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ABSTRACT

Recent accident studies [3] show and confirm that
occupant severity in frontal car to car accident
depends on vehicle mass and size.

Despite the introduction of the Frontal Impact
regulation ECE R94, the aggressivity rates of heavy
vehicles in front to front accidents are mostly
unchanged or worse in some countries. A difference
between cars which comply with R94 compared to

all ages of cars has been observed. This phenomenon

has a direct influence on injury rates of lightscar
compared to heavy ones.

However, this situation is not a 'fait accompli’can
can be solved by changing front end force and
compartment strength difference amongst cars
mainly responsible for this situation.

This paper evaluates and explains why the current
frontal impact test using deformable element ditl no
solve this problem and shows its impact on accident
data.

It proposes also some different approaches of
possible improvements in test protocol and car
design for solving this main passive safety issue.
Slight modifications will allow light cars to reach
the same level of protection as heavy cars in &ont
impact accident.

Possible reductions in severe injuries and fagsliti
are forecast based on the slight modificationsheo t
test protocol. This will allow rates of seriousuny
and fatalities in light cars to more closely match
those in heavy cars.

The influence of vehicle mass on injury severitiera
cannot be completely eliminated. However, the
effects could be reduced. The same severity cate f
vehicles of different mass and size will remain an
unreachable goal. However, reducing and
harmonizing impact severity rates among vehicles in

a regulatory test is one of the first priorities to
reduce the number of accident victims.

INTRODUCTION

Frontal impact car to vehicle accidents represent
about 30% of all car occupant fatalities, whereas
single vehicle frontal impact stands for 15% ofsthe
fatalities [3] [4]. According to that, car to car
accident is one of the most important issues to
reduce and solve in terms of road fatalities and
severely injured.

Frontal impact crash protection is legislated for i
Europe UNECE Regulation 94.

Under a GRSP informal working group in Geneva a
review of the requirements of Regulation 94 has
been initiated which should potentially lead to

proposals to amend this Regulation. One of the
problems found during preliminary work performed

was that the accident data available to review the
current frontal impact situation in Europe was

limited.

TRL was commissioned by the European
Commission (EC) to perform a comprehensive
European accident study for frontal impact [3] to
help prioritize potential future changes to frontal
impact legislation for both the short and longente

In July 2010, TRL published “Technical assistance
and economic analysis in the field of legislation
pertinent to the issue of automotive safety: priovis
of information and services on the subject of
accident analysis for the development of legistatio
on frontal impact protection,” for the European
Commission.

Over the past ten years, with introduction of
regulation, rating, insurance test and pedestrian
vehicle front end design has changed a lot. Salstio

have been optimized to comply with the R94
regulation and self protection, but not to reduce
aggressivity in case of car to car frontal impact
accident. Both configurations are not considerimg i
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the same time, improving safety against fix obst
was considered as the priority at that ti

This paperaims at bringing evidence of the imp
of UNECE R94 regulation on car designs and

need to amend arabrrect its side effe to converge
towards equivalent severity rates for all \cles

independent of their mass and < This approach
will allow covering on one handingle andone the
other handtar to car accident in the same ti

RELEVEVANCE OF VEHICULE
AGRESSIVITY

The “aggressivity” metric was used to investig
the relationship between vehicle mass and its pa
protection. This was defined by Gabler ¢
Hollowell (1998) as follows:

Diriver fatalitiesincollision partmer

Aggrassivity — - - -
Number of crashes of subject vehicle

Generally, as vehicle mass or size increz
aggressivity also increases. This relationshigus
and observed for all countries, and for
combinations of vehicle age.

The aggressivity of R94 vehicles in impacts v
other R94 vehicles isgenerally less than the
aggressivity of R94 vs all vehicles. As the fl
becomes saturated with Regulation 94 comp
vehicles this suggests that casualty rates willice
and the aggressivigroblem will be lessene

However, the differences in aggressivity betwe
mass categories for R34 R94 vehicles is great
than for R94 vs All and indeed thegressivity for
vehicles > 1600 kg ifor R94 vs R94 vehicles

equal or greatahan for all ages vs all age(Figure
1and 2).

This suggests thahe introduction 0lR94 may be
making the situation worse erms of aggressivit
(partner protection), althouggelf protection may b
improvingas aggressivity overall is decreas.

This meanghat the aggressivity problem in a R
compliant fleet is worse than bee Regulation 94
was introduced for certain categarof vehicles.

Improved occupant protectiomgains fixed and

rigid obstacle may haveontributedto the increased
‘aggressiveness’ of vehicleont ends towards othi

vehicles, especiallfor heavy vehiclethat need to
absorb their own kinetic energy.

This important issue is not yet trea
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[3] Figure 1. Vehicle aggressivity from national
data in Germany split by vehicle mass
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[3] Figure 2: Vehicle aggressivity from national
data France split by mass

RELEVANCE OF SEVERITY RATE
Definition of severity rate

Severity rate (SR) islefinec as the proportion of
fatal and serious injuries observed in the conseid
car model (internal injuries
Fatal + Serious drivers
Fatal + Serious + Slight drivers

Severity proportion =

The following figuresshow it as efunction of the
vehicle weightfor cars that comply with R94 agair
All.

Distributions in differentountrie: (Figure 3 and 4)
are similarin terms of level and evolutit.
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SEVERITY RATE
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[2] Figure 3: Current severity rate situation from
national France - R94 vsall cars
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[2] Figure 4: Current severity rate situation from
national Germany- R94 vsall cars

Figures 3 and 4 clearly illustratethat severity rate
decrease as masfthe cars increas

This shows thathie chance to be killed or seriou:
injured in a frontal car to car accident is thramet
higher in the light car than &eavy one. The
protection level in case of &ontal accident i
clearly mass dependent. Howevehis situation is
not a 'fait accompli'and can be improd.

Explanation of severity ratecurve

In case of car to car accidengrhogeneous severi
rate is dependent uponcarrect distribution of th
kinetic energy between the two vehic involved.

Contrary to certain peeived ideas, thmass plays
no significant role in the energy distributicin fact,

the force d#ection is the main parame; the

weaker vehicle absorbing the energy even it is
heavy one.

If one vehiclesupplies higher force than other
stopsdeforming, and theail the remaining energy
absorbed by the other vehicle. In the follow
example Figure 5) by virtue of itsgreater stiffness

(force deformation), therehicle on theright stops
deforming immediately resulting in a larg
deformation of vehiclen theleft.

= \I”

. Crush Deform'_Etion

Fgure 5: Force mismatch reepoble for hier
severity rate for light car

S— S ) At

Adequate situation to solve this problem

To solve this problemthe two cars involved mu
supply approximatelgimilar deformation forceto
absorb their share dahe impact energy. In other
words,both cars should pvide an acceptable force
matching Figure 6).

26TU

=\
S g Crush Deformationm f -
Figure 6: | deal energy absofption to obtain
equivalent severity rate

< VTR

Unfortunately, this situation i«difficult to reach
because¢he most common situation is a difference
force that makes the homogeneous deformeand
the adequate energy absorption distribu
unreachable.

Unreachablédecause the heavy car mustvide an

acceptabldevel of self protection.n case of single
obstacle accidentjts structure generates higt

force, by design, than small car to ompensate for
its greater mass.

But it is not the only on¢garameter that explains
higher force level. The test protocol today us
weak deformable element is alpartly responsible
for this situation.

Delannoy Pg. 3.



The approximatelygonstant energy absorbed by
barrier makes the test mosevere for heavy car

Because of this, heavy cars genalizectwo times:
- by their mass,
- by the test protocol.

Even if there are no obvios®lutions to compensa
for the higher mass problert is easy to address t
test protocol problem.

RELEVANCE OF ECE R9%4 ON THIS
SITUATION

Vehicles are designed to fulflECE R94 using
EEVC barrier. However, ovéime andwith the new
generation of vehicles which amafer and stiffer
now the barrieffully collapses and vehiclebottom
out against rigid wall behind.

Hence, he energy absorbed by the barriernow
more or less constaimtdependent of vehicle si: so
the severity of the tesiepends orthe vehicle’'s
mass. This means that the teswerity represented
by EES (Energy Equivalent Speecis mass
dependent and rises up with the mfigure7)

FRONTAL TEST SEVERITY
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Figure 7: ECE R94Frontal test severity

So in order to reach the same level of -
protection, cars designedo comply with the
deformable barrier test whichottom ou, results
directly in even stiffer heavy cars.

The test severitfor a 2000 kgs mass car is 1t
more severe than for a 1000 kgs o

Current ODB barrier isi0t yet adapte to the new
generation of cars. It waaised by EEVC WG 15 i
its final report[3] .This test severitywhich is
dependent on the vehiclaass is paly responsible
for the aggressity level and severity rate obse

Therefore, tiis urgent to harmonizthe test severity
for vehicle range mass to resa homogeneous fleet
that lead to better balance in terms of severitys

INFLUENCE ON CURRENT DESIGN

The currentsituation observed by studi(figure 1
and 2) directly comes from thistest severity
inhomogeneity.

Force deformationdetermines the distribution
energy between the two vehicles. If one of tf
vehicles stops deformindecause it is stiffer, the
all the remaining energy is absorbed by the c
vehicle

Due to the specific nature of sprotection tests
(more stringent for large vehicles), the
improvements have driven manufacturers to incr
the stiffness not only of their small vehicles, that
of larger ones also. Large vehicles which due &ir
design are stiffealready...

In effect, the quest for similar intrusion performa,
whether for a small or a large vehicle, le
naturally to greater stiffness in the front unitd:
passenger compartment.

Figures 9 and 10explain how the increasef
deformation loads has allowed the degree
passengecompartment intrusion to be significan
reduced. Note that large vehicl- even if they are
for the most part longerrequire higher deformation
loads.

In recent years, all car manufacturers himade
significant progresses in structures and rest
systems.

Kinetic energy and Ener gy absor bed

By laws of physics, heavy cars must absorb n
energy than small ones.

Over Energy /
light car

Figure 8: Amount of energy to be absorbed by light
and heavy car in current frontal offset test

Part of the amount cddditiona energy is absorbed
by the front but also by the compartn. However,
the front end is notong enough to absorb the full
additional energyf{gure 10 and 9).
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Energy absorbed

Figure 9: Force Ievel and Energy absorbed for
light car
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Figure 10. Current front end deelgn of heavy car to
absorb over energy compareto light car

Reducing the intrusion levelor single acciden
involves increasing fronforce deformation of th
front end but also of passengeampartmer.

This increasein force deformatio is likely to be
greater for heavy vehicles.

The difference in force levelsas been measured
offset tests Kigure 11). The maximum forc
generated by a 2000 kg car damtwice the force
generated by a 1000 kg one.

In this condition with lack of force matchin
adequate energy distribution between vehicle
unreachable and severity rainno be harmonized.

These force deformationsicreass have already
been proven dangerous for olc-generation
vehicles, but now are also ping to be detrimental
for vehicles of the same generation.
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Figure 11. Global force generated by compartment
(measured on offset test)

Heavy cars cannot bdevelopedtoday with force
deformations that match wismall ones.

The severity rate curves cannot be improved witl
changing this trend.

POSSIBLE IMPROVEMENTS

The main issue is to switch towards adapted ds
that reduce force mismatch and indirectly seve
rate differences.

There are two possibilities for improving t

situation. The first one is to adapt the car desa

the current regulation, the second is to change

test protocol towards a betteomprehensive one
that solve the side effect introdid by the current
deformable barrier.

Keep the current R94 test protocol and change
the vehicle design

To obtain acceptable force matching independe
vehicle mass, two possibilitichave been proposed
for limiting the compartment for:
- increase intrusion level in compartmi
space,
- increasdront end overhan

Intrusion level
Limiting compartment force for better compartm

force balance is one of possibilities to solve
problem.

Delannoy Pg. 5.



Crush Deformation_

Figure 12: increase compartment intrusion

However, the self protection levewould be
seriously compromised with highétrusion in the
compartment space.

Even if this solution is a goocahswe to better force
mismatch, it is not acceptable for self protect

The risk associated witbompartmentintrusion is
too important to accept this design.

I ncrease over hang

Figure 13: increase over t sorb
energy

over

This solution allows absorptionf the additiona
energy fromthe mass and the test protocol in
front end and limits the compartment forc
Unfortunately, this front end desiggmnot realistic.

The trend is to reduce size tifis pat of the car
instead of increasing,iin order to givemore space
in the compartment for occupanturthermore, it i
counter productivefor reducing mass anCO2
emissions.

Change the current R94 test protocol and adapt
vehicle design

To obtain homogenous test severity independe

vehicle mass, three possibilitieave been proposed:

- adapt the deformable element to r
vehicles generation,

- remove deformable eleme
- introduce test speed depeent on the
vehicle mass

The goal of the different improvems proposed in
this chapter isto change the test severity E
towards a stable and constant one independe
mass.

Thefigure 14 illustrates this approach to switch t
curve from the red that represent the cur
situation to the blue one threpresents the target for
the future.

The blue severity is more appropriate for havir
chance to reduce the severity r

TEST SEVERITY
56
54 ECE R94 frontal proposal
52 S
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Figure 14: possible test severity harmonization
among vehicle masses

Introduce test speed depending on vehicle mass

According to the behavior of the barriewhich
bottoms outand absors a constant amount of
energy independently of the car masone
possibility isto introduce a test speidepending on
the kerb weight of the tested vehi

This solution can be adopted without any chanc

the test protodo The heavy car would be ted at

lower speed than light car tswitch towards a
constant test severity.

Rule makers couldlecide the test severity (52 k
for example) and by easy calculation, the testd
curve could be defined.

However, anotherissue regarding ggressivity
(structural interaction) highlighted by expert
communitiesas a prioritywill not be solved by this
solution.
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Figure 16: test speed corresponding to a test
severity of 52 kph

This approach for limiting test severity for heaayr
was adopted in part by Euro NCAR]. Aware of
that situation and the risk of increasing aggregsiv
of heavy cars,the Euro NCAP test protocol fixes the
test speed to 56 km/h for vehicles above 2500 kg
and 8 seats and more.

Adapt defor mable element to new car gener ation

Change the deformable element to a new one able to
absorb more energy that makes the bottoming out
phenomenon rare and allows heavy cars to put more
energy into the barrier than light ones.

—

-
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|
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<

Figure 15: Progressive Deformable Barrier [10]

The PDB barrier showed good capability for
absorbing different amounts of energy. Thus it
seems possible to normalize test severity with the
use of the deformable element, which will allow for
controlling other parameters, such as partner
protection and structural interaction [10]. The PDB

barrier also showed its capability to answer the
problem of heavy cars. NHTSA considers after
numerous evaluations that PDB performed as
designed for heavy vehicle [5].

Remove the current defor mable element

This solution is the easiest and the cheapest
approach to solve the problem.

The current ODB barrier is obsolete and its stgfe
is too low for modern vehicld7]. Removing it
should be possible without any change in test tesul
This operation must be accompanied by fixing lower
speed equal to the desired test severity.

Without deformable element, the EES is equal to the
testing speed, test severity is constant and not
dependent on the vehicle mass.

However, even if it solves test severity and create
better force mismatch, structural interaction wibit
be improved. For the structural interaction issbe,
potential of this solution is limited.

Figure 17: Test severity against rigid wall is
equivalent to test speed

IMPACT OF THE CHANGING TEST
PROTOCOL

Harmonized test severity gives the opportunity to
have better force matching and to solve part of
severity rate difference.

Impact on compartment force (figure 18)

The heavy car could be designed according to its
mass without higher forces due to increased test
severity introduced by the test protocol.

Naturally the light car will become “stiffer” (higin
force) and the heavy vehicle will become “weaker”
(lower force).

The global force curve generated by the structure

will be more “horizontal” which makes the force
matching easier to achieve.
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However, the perfect horizontal cannot be reac
To compensate for its mass, a heavy vehicle
always have tatay stiffer than a light cor

COMPARTMENT FORCE
800
Current European Fleet

= 700 *
x Future Fleet
o 600
o
£ 500
g
© 400
]

300 ?

prd
200 :

500 1000 1500 2000 2500 3000
Vehicle mass (Kg)

Figure 18: Influence of harmonized test severity on
vehicle compartment force

The global forcelimitation will not be counte
productive for self protectionagains a single
obstacle. Due to high stiffness of loathe current
efficiency of structure involved in terms cenergy
absorptionin real life accident is limite Load paths
collapse without absorbing thnetic energy due to
lack of stability.

That's why, introducing weaker load paths v
improve energy absorption efficiency, a
furthermore, load paths will be able to win many
more situatios. That it is not the case tod

Impact on severity rate

The lower force differencdsetween light and heay
cars will strongly influence the severity r:
distribution €igure 19).

Homogeneity of fleets will lead to better for
matching in case of car to car accics. Heavy cars
will become less aggressive beaaasbetter energy
distribution between vehicles involw

After renewing the fleet, theseverity rate curv
should decreasespecially for light car

Furthermore, the current high difference in terrh
Severity Rate will be reduced. However, simi
Severity Rate independent dhe mass is nc
reachable. The heavy cars will stay safer than
small car in case of car to car accidt

SEVERITY RATE

Current severity rate

Improved severity rate

500 700 200 1100 1300 1500 1700 1900 2100
Mean mass of the vehicle (kg)

Figure 19: influence of test harmonisation on
severity rate

The mass of the caand associated self protection
requirements maka horizontal curve unreachat
The Severity Ratecurve slope is inversely
proportional to the forcene.

Impact on safety benefit [4]

An accident analysis carried out in 2010
population of cars that compd with R94 showed
that such evolution of severity raharmonization,
associated to bettdbrce mismatch ancstructural
interaction,would lead to avoid 40%  fatalities or
severe injuries in head on collision. It repreed
7% of victims involved in all impact road accidt

Hef"“.j or All impacts
collisions
Victims reductior
(front occupant Victims
belted, head o reduction
collision betweer | extrapolated
two cars of to the whole
conception > set of car
1999 or mode occupants
year > 2003
fatalities
and severe 40.3% 7.0%
injuries

Figure 20 [4]: reduction in fatalities and serious

injuries
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TEST PROTOCOIL
CHANGE

Rule makers amend it
ECE R94 test protoc

TEST SEVERITY HARMONISATION

|
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KERB WEIGHT

Test severity is harmonized f
all class massesvithin ECE
R94 regulation

FRONT FORCE HARMONISATION

H
FORCE

I current

future

KERB WEIGHT

Future vehiclesare designe
according to the new test
severity. The force deformatic
difference between heavy a
light cars is reduce(

SEVERITY RATE HARMONISATION

current

l future

KERB WEIGHT

]

Better force matching leads
homogenous fleets and influer
severitv rate cun

Figure 21: Impact of test protocol change on
severity rate

Figure 21 summarizes the global approach the
change in regulation thinfluence the test severity
that influence the vehicle design, that influence
fleet and severity rate and at the end reduce nu
of fatalities and injured.

CONCLUSIONS

Recent accident studies conf and show that
severity rate harmonization ione of the most
effective waydo reduce the number of road accid
victims.

Part of the problencomes from th¢ODB test itself
being moresevere for heavy vehicle than light ¢
Hence, he test is considered as 1s dependent.

According to different examgs shown, adapting the
vehiclefront end to compensate for tcurrent side
effect of the ODB tedt not adequate and doa for
economic, desigand safetyeasons.

In contrast, makingthe test more realistic and
adapting itshould be introduce as a first priority to
harmonize the téseverity for all mas classes. This
introduction will allow switching towards a
homogeneous fleet that seriouslyreduces
aggressivity and severity riissues.

Three approads were proposed with differe

added value.These arefrom the lowest to the
highest potential for adesird homogeneous test
severity:

- remove the deformable element and fix
testspeed to the desd test severity,

- adapt the test speed to the kweight of
the vehicle taking into account the ene
absorbed by the current barr

- changethe deformable element affix the
test speedccording to the desd severity.

These three propositions answer the problem
force matching and global aggrivity, however,
only the last one is able to fix the strucl
interaction, problem, als@ised as a priority.
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