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Abstract

Side impact accidents against a tree or pole rethaimost dangerous accident scenarios in rally
cars. Statistical data shows that 52% of the taalibetween 2004 and 2009 concern crashes
against a rigid pole by the track sides, whilst agithose more than 60% were side impacts. Despite
the present scientific efforts, rallying cars sis@acts are still among the least understood priynar
due to limited space between the occupant and sibbpevolving safety regulations and vehicle
dynamics.

In this study, finite element dynamic charactecstof the whole car were studied. The finite
element model consisted of the whole car structune 241 parts including the engines, tyres
and the suspension members with 4 different elertypeats and 7 material models. All structural
parts were modelled as low-carbon steel with tleegwise-linear-plasticity material model (mat
24). The tyres were modelled with the Blatz-Ko rebinaterial (mat 07) whilst also rigid and
other materials (mat 020, 01, 09, SO01 and S02) wsed to represent different parts of the model,
as the suspension members, suspension links anentifiee. A rolicage and two racing seats
were modelled with four-node shell elements and ubke of piecewise-linear-plasticity and
composite-damage materials respectively. A semndyical pole of 200mm diameter was also
designed and modelled as a rigid body. The modslwgad to first investigate the dynamics of
the crash, and later run a wide range of simulat@amd parametric studies in the cage, the car’s
floor and the seats.

The important findings from the study are presentamhclusions drawn and scope for further
development outlined.
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1 Introduction

In the last two decades safety in rally cars hgzaved significantly due to successful efforts in

new innovative and crashworthy materials [1; 2]piavements of the seats [3] and the rollcage
design [4]. However the car side remains the madherable area since there is very small
distance (approximately 200mm) between the outier akthe car (door-skin) and the occupants.

The open space required for the quick extractionthef occupants in case of an accident,
minimizes further the space available for protecamd for dissipation of the energy. Even worse
are crashes against trees as the small contactresalts in load concentration and excessive
deformations of the structure. Unfortunately, pctitth against side impacts is one of the least
researched areas in rally cars despite being ftargely ineffective in preventing injuries in case

of side crashes against trees or posts [5].

Statistical data [5; 6] show that side impacts agfaa tree or post are nowadays among the most
dangerous accident scenarios in rally cars witigh humber of casualties every year underlying
the necessity for research and improvements in dhés. Between 2004 and 2009 52% of
occupant fatalities were due to crashes againste@ whilst among them more than 60%
considered side impacts. Fatalities due to rolloepresented the 10% of the cases and another
10% was due to wall crashes. The foundation oHleinstitute in 2004 and the new side safety
upgrade in 2008 had a positive influence in thetyadf the sport but there is still the necessity f
further measures.

On the road cars, much research has focused odetredopment of countermeasures including
the vehicle side structure energy absorption amdamuresponse in side impact events [3; 7-9].
New composite materials and structure optimizafip@] have been widely used and some
advanced methods have been developed to protecctupants during a side impact. For road
vehicles, tests and simulations are performed &uate a vehicle's side impact safety. Various
side impact test methods exist [5; 9; 11], andtimving deformable barrier together with pole
side impact test are being used as the standatifietktest on a car for side impact safety
analysis.

However, racing cars are very different from roagscand some of these systems are either not
allowed in the rallying cars (e.g. airbags) or wbuleed a careful re-thinking for practical
implementation in a racing car. Several studiesi$ed already on the problem of side impacts in
racing vehicles [12-14]. Though very few of thekedges are on rallying cars [4; 9].

Side impacts are nowadays among the major concériie racing regulation boards, the racing
teams and the participants themselves with a nuwifemning research programs [15]. However
the significant number of incidents, with some reéaxamples [6; 16] underline the necessity for
systematic research and improvements on the tersafety features and the tracks.

FEA dynamic simulations can help the assessmenthef current structure and potential
improvements. The LS-DYNA explicit finite elemerdde was used to analyze a detailed model
of a rally car rollcage and simulate its responselen a side-pole-impact, using a 200mm
cylindrical indenter. Simulations were conducteditalerstand the real sequence of events during
a side impact against a pole. Three main studieh®molicage, the seats, and the floor were run
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to assess their contribution into the side impat#ty of WRC cars.

The model used consisted of an assembly of thidigidual models as shown in Figure 1, a full
car model including an engine, a fuel tank, tyned the whole suspension setup, two racing seats
and a standard FIA rollcage. All three are desdrilpelividually below and have been validated
with different methods as discussed later. For rttesh generation and set-up of the models
ANSA 13.0.2 was whilst each model was then impontetie non-linear FE code LS-DYNA.

Geo-metro (full car model)

Rollcage

Figure 1: The model assembly

2 Mode assembly and validation

2.1 Chassis modedl

In this study a Geo metro was used for the simardatand was analyzed in side impacts against a
rigid post. The Geo Metro was a marketing and mectufing variation of the Suzuki Cultus
available in North America from 1989 through 20®lagjoint effort of GM and Suzuki. The full
model of this vehicle was developed and releaseN®#HC (National Crash Analysis Centre), a
successful collaborative effort among the Federghttay Administration (FHWA), the National
Highway Traffic Safety Administration (NHTSA) andh& George Washington University
(GWU).

Although the model represents the commercial edibibthe vehicle, the overall dimensional and
weight properties fit nicely with the properties afrecent rally car and was therefore chose for
these studies. The overall length of the car/mada 3755mm, its width 1560mm, and the height
1420mm from the ground. The centre of gravity wasraund 500mm from the ground and
located in 1750mm from the front end of the cairgi\va distribution of around 55/45. The overall
weight was 1300 kg and so later together with #etssand cage the weight raised to 1400kg
which was the target value.

The full-vehicle model, consisting of 193200 eletseand 200348 nodes was used. The model
consists of 241 parts including the engines, tara$the suspension members, 4 different element
types, and 7 material models.
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The structural parts are modelled as low-carboml stath different mechanical properties
representing different steel grades. All steel pavere modelled with the piecewise-linear-
plasticity material model (mat 24). The tyres waredelled with the Blatz-Ko rubber material
(mat 07) whilst also rigid material (mat 020) andterials 01, 09, SO1 and S02 were used to
represent different parts of the model as the sumpe members, suspension links and the engine.

Four-node shell elements were mainly used whilegimode elements (trias) were unavoidably
required in complicated regions of the model. Camisstress solid elements were also used for
some engine brackets and the accelerometers asawdleam and discrete elements for the
suspension members.

Since experimental data was unavailable to valitda¢ecar model a EuroNCAP pole test was
simulated and photographic evidence was used frosala&EuroNCAP tests of a Renault Megane
of 1999 which has same mass and dimensional valnes.EuroNCAP side pole test, the car
travels with a velocity of 29 km/h into a rigid pobf 254mm diameter. The model was set with
the exact same values.

The results from the simulation and comparison \ilign EuroNCAP test are depicted below. It

can be seen that our full car model has realigfordhations and the response match closely with
the EuroNCAP test. These results give confidenaautathe model which can be trusted for

further research and simulations. Data from acagters and forces during the crash were not
available hence the need of precise validatiomdedined for future research.

t=0.00s t=0.03s t=0.08 s t=0.12 s

Figure 2: Validation of the car model using photographic evice from a EuroNCAP test

2.2 Rollcage

A 3D model of a typical WRC rollcage was introdugetb the model. The rollcage was carefully
designed to follow and comply with the 2009 ralgason (group N, A, B, SP) FIA regulations
[17]. The material used was low-carbon steel widssndensityp= 7.83g/cni, Young’s modulus

E = 210GPa, yield stress: 690MPa and Poisson’s rativs; 0.3. These properties represent T45
tubes (carbon-manganese cold drawn seamless twhe&d) are widely used by the WRC teams
and several cage manufacturers for the construatiothe rollcage [17]. The material was
modelled with the piecewise-linear-plasticity matkmodel (mat 24). For the stress-strain
behaviour a curve of effective stress vs. effecsitrain was defined. Failure was also added as a
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plastic strain limit, above which elements werestkd from the calculation.

Two sections were used for the cage tubes as Hedadn the FIA regulations. For the main hoop
tubes with a 50mm diameter were used with a thiskred 2mm, while for the rest of the cage
members 40mm diameter tubes with 2mm thicknessv&=t the different dimensional options

allowed into the regulations these two were chakento their small advantage in the weight. The
cage tubes were modelled with 2D-shell elementatedeon the circumference of their mean
diameter. A Belytschko-Tsay [18-19] formulation wagain chosen with three through-the-
thickness integration points. Again four-node sked#iments were mainly used while three-node
elements (trias) were unavoidably required in caocapkd regions of the model like the

intersection of two tubes. Thus 106600 tetras (guaahd 2230 trias shell elements were
generated, sufficient for accurate representatiothe® deformations expected and computational
time efficiency.

The cage model was fitted into the Geo-metro fall model and was attach in the four bases, the
rear backstays and the front suspension membersh&attachment spot-weld connections were
utilized as in a real rally car but the strengtl #alure of the welding was not considered. The

effect of the welding between the tubes was alstueed from the simulations.

2.3 Racing seats

The seats that conform to the latest FIA regulatiflA 8862-2009) were modelled with 2D-
shell elements. A Belytschko-Tsay [19] formulatisas again chosen with eight through-the-
thickness integration points to represent the gadmmposite layers. The model consisted of
2764 four-node shell elements with 2897 nodes.

As the seat originally consisted of composite malgrthe material model “composite damage”
(mat 22) was used. Experimental results from a gatetest conducted for the specific seat were
readily available although material data detailsenithheld due to confidentiality issues.

To validate the seat model, a side pad simulatias veproduced as required WRC regulations.
Two cylindrical pads of 300mm diameter, compregsdats from both sides and on the seat side-
shoulder positions. Forces and deformations ar@ tmeasured. To simulate the test, the
cylindrical pads were modelled as rigid bodies amutescribed motion was applied on both. The
force was measured with the help of two spring el introduced in the pad ends. The
deformations were calculated comparing the inipakition of the pads with the resulting
displacement for each time step.

Figure 3 depicts the results for both the experinam the simulation. The results from the
simulation are in very good agreement with thogsenfithe experiments and confirm that the
model properties match closely with the experimiemas.

gt European LS-DYNA Users Conference, Strasbourg - May 2011



9000

8000
7000 _— .___.__.___7ﬁ_€P_____
6000 //.
Z 5000
g i
5 4000
9 :
3000 // Left pad
// —Rigth Pad
2000 // ——Actual test F—
1000 =
0

0 5 10 15 20 25 30 35 40
Displacement (mm)

Figure 3: Side pad test of the seat model; comparison ofithalation and the test results

24 Crash dynamics

Previous studies [1; 4] looking into the topic adesimpacts against a tree or pole in rally cars
have conducted simulations having the car or tlge @@nstrained while the tree was moving
against it having initially the total energy of tlweash. This assumption resulted in efficient
models with a small simulation time. Additionalllyet same procedure is often used by testing
authorities for crash-test studies. The car isdtanwhile a rigid pole is thrown into its side
having the same energy as the moving car would travelling sideways with 16.6 m/s.

To understand the differences between the two réifte situations simulations were carried
(figure 4). In the first, the car was given thdiadivelocity of 16.6m/s and was displaced sideways
to impact with the tree. No kinematic constraingevapplied on the car, apart from the physical
constrain of the road represented by a flat rigallwlhe tree was rigidly constrained and an
automatic surface to surface contact was set betthe=two. An accelerometer on the door (on
the contact area) and another one on the top aje¢bhebox were placed to measure the velocities
and forces of the crash. The placement of the acwmketers was chosen so as to help the
measurement of the velocities during the crash iposition into the cockpit close to the
occupants.

(@) (b)

Figure 4: The two different kinematic approaches. (a): Theraas into the tree (b) The tree intrudes thémstaty car
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In the second simulation, the tree was given thecity to go into the car that was now standing.
A mass of 1350 kg and a velocity of 16.6 m/s weleed to give the tree the same kinetic energy.
The car was stationery on the road level defined it rigid wall without any other kinematic
constraints. The same positioning for the acceleters was used.

The results shown below depict a significant défeze between the two cases. When the tree hits
the car in the second simulation it first deforims side of the car (as the inertia forces of the ca
are initially big), which however slowly obtainsetlvelocity of the tree. Being free to move the
car will after some moments move in a direction yafram the tree. This ability of the car to
move freely after the impact has an influence @ndatcelerations and the forces measured.

Clearly the practical case where the car runsantigid tree is more severe. The accelerations as
well as the deformations are higher, and duringrgract are more likely to cause severe injuries
and damage to the occupants. This method was tinere$ed in these studies.

Differential velocity between the inner and the outer accelerometer (Vout-Vin)

25000

20000

15000 M= Sk

10000 -+

Velocity (mm/sec)

5000 +f—

——Car_into_tree

Tree_into_car
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0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
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Figure5: Differential velocity between the inner and theasdccelerometer for both tests

3 Reaultsand Discussion

Three parametric studies on the cage, seats aodvlere conducted. These areas where chosen
so as to give an overall view of the sequence eh&vduring a side impact and lead to realistic
conclusion on which area of the car should be nmestigated and improved.

3.1 Cagestudies

Two simulations were first run, with and withoutlcage. Their comparison gives the magnitude
of the contribution that a standard FIA cage hathenside impact protection of the WRC cars.
The tube thickness was then increased from 2 tod Tilne tube thickness was selected as it is the
parameter that controls the bending stiffness &methgth of the tubes and as a consequence of the
whole cage.

The results can be seen and compared in the fiyuide case without cage is as expected the
weakest with almost a d=748 mm deformation of tide ®f the car, resulting in a remaining
space in the cockpit of R=722mm. In figure 6 theessive deformations of the car’s structure can
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be observed. The inside door fully disappeared #ifiee crash whilst the front and rear end of the
car came in contact. The outside door was alsorheft and opened as the seat pushed it to the
outside. Interesting is also the final positiortled seat that ended almost out of the car, andicoul
in a real situation cause extremely severe injoryhe occupant seated. The negative values in
figured 7 can be explained as elastic reboundet#r after the whole kinetic energy is absorbed.

R=722 mm
| R=870mm

SancoraFn th coge = Coeonm J| | wi P
Standard FIA d =651 mm With cage t=4mm d =600 mm Without cage d =748 mm

Figure6: Deformation results of the three simulations coneldic
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10000
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Figure 7: Velocity profiles

The results obtained above show that the rollcagetsre has an effect on the energy absorption
as it reinforces the chassis and reduces the dafmms. This effect is associated primarily with

the members on the outer side (opposite side ofintipact) that are loaded under tension, in
comparison with the member on the impact side wiigh to the contact, collapse instantly.

Large deformation and failure can be observed erdtiorbars on the same side.

The standard rollcage reduces the deformation 97mpnoving safety by almost 13.5%. The
4mm-thickness cage reduces them by 148mm, a furthprovement of 6.2%. However the
weight penalty for the further improvement douldtesn 55 to 110Kkg.
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3.2 Seat studies

From the observation of the first simulation resuthe seats have proven to be a big load path.
During a crash the tree intrudes the side of theand contacts the interior seat. Under the load
the seat deforms and starts moving towards theiextnd the second seat. The contact between
the two seats signifies after some instants the stohe intrusion, even though the deformation of

the car’s structure continues for some more mabsels.

Looking closer at the seats, deformation and faikfrthe interior seat can be observed due to the
contact with the intruding tree and the high enesfithe impact. Failure can also be observed in
both seats in the mountings, as these points westrass concentrators when the seats are both
pushed to move towards the exterior. In the cordesd no severe deformation can be observed,
however the loading results in a relative rotabetween the seats.

A simulation without the seats was first run, arie tresults (figure 8) show excessive
deformations of the car structure. The intrusiors vB5mm ending in a 665mm remaining
cockpit width. The rear and front ends are in coitand the exterior side of the car is also
heavily distorted. Compared to the results preskatmve, this case proves that the seats reduce
up to 25% the deformations and underlines the itapoe of the seats in the side impact
protection of the occupants.

Without seats d= 805 mm

Figure 8: Resultant deformations of car the car structurbauit seats

Two more simulations were conducted. This was ttebenderstand the benefit that attaching the

seats would bring in the case of an accident asdsashe potential of such an attachment. In the
first, the seats are rigidly attached using rigeghim elements as shown in figure 9 whilst in the

second simulation two steel beams of 10mm aredoted between the seats so as to control the
deformation and absorb energy before the contatteo$eats (figure 10).

gt European LS-DYNA Users Conference, Strasbourg - May 2011



Rigidly connected nodes

Steel beams t=10mm

Figure9: Rigidly attached seats Figure 10: Seat attached via two steel beams

Figures 11 to 13 present the results for both sfiars including photos and curves for the
comparison of the solutions. It was expected thitaching rigidly the seats would have a
significant effect on the energy absorption and ruction of the deformations. However the
results show that intrusion is 567mm and the remgiwidth 903mm, just 84mm less than the
initial case and the standard vehicle. This resait be associated with the response of the interior
seat as can be depicted in figure 11. The stiffeétbe structure due to the attachment ends in
high deformations of the seat that is totally destd. The forces and the energy of the impact
were absorbed not any more from the displacemetheoeat and its mountings, but from the
deformation of the head and pelvis protecting paa$ the multiple failures of the seat’s body.
Extended deformations and failure can now alsolis®iwed in the exterior seat as the later was
crashed with high energy in the car's interior ahé cage. This result shows that a rigid
attachment can be crucial in the case of a crash,cn result in high distortion of the seat and
thus suppression of the human body.

f k-—Extended deformation
of the seat

~—=—Failure of the seat
(element deletion)

Rigidly attached d= 567 mm
seats

Figure 11: Resultant deformations of the structure and thesster the simulation with rigidly attached rilyid

Similar conclusions with less encouraging resudtis lse made for the second solution/simulation.
The remaining width is 810mm, 9mm less than thedsied vehicle! High deformation can again
be seen in the internal seat and failure in themnting points. Further the crash energy together
with the rigidity of the seat close to the pelviea deflects abruptly the lower beam while the
upper still resist. This phenomenon ends in hightian of the seat as can be seen in figure 12
and can result in unfavorable situations for theupants.
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Rotation of the seat due to
forces from the attachment

Extended deformation
of the seat

Failure of the seat
(element deletion)

Seats attached with d= 660 mm
beams

Figure 12: deformations of the structure and the seats dfeesimulation with steel beam attachment

In the graph below, the velocity profile for bothses and, for comparison reasons the initial
simulation of the standard vehicle, are presenteddit can be seen the car in the case of the
rigidly attached seats has a linear deceleratidt®d8 Gs (comparing to 17.1 of the initial run) and
stops after 85ms. In the second case the car stitdgs 97ms as in the initial run. However
differences in the profile and the instant decéienas can be pointed, as for instance around 20ms
where for both simulations the abrupt drop of teleity observed in the initial run is missing.

18000

16000 M\/\/\ Standard WRC vehicle (Initial run) :
14000 rigidly connected seats
\ Seat attached with beams
— 12000
o
3 )\
~ 10000
£
—= 8000
z Ay
S 6000 : \
]
> 4000 “\\/—\\‘\\
2000
O T,
VN 4

-2000 *
Time (sec)

Figure 13: Velocity profiles and comparison
3.3 Floor reinforcement studies

Looking at a transverse section of the car in thetact position, the floor is among the first to
participate into the crashing sequence. After atmhs the floor starts to deform comparing to the
cage and seats that start after 13 and 15 ms tesggc

Two simulations were therefore conducted to ast#espotential of reinforcement of the floor
structure. In the first, the thickness of the flomsird was doubled from 0.76mm initially to
1.5mm. In the second simulation a composite tub& m@aoduced into the model as a transversal
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reinforcement of the structure (Figure 14).

Composite tube /

Figure 14: Floor of the Geo Metro model and floor reinforcemen

For both simulations the results are depicted gurk 16. With the thickness increase, an
advantage in terms of energy absorption can be agdne stops after 90ms and the reduction of
the cars width was 830mm. The fact that the trassiom (gearbox) was missing from the
simulations resulted in a weak point into the flaod high deformations. The floorboard resisted
as its stiffness was higher, but on the contragyttansmission tube collapsed earlier. However
the idea of stiffening the floor proved to be prsimg.

Figure 15: Instant from the deformations of the floor durihg impact (floor: t=1.5mm)

A step further was then taken introducing a contpoiibe in the transverse direction so as to
reinforce the floorboard. For the modelling of tlhde the composite material model was again
used and the walls of the tube were simulated asH&l elements.

During the crash the tubes fails progressively diirg a significant amount of energy. However
the sudden crash at the beginning of the impaatpared with the stiffened structure, provokes a
small rotation of the car, ending in loss of theteot between the tube and the intruding tree.
Even though, the reinforced structure due to the tihat embraces now the transmission tube as
well, gives a high improvement of the car's safétg. can be seen from the velocity profile in
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Figure 16, the car stops after 78 ms whilst theicgdn of space for the occupants is 870mm,
which is an improvement of 6% compared to theahitin and a standard WRC car.

20000

15000 Ba".Y,\ ——t=0.76mm

\ t=1.5mm

10000 compositetube |

“
5000 T\ :

Velocity {mm/sec)

0.02 0.04 0.06 0.08 0.1 0.12 0.14

-5000

Time (sec)

Figure 16: Floor studies results; velocity profiles

4 Summary and conclusions

Studies have been successfully carried out ondfetysof WRC cars in the accident scenario of
side impacts against trees using the LS-DYNA exptiumerical method. A full car model was
used for the simulations including a rollcage awd tacing seats. The most important findings
can be summarized in the following.

First the different testing and simulation apprascheported in several studies were questioned.
Our findings show significantly higher deformatioasd decelerations in the case when the car
travels against the tree than in the opposite CHse.ability of the car to move freely after the
impact is unrealistic and leads to underestimatddes and results. Surprisingly, the FIA and the
testing authorities are currently doing actualingson the cars following the second methodology
[15] and our studies aim to ring a bell for recdesation of the methods used.

Three different studies on the cage, seats and fl@oe then conducted. A standard cage has a
significant contribution in safety reducing the aiehations around 13.5%. However this number
is unlikely to be improved as that would requireigh and unreasonable increase of the weight.

The seats form a significant load path. Their iitgiéind the rigidity of their mounts control the
sequence of events during a crash whilst theirambrignifies the end of the intrusion. Using the
available space to fit a structure that would absorergy during the impact is a reasonable idea
that can prove to be beneficial. However, usinghsacstructure can easily lead to excessive
concentration of the deformations and dangeroydatisment of the seats that can lead to serious
injury or death. Careful research and applicati@nthus required.

A great potential for improvements can be seerherflbor of the car. The floor starts to deform
very early in the crash, and can be used to almwlgy and prevent deformations. Increasing the
floor thickness results in significant reductiontleé deformations. Reinforcing the structure of the
floor with transverse tubes can improve further tlesults while also keeping the weight
minimum.
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Our studies proved that the side impact safetyalby cars is far from being solved. However the
results of all these studies can only be 'quamigatand used for comparisons between different
solutions as the lack of validation testing is utided throughout this work. Further
investigation, simulations and experiments of tH®ol car chassis including the rollcage are
needed with most important being first to validée models with real experimental data,
including force plots, accelerations, velocities amotographic evidence.
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