 

 

Figure 2.11 Creation of realistic thicknesses 

It is important to remark that, due to the imposed value of thickness, the 

software also deleted three additional plies: after the free size optimization they 

were 20, now they are 17. Besides, the maximum thickness is reduced from 6mm 

to 5.64mm.  

The results of this phase are resumed in the table:  

THICKNESS 

MANUFACTURING 
Mass [Kg] 

Force  

displacement [mm] 

Moment 

displacement [mm] 

Free size output 41.2 0.018 0.005 

T_MANUF output 38.7 (-6%) 0.0174 (-3.3%) 0.00495 (-1%) 

Table 2-2 Resume in mass and stiffness terms of the T_MANUF optimization 

What is remarkable is that the software could improve both parameters 

meaning that the previous step did not maximize the stiffness. A second loop 

has been done in order to assess if these are really the best obtainable values, 

which have been confirmed.  
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A comparison between the monocoque thicknesses before and after this second 

optimization step is illustrated in the picture below: 

 

Figure 2.12 Comparison of thickness [mm] before and after T_manuf optimization 

3. Shuffle optimization: this last part changes the sequence of the plies with the 

target to maximise the stiffness. The result is shown in the next picture but there 

is not an improvement of the performance of the structure.  

 

Figure 2.13 New plies order after shuffle 

SHUFFLE 

OPTIMIZATION 
Mass [Kg] 

Force  

displacement [mm] 

Moment 

displacement [mm] 

T_MANUF output 38.7 0.0174 0.00495 

Shuffle output 38.7 0.0174 0.00494 

Table 2-3 Resume in mass and stiffness terms of the shuffle optimization 
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2.3. Conclusions and future step 

To sum up what has been done in this first part of the master thesis, a comparison pre 

vs post optimization has been done with main data put in the following Table 2-4 
Resume in mass, stiffness and thickness terms of the whole optimization 

OPTIMIZATION Mass [Kg] 
Force  

displacement [mm] 

Moment 

displacement [mm] 

Maximum 

thickness [mm] 

Basic lamination 24.5 0.063 0.029 1.41 

Free size 41.2 0.018 0.005 6 

T_MANUF 38.7 0.0174 0.00495 5.64 

Shuffle 38.7 (+57,9%) 0.0174 (-72.4%) 0.00494 (-83%) 5.64 

Table 2-4 Resume in mass, stiffness and thickness terms of the whole optimization 

The optimization worked well since in percentage the improvement of stiffness is 

bigger than the addition of mass.  

Moreover, the next image (Figure 2.14) represents a local stiffness comparison during 

the optimization phases: seven points have been chosen and for each one, stiffness 

values have been computed in each optimization step. The absolute value is higher in 

the rear part, but this is not relevant since it is closer to the constraint and the load is 

applied at the front: the more the point is far from load application point, the less it 

will displace and so the higher the stiffness. What is important is to analyse the 

enhancement per each single point during optimization phases. It is evident that the 

most effective phase is the first one, the free size optimization, that gives a considerable 

improvement. The second step, thickness manufacturing optimization, improves 

again the stiffness while the last one, as already discussed, doesn’t really affect the 

structure.  
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Figure 2.14 Local stiffness optimization data 
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As future step, the plies shape should be more realistic and manufacturable. In fact, 

as shown previously in Figure 2.10, plies shape is optimized but not actually realizable 

from a practical point of view.  

Since this is a preliminary design, new shapes have not been simulated. More precise 

shapes will be defined in accordance with the customer, but to give an idea, the result 

could be the following. 

 

Figure 2.15 Example of ply shape modification (on the left the manufacturable one, on the right the 

optimized one) 

From the picture above, the manufacturable ply shape is the one on the left, more 

regular and simpler; on the right it is the one optimized by the software. 

The methodology to get the manufacturable ply shape is to have the same number of 

elements (and so same mass) but better placed. In order not to remove elements in 

some critical regions, the total number of elements have been increased and a limit 

threshold in mass of 3% has been imposed. For this example, the original shape had 

29608 elements with a 12.37Kg weight; the new shape weights 12.51Kg (+1.13%) with 

29824 elements.
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3 Roof compression test 

The second part of this master thesis concerns a roof compression test of the whole 

structure. Since it is a dynamic analysis, an explicit solver is required. 

3.1. Norm description and target 

The roof compression test follows an American regulation that is the FMVSS216A 

(Bibliography) that describes physically how to make the test.  

In case of vehicles weighing less than 2722Kg (this supercar has a mass, 𝑚 = 1480Kg), 

they must withstand a 127mm displacement given from an actuator moved platen. The 

measured force, Ftarget, at maximum displacement must be at least three times larger 

than the mass of the vehicle.  

𝐹𝑡𝑎𝑟𝑔𝑒𝑡 =  3 ∗ 𝑚𝑎𝑠𝑠 ∗ 𝑔 = 43556.4𝑁 ≅ 44000𝑁 

As the norm specifies, the platen must be 762mmx1829mm. It must have a lateral and 

longitudinal inclination of 25° and 5° respectively (Figure 3.1 and Figure 3.2) and it can 

move only along its perpendicular axis. 

 

Figure 3.1 Norm explanation of roof positioning (lateral view) 
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Figure 3.2 Norm explanation of roof positioning (front view) 

Moreover, “the lower surface of the test platen is aligned with its forward edge 254mm 

forward of the forward most point of the roof while its longitudinal centreline is 

parallel with the vehicle’s longitudinal centreline and centred with the initial point of 

contact with the roof” (Bibliography). 

“Testing is performed with the test vehicle secured to a rigid horizontal surface” : all 

the degrees of freedom of the floor will be constrain in the model.  

The test is successful if the car withstands a force 𝐹 > 𝐹𝑡𝑎𝑟𝑔𝑒𝑡 before the maximum 

imposed displacement of127mm is reached. 

3.2. Model realization 

The roof compression test is performed on the optimized model of the implicit 

analysis.  

Before starting any computation, there are some differences between implicit and 

explicit fields: definitions of contacts and properties require some changes that will be 

discussed in the next two paragraphs (3.2.1Contacts and 3.2.2Properties). Besides, the 

load case will be described (3.2.3BCs and load conditions) and some details will be 

given for the timestep definition (3.3Simulation parameters).  
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3.2.1. Contacts  

An important difference with respect to the implicit field, is the realization of contacts. 

In addition to the ties already described in paragraph 1.2.3 (Contacts), contacts 

between the compressing plane and the structure and between the components of the 

system itself are needed. 

- “load_contact”: between the rigid plane and the roll cage. 

The importance of this contact is to transfer kinetic energy of the platen into 

deformation energy of the structure. The platen indicated by the norm is 

realized with an infinitely rigid plane. 

In contact definition, the plane is the master while the tubular components are 

the slaves, since they feel the compression. It is also useful to define a symmetric 

contact “load_contact_sym” in cases where it is not clear which components are 

masters and which are slaves. In this symmetric contact the involved 

components are the same, but masters and slaves are switched.  

 

Figure 3.3 “Load contact” representation on the left and its symmetric on the right: blue elements are 

masters while red are slaves 

As a general rule, the master can be the component more stiff, more extended 

(in surface terms) or the one with coarser mesh. So, in this case the symmetric 

contact is not mandatory since the plane is infinitely rigid and it is clearly the 

master. On the other hand, it is used to define it to have a more accurate measure 

of the exchanged energy.  

- “self_impact contact”: between the components of the system itself. 

Each component of the system must be linked with all the other components. 

This allows the software to transfer the deformation energy of the components 

directly in contact with the rigid plane, to all the other components of the 
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structure that are indirectly feeling the compression. An interaction between all 

components is created and so eventual penetrations are considered.  

 

Figure 3.4 Self contact representation (all components are both masters and slaves) 

3.2.2. Properties 

As for properties, P1_SHELL with a 2mm thickness is chosen for 2D elements, while 

P14_SOLID has been selected for 3D elements. Concerning the material, these 

elements are all in HSS steel. 

Concerning plies, there is a specific property (P51_STACK) that defines them as part 

of a laminate. The characteristics of material and thickness as well as the shapes of each 

ply, are defined one by one in the composite browser of the software. 
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Figure 3.5 Composite definition of plies with their thicknesses and shapes 

A little remark can be done noticing that some plies are composed by two shapes. That 

is because the explicit solver distinguishes between “SHELL” (four nodes) and 

“SH3N” (three nodes) elements. So, a ply composed both by quads and trias, has two 

separated shapes for each type of elements. But the final shape of each ply is the same 

as in the implicit case. 

3.2.3. BCs and load conditions 

As reported in the beginning of Contacts paragraph, compressing platen is modelled 

with a plane. It has a rigid shell property and the same material as tubulars with which 

it enters in contact (HSS steel). Then, a rigid link has been created between all its nodes 

to impose a constrain: the plane can only move along the Z-axis of its local reference 

system (1-2-4-5-6 DOFs are blocked).  
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Figure 3.6 Degree of freedom of plane: local z-axis 

For the load case, the test must follow the norm: “imposed displacement” in the local 

reference system of the plane (Figure 3.6). The idea is to impose the limit displacement 

allowable from the norm FMVSS216A (127mm), so to have in output the reaction 

forces of the structure. If the force is too low, it means the structure is not stiff enough. 

On the opposite case, if the resultant force is higher than Ftarget, the structure is well 

assessed since to reach that final displacement a very high force is required.  

The imposed displacement is a linear function in time (Figure 3.7) and the maximum 

value is reached in 100ms. Then the simulation continues for 50ms more in order to 

get dynamic effects of the structure after the plane has stopped.   

 

Figure 3.7 Imposed displacement [mm] in time [ms] 
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Finally, the floor of the monocoque is blocked in all degrees of freedom through a rigid 

connection (brown part in the picture) between all the nodes (1-6 constraint).  

 

Figure 3.8 Constraint applied to the floor 

3.3. Simulation parameters  

Once verified the good quality of the model and that there are no errors, the simulation 

can be run.  

One of the most important parameters to choose is the advancing speed of the 

simulation: the timestep. It can be both elemental (Δte) or nodal (Δtn).  

• The elemental timestep depends on the mesh size and on material 

characteristics. It is defined in the following way: 

Δ𝑡𝑒 =  
𝑙

𝑐
=  

𝑙

√
𝐸
𝜌

  [𝑚𝑠] 

 Where: l = length of element [mm]; 

   c = speed of sound [mm/ms] 

   E = Young modulus [Pa]; 

  𝜌 = density [Kg/m3]; 

The critical timestep is the time required for a shock wave (governed by speed 

of sound) to propagate across the smallest distance in an element. This means 
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that if the information propagates through more than one element in a timestep, 

the solution in unstable.  

Moreover, the timestep can change during the simulation since it depends on 

the state of stress and strain (𝐸 =  
𝜕𝜎

𝜕𝜀
 ).  

Speaking about how the explicit solver works, it computes automatically the 

timestep of the simulation (Δts) starting from the critical one (Δtc) and limiting 

it with a safety factor (Δtsca < 1) in the following way: 

Δ𝑡𝑠 =  Δ𝑡𝑠𝑐𝑎 ∗  Δ𝑡𝑐 [ms] 

• The nodal timestep in defined with nodal characteristics of mass and stiffness: 

Δ𝑡𝑛 <  1000 ∗ √
2𝑚

𝑘
  [𝑚𝑠] 

where: m = nodal mass [Kg]; 

   k = nodal stiffness [N/m]; 

In particular, it is proportional with the nodal mass. This means that simulation 

runs faster in nodes with higher mass.  

This is the concept of “nodal mass scaling”: addition of mass on the node when 

the timestep decreases below a certain threshold. This is a consequence of 

element deformation that brings the node to very small dimensions. This 

method must be used paying lot of attention to how much and where the mass 

is added. In fact, it is good to speed up the simulation, but the physics of the 

model must change in a negligible way. As a general rule, an overall mass 

addition of 5% is acceptable.  

Moreover, it is also important to see where mass has been added: the best case 

is when the mass is added uniformly in the model. This is not always the case, 

so it is important to check the added mass is not too much localized in order not 

to alter local characteristics of the system.  

 

Coming back to the monocoque model, the software estimates a timestep Δts = 5.153e-

5ms in order not to add mass to the system. So, to have lower computational time but 

still a good accuracy of the results, the chosen timestep is Δts = 7e-4ms. It gives a mass 

addition of 4.15%.  



28 

 

 

 

Figure 3.9 Added mass shown in white 

As can be seen from the picture (Figure 3.9), the mass addition is spread in the tubes 

and their upper reinforcement sections, while a more localized mass has been added 

in the front part near the green plates of the monocoque.  

The total simulation time is 150ms. This has been chosen in accordance with the 

standard of the company. The norm speaks about the speed of the physical test that 

must be carried with a maximum speed of 13mm/s, but numerical simulations cannot 

go that slow: computational time would be too high. So, by making 127mm in 100ms 

and then 50ms of stabilization time, the average velocity is 1.27mm/ms that means to 

go two orders of magnitude faster than the physical test speed. This means that 

eventual dynamics effects felt by the structure are amplified, so the simulated 

conditions are a worse case than the real one.  

3.4. Run simulations 

The idea to reach a satisfying compression test, is to make a first numerical simulation 

with the basic geometry: the main aim is to reach the Ftarget. Then, by analysing the most 

stressed and weak areas, the chassis resistance should be improved by modifying 

geometry without adding too much weight. A final sensitivity analysis on the tubular 

thickness has been carried out.  

3.4.1. Basic simulation 

To understand if the test is successful or not, the target force imposed by the norm 

must be achieved. So, what is given as output is the force of the actuator vs time: 
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Figure 3.10 First simulation results Force [KN] vs time [ms] 

There are three lines in the figure below because there is a force per each load contact 

(“load contact” in green and “load contact sym” in violet). Then the two contributions 

are summed showing the red curve that is the total energy provided by the actuator. 

As expected, the main contribution is given from the “load_contact” (that is the contact 

with the plane defined as master), while the “load_contact_sym” force contribution is 

minor but it still has an influence (around 5% on the maximum total force). This means 

that really the infinitely rigid plane is the master of the contact, but by doing also the 

symmetric contact the result is more accurate and a more precise energy exchanged 

value is found. 

The target threshold Ftarget=44KN is reached at 63ms (equivalent to 80.1mm), that is 

before the maximum imposed displacement (127mm). This means that the test is 

successfully passed.  

However, the trend of the force can be divided in three parts:  

1. t < 52ms (imposed displacement < 66mm): the force reaches a plateau; 

2. 52ms < t < 92ms (66mm < imposed displacement < 117mm): a quick rise of the 

slope until the peak of maximum force; 

3. t > 92ms (imposed displacement > 117mm): sudden decrease and stabilization 

is reached. 
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Figure 3.11 Force [KN] trend versus time [ms] 

The first part is not so good, since with a not remarkable increase of applied load, the 

structure undergoes an important deformation. This is due to the design of the front 

roll cage structure: with a load coming from the top, an important moment along Y-

axis is created. It is caused by the big distance (375mm) between the first impact zone 

and the supporting element on the monocoque (Figure 3.12). This means that locally, 

the structure is not opposing any form of resistance to the plane.  

 

Figure 3.12 Comparison of front roll cage deformation at 15ms and 52ms  

Giving some numbers, the force at instant 15ms is 6.53KN, while at 52ms it is 7.53KN. 

The trend is very poor since the force is increasing by 15.3% while the displacement 

has gone from 19mm to 66mm (more than three times bigger).  
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In the second phase, an evident increase in stiffness is remarked. This is due to the 

plane entering in contact not only with the front roll cage, but also with the rear one  

(at 𝑡 = 52𝑚𝑠). From this moment on, the structure is deforming only with an important 

increment of external load, so that the maximum value of F = 81.2KN is reached and 

the Ftarget is by far overcome.  

The last part of the simulation after the peak reveals a fracture: while the plane is still 

compressing the structure, the required force decreases very rapidly and the rear 

part of the monocoque is fractured under tensile strain. 

 

 Figure 3.13 Failure of the monocoque (t = 92ms) 

Even if the structure breaks at the end of the test, it is not a problem since the fracture 

happens when the imposed load is way more important than the target. This confirms 

that the structure is well designed and stiff enough.   

3.4.2. Single improvements  

As next step, the target is to have a stiffer structure of the front roll cage to have a more 

linear trend of the curve in the first part. 

Few solutions are to be tested, all of them with the main idea of improving the stiffness 

or with a pillar, or with a triangular support or with a re-design of the geometry. 

1. Longitudinal pillars supporting the first impact zone: 
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Figure 3.14 Longitudinal pillar addition (circled blue element) 

2. Additional triangular supports to the front roll cage: 

 

Figure 3.15 Triangular support addition (circled grey elements) 

3. Re-design of the front roll cage with a straighter shape: 

 

Figure 3.16 Re-design of front roll cage (bright green element) 
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These three solution results are shown in the picture below with a comparative chart: 

 

Figure 3.17 Comparison force [KN] vs time [ms] between new solutions and basic case 

As can be seen, the trend of the new curves is not much different from the basic one: 

the triangular and the pillar supports made the structure stiffer but there is still the 

plateau in which the structure doesn’t oppose resistance to the plane.  

A little remark can be done remarking that along the different configurations, the plane 

enters in contact with the structure at different times: the slopes don’t rise at the same 

instant. This is just because the starting position of the plane depends on the first 

contact point, which is case dependant.  

3.4.3. X-configuration 

Since the structure has a very steep curve when the plane enters in contact with the 

rear structure of the roll cage, the concept of the following solution is to move the 

longitudinal pillar of the improvement (1) a bit more internal and not directly on the 

first impact zone. In this way the compression plane has a second contact point a bit 

far from the first and with a smaller distance with respect to the centre of the roll cage. 

Then, to make the structure even stiffer, two crossing tubes have been realized with an 

“X” shape. Geometry and results are plotted below: 
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Figure 3.18 Comparison Force [KN] vs time [ms] between basic and X-configuration 

 

FORCE/TIME Basic case X-configuration Improvement 

10ms 5.03KN 8.76KN +74.1% 

50ms 7.9KN 21.82KN +176.2% 

Table 3-1 Comparison between basic and X-configuration 

The idea to give a second impact point is good and it is confirmed from the simulation. 

After 16ms time (that is 20.3mm of displacement), the plane touches also the new pillar 

and the red line rises (Figure 3.19).  

 

Figure 3.19 Second impact zone (t = 16ms) 

Then, after 53mm of displacement, there is a third impact zone before the plane 

touches also the rear part of the chassis.  
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Figure 3.20 Third impact zone (t = 44ms) 

In this configuration the curve has a more continuous behaviour, the force keeps rising 

until the point of contact with the rear roll cage (at 𝑡 =  58𝑚𝑠) in which stiffness is 

high and the gradient is important.  

 

Figure 3.21 Contact zones between compressing plane and roll cage 

The final result is plotted below with the norm limits: Ftarget is reached at 63ms (that 

means at 80mm), so way before 127mm of imposed displacement: the structure is well 

assessed.  
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Figure 3.22 Force [KN] vs time [ms] in X-configuration 

During the simulation the monocoque breaks at 92ms, but it starts cracking at 73ms. 

This is deduced since the force trend rises with a slower slope from that instant on. 

That is a sign of stiffness reduction.  

Moreover, these are reliable data since in the composite material definition there is also 

the breaking law (1.2.1.Materials), while for steel this information is not available.  

For this reason, to understand if steel is at risk, the plastic strain along the thickness is 

evaluated. As a general rule, and as a company policy, a plastic strain of 20% along the 

thickness is accepted for HSS steel. Going a bit deeper in the detail, 20% is the limit 

value but it should be analysed if that region is under tension of compression. Since 

tension is more critical with respect to compression for creep propagation, it should be 

better not to overcome 15-16%. In this specific case, the evaluation of plastic strain has 

been carried at 63ms (Figure 3.22): the moment in which the force target of the 

simulation is reached. In particular, the most critical part is the front roll cage: in its 

turning point it undergoes 11.7% of plastic strain (Figure 3.23).  
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Figure 3.23 Maximum plastic strain value along thickness at 63ms 

Moreover, that region is in a mixed tension-compression stress situation (as shown in 

Figure 3.24 and Figure 3.25 Tensor representation of stress). Anyway, the plastic strain 

value is not critical, so steel is not breaking.  

 

Figure 3.24 Values of stress [GPa] at tension and compression 
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Figure 3.25 Tensor representation of stress [GPa] 

The last images show how the stress changes along the thickness. The images on the 

left represent the external integration points where the material in under compression 

(blue region and blue arrows). On the right-hand side pictures, it is shown the internal 

integration point results where the steel is under tension (red region and arrows): 

along the thickness there is a mixed state of stress.  

3.4.4. Rear support configuration 

As a further improvement, it can be used a rear support linking the already added 

longitudinal pillar with the rear vertical support. The idea wants to exploit the 

unloaded part of the rear vertical support and connect it with the more stressed part 

of the longitudinal pillar. This has the aim to better distribute stresses and to shift more 

to the front the linking point between rear and front part of the roll cage.  

 

Figure 3.26 Areas to be connected 



3 Roof compression test 39 

 

 

 

Figure 3.27 Rear support placement 

The results of the simulation are shown in the following chart: 

 

Figure 3.28  Chart comparison force [KN] vs time [ms] between X and rear support configurations 

 

FORCE/TIME X configuration Rear support Improvement 

13ms 9.95 KN 10.62 KN +6.73% 

55.5ms 21.29 KN 24.3 KN +14.1% 

Table 3-2 Data comparison X and rear support configurations 
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As imagined, there is an upshift of the force-time curve. The aim was to improve the 

stiffness mainly in the first part of the roof compression test, since when the rear part 

is also in contact with the plane, the structure becomes very stiff. It can be remarked a 

non-negligible improvement starting from 13ms, while at 55.5ms there is a 14.1% 

increase in stiffness since the force goes from 21.29KN to 24.3KN. 

 

Figure 3.29 Rear support under stress [GPa] 

With this image it can be seen also how the rear support is working giving its 

contribution in better distributing the load between the longitudinal pillar and the rear 

structure. 

At this stage the test is passed and has been greatly improved with respect to the basic 

case. 

3.4.5. Thickness sensitivity 

By looking at some catalogues of the company and of some customers, it has been 

assessed that most of the roll cages with tubes diameter of 40mm (like the ones of this 

supercar), have a thickness of 2mm. However, in some application, a thickness of 

2.8mm is used. For this reason, a couple of simulations are reported to see how the 

behaviour of the system changes as function of tubes thickness.  

The comparison is done between 2mm, 2.8mm and 5mm. This last case is a very limit 

one, used mainly for critical components. Results are shown in the next chart and 

simulations are run with the X-configuration with the rear support. 
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Figure 3.30 Thickness sensitivity 

What can be noticed, is a general upshift of the curves the more the thickness increases. 

By making a more detailed analysis, the trend doesn’t change much, mainly in the first 

part of the curve. But with higher thickness, the difference in slope between first and 

second part of the curve is lighter, meaning a more homogeneous behaviour of the 

structure.  

In particular, at 53ms of simulation, the improvement of the stiffness is quite 

important. Some numbers are reported in the table below: 

Time = 53ms 2mm 2.8mm 5mm 

Force 24.26 KN 39.7KN (+63.6%) 71.34KN (+194.2%) 

Weight 26.59 Kg 37.23 Kg (+40%) 66.49 Kg (150%) 

Table 3-3 Thickness sensitivity data 

The solution that will be proposed to the customer is the one with 2.8mm of thickness. 

This because it has a stiffness improvement of 63.6% with a rise in weight of 40%. As 

an extreme case, also the 5mm solution is possible, but it is suggested only with some 

critical components rather than using it for the whole structure.  

3.4.6. Head test 

A final test has been done introducing in the model also some heads representative of 

the pilot movements. Five heads have been placed longitudinally to cover the main 

positions of the seat (back or forward) and they are placed at different Z coordinate to 

simulate the main heights of people. This test has the aim to verify whether a 

hypothetical impact happens. So, the magnitude of the exchanged forces is not 

relevant since the customer has still not provided the seats shape and position in the 

monocoque. Head placement has been done in accordance with “Ankers JUSS-AMG” 

company relying on their experience and by making a comparison between this model 

and other models already tested with similar geometry.  
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Moreover, heads are rigidly linked between them and with the floor of the monocoque: 

this is done to represent the driver’s head movement with respect to a low point which 

is the pelvis. 

 

Figure 3.31 Head model 

The result of the simulation is illustrated in the picture below. A lateral view is shown 

in order to highlight the contact point with the tube and the heads that happens at 

78.1ms. 

 

Figure 3.32 Head impact simulation result 
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It is evident that there is an impact, and it is between heads and the longitudinal pillar. 

The most important thing is that the contact happens in the second part of the 

simulation, when the compressing plane enters already in contact with the rear 

structure of the roll cage. This means that even if the front part is less stiff, it is safe 

enough not to hurt driver’s head. 

Surely this test must be done again in future with a more precise heads positioning 

and constraint, when more detailed data will be given from the customer company.   

3.5. Conclusions and future developments 

To validate the structure and all the improvements done, a comparison is made 

between the first and last configuration. Values are taken just before the compressing 

plane enters in contact with the rear part of the structure: it is the most representative 

point of the improvements made in the first part of the curve. The contact happens at 

52ms for the basic case while for the final configuration at 56ms.  

 

Figure 3.33 Comparison force [KN] vs time [ms] between first and last configuration 

 Basic simulation Final configuration (2.8mm) 

Force 7.5 KN 39.7KN (+429.3%) 

Weight 17.09Kg 37.23 Kg (+117.8%) 

Table 3-4 Comparison first vs last configurations 

What is important to remark is that the weight of the roll cage structure is more than 

doubled due to the addition of the X-structure, to the rear support and the thickness 

rise of tubes. However, these solutions improve by more than five times the stiffness 

of the structure. Since, at the moment, there is not a weight constrain, this final solution 

is the one preferred and will be proposed to the customer.  

Some future solutions could comprehend some more important geometrical changes.  
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Two main modifications have been suggested: 

• bring forward the most advanced point of the roll cage: this is to reduce the 

moment along y-axis felt by the structure. This will have an impact of the 

aerodynamic of the car, so it is an important change that must be discussed with 

the customer.  

 

Figure 3.34 Bring forward the front structure 

• change the monocoque geometry near the door. The idea is to put a second 

tubular structure at the sides of the front roll cage (red line Figure 3.35), like the 

one at rear end. This requires a longer plate (orange component) where to link 

the new pillar and also less space for car door since the monocoque geometry 

must be reviewed (new green line). 

 

Figure 3.35 Reduction of car door space and addition of red tubular
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