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ABSTRACT

ln　car'to-car　collisions,　the　injury　risks　to　the　driver　in　each　car　differ　due　to　t,he　differences　of　mass,

stiffness　and　geometry　of　both　vehides･　This　compatibility　problem　was　firstly　discussed　in　the　1970's,

howeverjt　has　not　been　solved　yet･　There　has　been　no　research　on　vehide　compatibility　considering

the　traffic　situations　in　Japan･　Thereforeμhis　thesis　focuses　on　the　compatibility　in　Japan,　and　its

countermeasures　afe　examined/n)tal　compatibility　induding　cars,　trucks,　pedestrians　and　road

environments　was　investigated　by　a　combination　of　accident　data　analysis　and　computer　simulations･

　　The　compatibility　of　cars　is　i�luenced　by　the　difference　in　the　mass,　stiffness　and　geometry,　As　the

vehicle　mass　has　the　largest　effect　on　the　vehide　compatibility,　the　injury　risk　was　formulated　based

on　the　average　mass　of　the　car,　The　stiffness　and　geometry　compatibility　was　examined　by　accident

analysis.

　　ln　traffic　situations　in　Japan,　it　was　shown　based　on　accident　dataμhat　the　high　agressivity　of

trucks　and　the　poor　self-protection　of　mini　cars　have　to　be　improved　to　accomplish　total　compatib111ty･

Irrespective　of　low　selflprotection　of　mini　cars　due　to　its　small　mass　and　low　stiffness,　this　type　of　car

is　increasing.　Two　countermeasures　for　poor　self-protection　of　the　mini　car　were　analyzed　using

MADYMO.　The　first　is　to　stiffen　the　mini　car　and　to　install　an　optimum　restraint　system,　and　the

second　is　to　provide　a　large　car　with　additional　crush　space　designed　for　a　crash　with　a　mini　car.　Either

method　can　reduce　the　injury　risk　to　the　driver　in　the　mini　car.

　　Current　test　procedules　for　frontal　impact　were　examined　to　evaluate　the　vehicle　compatibility･　The

fu11　rigid　barrier　and　offset　deformable　crash　tests　which　are　currently　adopted　in　the　regulations,　can

not　reproduce　the　injury　risks　of　the　driver　incar-to-carcrashesevenby　changing　the　impact　velocity･

ln　order　to　evaluate　the　compatibility　performance　of　the　car　correctlyjt　is　necessary　that　the　MDB

test　procedures　is　introduced　and　self“　and　partner“protection　of　the　car　are　measured･

　　ln　a　car-to-truck　collision,　the　injury　risk　of　the　driver　in　the　car　is　extremely　high.　Accident

analysis　shows　that　the　geometry　incompatibility　ieads　to　large　intrusion　into　thecar　conlpartment,

which　results　in　a　high　injury　risk　to　the　driver　in　the　car.　Th･e　effectiveness　of　the　underrun　guardof

the　truck　was　examined　by　mathematical　simulation　and　the　oPtimal　force　levels　to　reduce　the　injury

risk　were　proposed.

　　ln　the　present　study,　the　car-pedestrian　compatibilitywasalsoexamined｡Based　on　the　results　from

the　accident　analyses　and　simulations,　it　is　found　that　the　vehicle　shaPe　has　large　em5cts　on　the　jnjury

risk　to　the　pedestrianJn　order　to　clarify　the　head　injury　risk　with　impact　with　various　parts　of　the　car9

the　headform　impact　tests　were　carried　out.　The　HICs　in　the　impact　of　the　car　induding　windscreen

regions　were　darified･
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lyl｡TRAFFIC　SAFETY

4
- ｡INTRODUCTION

lylj.The　Scope　of　the　Problem

ln　the　world,　about　15　m111ion　people　are　injured　each　year　in　tramc　accidentsjive　minion　require　in‘

patient　hosphl　treatment　and　half　a　mlllion　die　{IRF　1　9951･　ln　Japan,　about　1　0　thousand　peopleare

fatally　inj　ured　and　one　million　are　inj　ured　in　traffic　aceidents　every　year　〔ITARDA　19981,　However,　it

is　generally　recognized　that　the　injury　is　a　problem　that　can　be　controlld　by　injury　prevention

strategies.

　　ln　the　USAμhe　number　of　deaths　due　to　healt　diseases　is　a　quarter　of　a　million,　and　those　due　to

cancer　afe　half　a　mj111on,　which　is　far　larger　than　that　due　to　trafric　injuries　μnjury　in　America　1984],

However,　when　one　estimate　the　preretirement　years　of　life　lost,　traffic　accidents　are　about　twice　that

of　cancer　and　heaft　disease.　Judging　by　the　level　of　research　expcndiu1re　for　the　causes　and

countemleasures,　the　importance　of　tramc　ac£idents　is　too　underestimated.

l　j　.2,　1njury　Control　Strate9ies　in　Traffic　Accidents

Tramc　injury　problems　and　itscountermeasures　arevery　dimcult　to　investigatc　because　the　problem　is

large　and　wide.　0ne　useful　approach　is　to　consider　the　traffic　injury　problems　as　resulting　from　an

interaction　of　different　factors　that　consist　of　time　and　space.　Haddon　(1981)dcveloped　a　matrix　to

consider　the　tramc　injury　problem　by　factors　which　occurred　in　different　phases　in　time　and　space　(see

Figure　l･1).The　time　can　be　classified　as　before　the　injury-producing　event,　durjng　the　event　and　after

the　event･　The　space　which　causes　injuries　are　djvided　into　three　factors:　the　human　being,　the　vehides

and　equipment,　and　the　environment,　For　developing　a　program　of　injury　reduction,　we　should　discuss

the　problems　and　countermeasures　through　each　cell　of　the　Haddon's　matrix　in　a　systematic　manner･

　　The　precrash　category　consjsts　of　all　actions　related　to　the　occurrences　of　the　accidents･　For

example,　anti“iock　brakes　are　included　in　this　category･　The　crash　category　includes　only　the　time

during　impact･　The　crashworthiness,　seatbelts　and　alrbags　are　included　in　this　crash　category.　The

pOStCraSh　CatlegOry　COnSiStS　Of　all　the　time　after　impaCt,　and　treatment　and　rehabilitatiOn　Of　the　viCtim

are　included.

1



Phases

Factors

HUMAN
VEHICLE　AND

EOUIPMENT
ENVIRONMEKT

PRECRASH

CRASH

POSTCRASH

Figure　L　L　Haddon's　matrix,

　　Though　traffic　safety　has　been　discussed　as　if　the　only　goal　in　creating　traffic　system　were　safety,

the　goal　is　mobility　[Evans　1992].Traffic　injury　is　a　side　effect　of　mobility.　Safety　measures　such　as

speed　restrictions,　driver　licensing　and　drunk　driver　laws　reduce　the　mobility･　Active　and　passive

proteclion　devices,　vehicle　safety　improvements　and　improved　emergency　medicine　do　not　affect

mobility,　0n　the　other　hand,　safety　measures　such　as　upgrading　roadsjmproving　vehicle　handling　and

brakes　can　increase　mobility.　The　injury　reduction　strategy　should　be　adopted　so　as　not　to　interf6re

with　tramc　mobility･

　　The　increascd　safety　is　sometimes　in　conmct　with　other　human　activities,　The　use　of　a　restraint

syslem　restricts　the　freedom　of　the　human.　However,　the　mandatory　use　of　restraint　system　has　more

merit,　lt　is　society　that　pays　the　cost　of　the　injuries　of　the　unbelted　occupants.

　　Five　categories　of　strategy　for　injury　reduction　can　be　counted　[Trinca,　G.　et　a1　1988]･

●

●

●

●

●

Exposure　control

Behavior　modification

Crash　prevention

lnjury　control

Post-iniury　management

The　approach　to　adopt　these　strategies　varies　with　tramc　situations　in　each　country･

£9asag･cθzlrrθ/

Traffic　safety　can　be　accomplished　by　reducing　the　amount　of　travel,　or　moving　by　safer　forms　of

travel.　Exposure　can　be　controlled　by　the　vehide,　roadway　and　user　restrictions･　The　m･easures　which

limit　the　highest　risk　forms　of　travel　are　particularly　effective,

　　The　modal　shift　from　personal　transport　to　the　mass　transit　like　trains　and　buses　wm　be　useful　to

reduce　injury　exposure,　Electronic　communication　also　has　the　potential　to　be　an　altemative　for

transport･　Another　way　of　exposure　control　is　achieved　by　vehide　restrictions.　The　control　of　car　sales,

licensing,　taxation　and　insurance　procedures　can　control　theuseof　vehides,　Roadway　restrictions　are

also　commonly　performed　fo･r　exposure　controL　The　vehicle　mix　problems　such　as　the　car/truck

segregation　and　pedestrians/vehide　separation　afe　important　roadway　restrictions･　The　exposufe

2



control　by　user　restrictions,　canbe　achieved　thtough　licensing,　The　most　common　method　is　the

control　of　the　age　for　user　license　since　young　people　are　pafticularly　at　high　risk,

a?/zaFφΓ　j71∂jφcaZfθz7

Human　behavior　is　considered　important　to　achieve　traffic　safety･　Many　researchers　report　that　more

than　90%of　injury　causes　are　due　to　human　factors･　Education　and　the　law　are　important　strategies　for

behavior　modification･　The　traffic　laws　can　control　behavior　and　punish　activities　like　speeding,　jay

walking　and　driving　under　the　innuence　of　alcohol　which　may　lead　to　collisions･

　　Training　of　human　performance　is　quite　effective　for　behavior　that　occurs　frequently　and　where

there　is　time　to　decide　on　behaviorjike　wearing　a　seatbelt.　0n　the　other　hand,　people　are　less　sk111ful

for　behavior　in　situations　that　occur　infrequently.　Howeverjt　is　indicated　that　the　education　about

panic　braking　is　effective　for　shortening　the　slopping　distance　in　an　emergency　situation･　Education　is

important　for　pedestrians,　bicyclists　and　drivers　to　recognize　their　responsibilities　to　eadl　other･

Licensing　is　an　education　process　as　well　as　expo･sure　control,　which　can　be　accomplished　by　issuing,

controHing　and　withdrawing　a　license.

　　The　human　behavior　is　difficult　to　improve,　Thereforeμhe　viewpoint　has　been　advanced　that　the

vehide　and　roadway　itself　are　equally　important　to　prevent　accidentsJmproving　the　vehide　and　road

environment　so　as　to　be　more　tolerant　to　human　errors　means　that　the　number　of　accidents　can　be

reduced｡

(}a5/1pgveMjθzl

The　vehide　engineering　such　as　the　design,　construction　and　maintenance　of　vehides,　and　the　road

engineering　innuence　the　occurrence　of　traffic　accidents,

　　The　road　systems　in　the　road　design　and　construction　are　fundamental　to　the　reduction　of　traffic

injuries･　High　quality　signing　and　street　lighting　facilitate　safe　travel　for　road　users･　lt　is　also　important

to　separate　traffic　for　trucks,　buses,　cars,　motorcycles,　cycles　and　pedestrians･

　　For　vehjcle　engineering,　design　and　operating　characteristics　influence　the　crash　prevention.　There

are　two　basic　vehide　characteristics　that　lead　to　crash　avoidance,　The　ability　of　the　driver　to　see　and

be　seen　is　fundamental　for　safe　traffic　now.　This　Gns　for　adequate　lights　and　renectors.　The　other

fundamental　category　of　crash　pfevention　is　the　ability　to　stop　the　vehide･　AntHock　brake　system

serves　to　keep　stability　of　the　vehicles　direction　of　travel　and　steerability　by　Preventing　wheel　locking

dufing　emergency　braking,

　　The　electronics　and　information　technology　of　both　the　road　systems　and　the　vehicle　will　prevent

crash　occurrences･　The　lntelligent　Transport　System　(ITS)is　a　new　transport　system　which　is

comprised　of　an　advanced　information　and　telecommunicatjons　network　f6r　users,　roads　and　vehicles,

The　ITS　is　intended　to　enhance　the　advances　in　navigation　systems,　establishment　of　electronic　toll

collection,　assistance　for　safe　driving,　optimization　of　tramc　management　and　increasing　emciency　in

road　management,　Advanced　Safety　vehides　(ASV)is　a　project　of　the　Japanese　Ministry　of　Transport,

3



which　forms　a　part　of　the　technological　platform　of　lTS　as　a　vehicle　[Ministry　of　Transport　1997]･

This　project　aims　to　promote　research　and　development　of　safe　vehicle　technology　for　the　future,

takjng　into　consideration　the　possibility　of　autonomous　driving　as　weIL

WM?CθμZΓθ/

lt　is　dimcult　to　prevent　accidents　because　humans　make　mistakes　by　their　very　nature･　Although　the

accidents　are　dimcult　to　prevent,　the　injuries　can　be　prevented　by　improving　the　vehicle　design　and　the

road　environment,　iryjury　control　is　based　on　recognition　that　injury　risk　can　be　reduced　if　the　actual

conditions　of　the　impact　are　modified.　lt　is　a　powerful　strategy　for　reducing　the　severity　and　frequency

of　injuries　to　all　road　users｡

　　lt　is　necessary　to　clarify　the　injury　causes　and　the　mechanisms　of　crash　injury,　and　to　design

systems　to　reduce　crash　injuries.　For　this　research,　detailed　data　collection　of　the　collisions　should　be

conducted.　The　data　should　bc　examined　from　the　viewpoint　of　vehicle　engineering,　biomechanics　and

human　behavioral　science｡

　　For　vehide　design,　the　crashworthiness　principles　can　be　applied　to　aH　road　users,　though　they　are

adapted　only　to　passenger　cars,　Crashworthiness　designs　are　controlled　by　international　standards　of

vehide　safety,　The　optimal　crashworthiness　of　cars,　and　the　restraint　system　such　as　seatbelts　and

alrbags　can　reduce　the　injury　severity　of　the　occupants　in　the　car.

　　The　flrst　attempt　of　injury　control　to　reduce　the　number　of　fatalities　and　injuries　occurring　as　a

result　of　frontal　crashes　was　introduced　by　the　Nationa1　Highway　Traffic　Safety　Administration

(NHTSA)in　the　USA　in　1972　by　promulgating　the　Federa1　Motor　vehicle　Safety　Standard　(FMVSS)

No,　208,　0ccupant　Crash　Protection･　This　standard　requlres　occupant　safety　in　a　frontal　impact　crash

test　into　a　rigid　barrier　at　30　mph　(48.3　km/h),

　　The　crashworthiness　of　cars　has　been　improved　by　this　crash　test　requirement,　However,　side

effects　of　this　test　procedure　were　also　indicated　because　only　self-protection　of　cars　has　been

considered　in　the　regulations,　and　it　does　not　always　lead　to　the　safety　of　the　occupants　in　the　other

vehide,　The　crash　test　into　a　rigid　barrier　does　not　reflect　the　safety　of　the　vehicle　that　the　subject　car

collides　with,　This　fu11　rigid　barrier　test　may　lead　to　a　stiffer　front　end　of　a　heavier　car　than　a　lighter

car　so　as　to　protect　the　integrity　of　the　car　compartment　from　its　large　inertial　force　[Prasad　et　al･

1995],

　　Both　light　and　heavy　cars　meet　the　rigid　bafrier　crash　test　of　the　FMVSS　because　there　ale　no　mass

effect　in　this　type　of　test･　The　crashworthiness　of　the　car　has　attained　to　a　high　level　due　to　the　optima1

car　structure　and　the　safety　devicesjrrespective　of　vehide　mass･　Whereasjn　the　real　world　in　head“

on　collisionμhe　consequences　for　light　cars　are　sti11　1ikely　to　besevere｡Although　there　is　law　to

prevent　high　vehicle　speeds,　no　considerations　are　given　to　heavy　cars　whicharealso　aggressive　to

other　cars,　The　safety　of　both　cars　in　collisions　(compatibi111y)should　be　considered　for　the　total　safety

of　the　vehides｡
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　　One　of　the　comptexities　of　traffic　safety　is　the　great　variation　in　vehicle　neet　Crash　compatibility

b･etween　different　classes　of　vehides　is　also　an　important　issue　of　the　injury　control　strategy,　Connicts

between　cars,　trucks,　pedestrians,　motorcyclists　and　cydists　can　be　reduced　by　application　of

appropriate　technologies　and　standards･　However,　currently　the　safety　standardsareapplied　only　to

passenger　carsJn　a　car'to‘truck　collision,　the　consequence　is　serious　for　the　caE　The　salety　benefits　of

a11　road　users　including　car　occupant,　motorcyclist,　cyclist　and　pedestrians　should　be　considered　in

order　to　reduce　the　total　number　of　fatalities｡

　　Crash　energy　management　principles　can　also　be　applied　to　the　road　environment,　When　a　vehide

goes　off　the　road　and　strikes　an　object,　the　injury　risks　of　the　occupants　are　affected　by　the　size　and

stiffness　of　the　object.　The　design　of　signs　and　signal　supports,　bridge　structures,　guardrails　and　rigid

poles　affect　the　probability　of　injury　in　a　crash.　The　road　authorities　and　organizations　that　manage

these　objects　are　partly　responsible　for　the　outcome　of　crashes　with　these　obμcts.　The　design　of　these

objects　can　change　the　consequence　of　these　crashes,

j?θsr44u7　77za4agez7leμ£

lf　the　accidents　cannot　be　prevented　and　injuries　cannot　be　elimjnated,　rccovery,　treatmenl　and

rehabilitation　measures　can　reduce　the　severity　of　injuries,　Survival　and　the　extent　of　recovery　depend

on　the　initial　care　in　the　accidents　because　50%of　fatalities　occur　within　minu,tes,and　35%of　fatalities

are　within　two　hours　after　accidents｡

1.2.CAR　COMPA7｢IBILITY

ln　car-to-car　collisions,　the　injury　risks　to　the　occupants　are　affected　not　only　by　their　cars　but　also　by

the　partner　cars.　However,　cars　have　been　designed　mal�y　to　improve　self-protection,　which　is

referred　to　as　crashworthiness,　The　frontal　and　side　impact　tests　do　not　consider　the　compatibjlity

problems,　This　leads　to　individual　cars　with　different　structure,　size　and　mass,

　　The　topics　of　compatibility　were　first　discussed　at　the　Conference　on　the　Experimental　(Enhanced)

Safety　vehicles(ESV)in　1970　when　the　concept　of　car　aggressivity　emerged･　The　compatibility　was

first　discussed　in　side　collisions　[Chillon　1971]and　later　in　head-on　collisions　[Appe1　1971]･However,

during　20　years,　compatibility　has　not　been　considered　by　car　manufactures,　while　performance　of

restraint　syslem　has　been　greatly　improved.　ln　the　15th　ESV,　the　compatibility　has　become　one　of　the　6

subjects　of　the　hltemational　Harmonized　Research　Activities　(IHRA)of　ESV,　where　the　EC/EEVC

has　a　leading　responsibility　[NHTSA　1　9961　.　1n　IHRA　the　aim　of　the　effort　is　to　develop　the

intemationally　agreed　test　procedures　designed　to　improve　the　compatibjljty　of　car　structures　jn･　front

to　front　and　side　car-to-car　impacts.　The　report　wiH　be　publish･ed　in　the　17th　ESv　conference　in　200L

Recently　in　the　highly-motorized　countriesμhe　vehide　population　variation　has　increased　and　car

types　with　different　shapes　such　as　the　SUv　and　the　pickup　are　also　increasingJn　the　united　States,
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the　NHTSA　has　started　a　research　program　on　this　subject　[Hollowell　and　Gabler　1996].ln　Japan,

there　is　little　research　on　the　subject　of　vehicle　compatibility･

　　Most　pr(jects　have　focused　on　the　compatibility　in　car4o-car　frontal　collisions.　Thereforejn　the

following　paragaphs,　the　compatibility　of　this　crash　configuration　is　reviewed　from　Parts　1,2.1　to

L2.8,that　of　side　collisions　in　L2.9,and　that　of　single{ar　crash　in　l｡2.10.

1,2yl　,　Definition　of　Compatibility

CθMμa&&Zy　is　defined　as　the　vehicle　combination　that　ensures　a　high　level　of　occupant　safety　in　both

vehides　in　vehicle-to-vehicle　colljsions,　Therefore,　the　compatibility　ensures　that　passenger　vehides

of　disparate　size　provid･e　an　equal　level　of　occupant　protection･　The　compatibility　consists　of　seφ

μΓθzedfθz7　andμarMer?mredjθμ.Se1Fprotection　is　protection　of　the　occupants　in　the　sublject　car

when　involved　in　a　crash　(cr･75/zwθΓ&&6s),while　partner-protection　is　protection　of　the　occupants　in

the　other　vehide.　The　opposite　of　partner-protection　is　αgS¶r6･jWfy,　which　causes　a　high　probability　of

death　in　the　other　car,　The　crashworthiness　and　aggressivity　are　two　different　aspects　of　vehide　safety

and　they　are　not　necessarily　consistent･　The　goal　of　vehicle　compatibility　is　to　minimize　the　number　of

fatalities　while　the　injury　rates　of　the　occupants　in　each　vehide　remain　the　same･

　　The　compatibility　of　the　car　in　car4o-car　collisions　has　been　considered　most　important　because　the

number　of　injuries　in　these　collisions　is　large,　0n　the　other　hand,　since　the　injury　risk　to　the　occupants

in　cars　is　much　higher　than　that　in　trucks,　car-to-truck　compatibility　is　also　important.

　　ln　a　larger　sense,　the　compatibility　can　be　extended　to　single-car　crashes　since　the　partner-

protection　of　the　fixed　objects　is　important　in　terms　of　crush　energy　absorption.　The　impact　of　vehides

with　vulnerable　road　users　such　as　pedestrians　and　cyclists　can　also　be　induded　in　the　concept　of

compatibility　because　in　these　types　of　accidents　the　partner-protection　of　the　vehicle　is　important

[Appel　1995,Schimmelpfenning　19196,7nEIrri6re　1997].　We　define　rθM/　cθz71μaZ&&ry　as　the

combination　of　vehide　and　its　crash‘partner　whjch　has　a　high　level　of　protection　of　all　vehide

occupants　and　vulnerable　road　users　involved　in　aH　types　of　crashes　induding　car-to{ar,　car‘to‘truck,

single-car　and　also　car‘to-pedestrian　impacts.

t2.2,　Factors　Affectin9　Compatibility

ln　genera1(crash　compatibility　can　be　attributed　to　the　following　three　causes　resulting　from　three

characteristics　of　vehicle　design　as　follows　(see　Figure　1,2)[Ventre　1　9721　:

　　　゛　Aa∬cθzzlμaz&ary

　　　･　　&j916s　cθz71μa11W/fly

　　　'　GeθMer7　cθ/71μar&f/f/y

The　larger　the　difference　of　mass,　stiffness　and　geometry　become　between　two-vehicles,　the　more　the

vehides　are　incompatible･　The　dim?rence　of　the　vehicle　mass　has　the　largest　effects　on　the　occupant

inj　ury　risk　incar-lo-carcrashes,　The　incompatibility　of　stiffness　leads　to　lafge　intrusions　into　the

6



compartment　of　the　less‘stiffcar.Due　to　the　geometry　incompatibility,　the　subject　car　underrides　the

other　caf,　and　the　car　body　can　not　absorb　the　crush　energy　as　it　was　designed　to,

The　other　n･‘-ヽEW　yW　-　　｡　　　　　　The　s゛bject
　Cal　　　‘`''y　　　`¨‘``゜‘'^………J`゛'　　　　　　　　　　　　　　　　　　　Car

'Self　protection

゛Par{ner　pro{ection(゛゛aggressivity)
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Figule　L2,　Factors　which　affect　compalibili{y･

　　The　cθ//jjlFθzμyμ(caz,5/zMθ&)of　frontal,　offset　frontal,　oblique,　side　and　rear　affects　the　stimless

and　geometry　compatibility　due　to　the　change　of　the　force　interaction　between　two　vehicles･　Conision

type　is　an　important　factor　governing　vehide　crashworthiness　because　it　determines　how　thc　two　car's

structures　interact,　Therefore,　collision　type　has　a　modifying　innuence　on　the　dTect　of　compatibility

parameters　such　as　geometry　and　stiffness　[Wykcs　19981.

t2.3,　Mass　Compatibility

Caa¥Mμe9M�M4∬

Accident　data　from　many　countries　show　that　the　occupanls　in　a　lighter　vehide　have　a　higher　risk　of

injury　than　those　in　a　heavier　vehicle,　Campbell　and　Reifnfurt　(1973)were　among　the　first　to

undertake　to　identify　the　safety　consequences　according　to　vehjde　model　and　weight　from　po】ice

reported　crashes.　They　reported　an　inverse　relationship　between　vehide　weight　and　relative　injury

frequency　in　car-to-car　collisions.　This　relationship　was　also　found　in　the　analysis　of　accident　data　in

many　countries:　The　united　States　[Evans　1983],Germany[Emst　et　al　1991],France[Fontaine　1　992,

E1rri6re　1994],the　united　Kjngdom　[Grime　and　Hutchinson　19821,　Sweden　[Aldman　1　9841,　Australia

[Cameron　19921･　Howeverjn　Japanμhere　are　no　publicatjons　which　indicate　the　relation　between

vehide　mass　and　injury　risk.

　　The　magnitude　of　the　mass　effect　on　the　occupant　injury　rate　is　different　among　the　various　studies･

Grime　and　Hutchinson　(1982)reported　that　whencarswith　a　mass　ratio　of　two　collide　head-on,　the

percentage　of　driver　death　was　about　7　times　larger　in　the　lighter　vehide･　The　innuence　of　the　mass

effect　on　injury　rates　increased　wjth　increasjng　jnjufy　severjty･　For　serjous　jnjury,　the　ratio　of

percentages　was　about　3　for　a　mass　ratio　of　two｡

　　Aldman　et　a1.　(1984)described　trends　in　vehide　safety　in　terms　of　the　frequency　and　severity　of

injuries　in　passenger　cars　in　Sweden,　The　severity　of　injuries　d･ecreased　significantly　with　increasing
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car　weight,　and　this　was　tme　from　slightly　injured　to　htally　injured　occupants･　The　frequency　of　driver

death　in　cars　of　the　smallest　class　(1ess　than　950　kg)was　1.9　times　higher　than　that　in　the　largest　class

(more　than　1250　kg)｡

　　Evanshas　many　publications　on　the　effects　of　the　vehide　mass　on　the　injury　risk　of　the　occupants

using　accident　data･　He　(1983)reported　that　in　crashes　between　900　kg　cars　and　1800　kg　cars,　eight

times　as　many　occuPants　of　the　smaller　cars　were　killed　in　comparison　to4he　larger　cars･　ln　accident

analysis,　there　is　an　exposure　problem　such　that　the　heavier　cars　are　more　inclined　to　be　involved　in

severe　accidents･　To　solve　this　problem,　Evans　used　the　number　of　pedestrian　fatalities　R)r　a　measure

of　exposure　[Evans　1991bl.　He　assumed　that　the　number　of　pedestrian　is　independent　of　the　vehide

mass　and　it　can　renect　the　car　velocity･　Thusμhe　number　of　driver　fatalities　divided　by　that　of

pedestrian　fatalities　in　the　same　mass　categories　was　examined.　Based　on　th,e　analysis　of　head-on

collisions　using　the　Fatality　Analysis　Reporting　System　(FARS),he　concludes　that　when　900　kg　and

1800　kg　cars　crash　into　each　other,　the　risk　of　driver　death　in　the　small　car　is　about　14　times　what　it　is

in　the　large　car･　The　correctness　of　using　pedestrian　fatalities　as　an　exposure　measure　has　not　been

confirmed　yet.

　　Delta゛v　is　defined　as　the　velocity　change　of　the　car　passenger　compartment　during　an　impact　and　is

used　as　an　indicator　of　impact　severity･　Generally,　the　injury　severity　of　the　occupant　in　a　car　is

strongly　related　to　delta゛V.　ln　two“car　crashes,　the　ratio　of　delta-V　is　inversely　proportional　to　the　mass

ratio　of　the　cars.　Evans　(1993,　1994)showed　that　the　ratio　of　the　driver　fatality　risk　in　the　nghter　car　to

the　risk　in　the　heavier　car　increases　as　a　power　function　of　the　mass　ratio　as　follows:

″
｢
W

{ y (1,1)

He　determined　the　parameter£for　various　crash　configurations.　For　example,　the　pafameter　£　is　3･53

for　all　driver　fatalities.　Since　the　FARS　that　he　used　for　the　analysis　includes　only　fatalities　without

including　the　data　of　the　injuries　and　no‘injuries,　the　absolute　injury　rate　of　the　occupant　could　not　be

evaluated.

GIM¥s&j/ar　Ma∬

When　cars　with　identical　mass　cTash,　the　mass　does　not　influence　the　crash　dynamics.　However,　some

analyses　using　accident　data　have　shown　that　the　injury　risk　is　lower　when　two　heavy　cars　crash

compared　with　two　light　cars　[Evans　1987,　Emst　et　a1　1991],and　vice　versa　[Dreyer　1981]･This

probtcm　is　dimcult　to　analyze　using　accident　data　because　heavycarsin　general　travel　at　higher

velocity　than　smaller　cars･

　　Evans　and　Waielewsk(1987)evaluated　the　likelihood　of　driver　fatalities　in　head-on　comsions

using　the　estimating　exposure　approach,　in　which　they　used　pedestrian　fatalities　as　a　measure　of

accident　involvement.　A　driver　in　a　900　kg　car　crashing　head‘on　into　another　900　kg　car　was　2･O　times

as　likely　to　be　killed　as　was　a　driver　in　an　1800　kg　car　crashing　head゛on　into　another　1800　kg　car･　They
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concluded　that　thiscould　be　interpreted　as　a　size　effect　where　crush　material　and　space　are　different

between　small　and　large　cars.

　　0n　the　other　hand｡　there　have　been　some　investigations　which　indicated　that　there　is　not　a

significant　difference　of　the　injury　risks　in　collisions　of　vehides　with　identical　mass　[Grime　and

Hutchinson　1982,　Thomas　et　aL　1990,　Fontaine　1992,　Bloch　1994L　However,　the　basic　lheory　has　not

been　presented　up　to　now　on　whether　the　vehicle　mass　has　em5cts　on　the　injury　risk　of　the　driver　in　a

crash　of　two　cars　with　equal　mass.

1.2.4.S㈹ness　Compatibility

&zZy}7f∬az�jφ7μ7z£7zj,θzz

The　stiffness　of　the　car　front　structures　also　has　a　large　effecl　on　the　vehicle　compatibility,　Since　the

accident　data　have　shown　that　the　intrusion　into　the　comparlment　is　one　of　the　main　causes　of　death　of

the　occupants,　the　stiffness　is　an　imporlant　factor　for　compatibility,

　　From　a　frontal　crash　test　into　a　rigid　barrierjt　was　found　that　the　force“denection　characteristics　of

the　car　can　be　approximated　by　a　line　[Emori　1968]and　its　coefficient　is　called　linear　stiffness･　Gabler

and　Hollowell　(1998)reported　that　there　is　a　wide　variation　in　relations　between　lincar　stiffness　and

car　aggressivity　compared　with　factors　of　mass･　Because　the　stimless　of　a　vehide　is　related　to　its　mass,

stjffness　may　not　be　proved　to　be　a　factor　as　dominant　as　mass　for　compatibility,

　　ln　general,　the　stiffness　of　a　car　is　lowcr　for　a　lighter　car.　Based　on　the　results　of　fun　rigid　barrier

crash　tests,　the　linear　stiffness　of　the　car　£(kN/m)is　Proportional　to　the　car　mass　z7z　(kg)to　the　Power

oH/3　as　follows　[lshikawa　1990]･

　　　　£=78�/3　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(L2)

This　situation　is　not　desirable　for　the　safety　of　a　small　car　because　intrusion　is　larger　for　a　smaller　car

in　a　crash　into　a　larger　carJn　crashes　between　small　and　large　cars,　when　thc　force‘denection　curve　of

the　small　caf　has　a　plato　regjon,　the　deformation　of　the　small　car　becomes　particularly　large　[Marumo

1974],Thereforejt　is　suggested　that　for　small　car　the　fofce-deformation　curve　has　a　triangular　shape

without　the　plato　region.

　　The　countermeasures　for　the　vehide　compatjbility　have　been　mainly　focused　on　modifying　the

stimless　to　compensate　for　the　mass　dim5rence.　The　compatibility　between　two　cars　is　measured　by

the　energy　absorbed　by　each　car･　There　are　several　proposed　ways　for　the　relationship　between　the

absorbed　energy　and　thecar　mass　z?l　to　accompljsh　compatjb111ty,　as　foHows　[NHTSA　1975,　Tarr16re

1997]:

I £2/£1=z?22　/z771

il｡£｡/£=3(″12　/″11)‾I

　　‘　1(m2/gl)+1

m

Ⅳ

£2/£1°1

£2/£l=(z"1　/z712)173

(L3)

(I,4)

(L5)

(L6)
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(I)This　condition　can　be　said　to　be　complete　compatibility　[nrri6re　1997].At　a　certain　velocity,　a

　　　heavier　car　has　larger　kjnetic　energy　than　a　lighter　car･　The　assumption　that　the　car　should

　　　absorb　the　kinetic　energy　by　the　mass　ratio　yields　this　equation･　When　equivalent　ba�er　speed

　　　£βS　is　considered,　the　intemal　energies　of　car　l　and　2　can　be　expressed　as:

　　　　　£1=1/SI(£βSI)2　　　　　　　　　　　　　　　　　　　　　　　　　(L7)

　　　　　£2=1/2m2(£βS2)2　　　　　　　　　　　　　　　　　　　　　　　　　(L8)

　　　where£j51　and　£β･S2　is　the　£βS　of　car　l　and　2,　respectively.　When　the　£β5　is　the　same　for　each

　　　car£βS】゜aEIS2　,　the　equation　of　condition　(I)can　be　obtained･　Car　l　and　2　will　be　compatible

　　　if　the　absorbed　energy　during　car-to‘car　coHision　is　the　same　as　that　against　the　rigid　bafrier.

(II)This　condition　comes　from　the　idea　that　the　upper　limit　of　the　closing　speed　is　2　times　the　£βS

　　　of　car　1.

(III)lf　the　stiffness　of　each　car　is　the　same,　the　absorbed　energies　for　light　and　heavy　cars　are　the

　　　same.　ln　this　caseμhe　deformation　of　the　cars　is　equal　for　both　cars.　This　design　condition　is

　　　easier　to　realize　than　the　above　two　conditions｡

(IV)Using　Eq.　(1･2)μhe　ratio　of　the　absorbed　energy　for　both　cars　in　the　current　cal　population　is

　　　obtained　as　condition　(IV)･

　　Figure　L3　shows　the　compatibility　scenario　based　on　the　force-deformation　characteristics

according　to　conditions　(1)to(IV)･ln　this　analysisμhe　ratio　of　car　mass　is　two,　the　slope　of　the

heavier　car　(car　2)is　varied　and　the　stiffness　of　the　lighter　car　is　constant　(car　l)｡ln　order　to

accomplish　the　complete　compatibility　of(i),the　deformation　of　the　heavier　car　is　two　times　larger

than　that　of　the　lighter　carJn　the　situation　of　the　current　car　(IV),the　deformation　of　the　lighter　car　is

larger　compared　to　the　heavier　car,　though　in　general　the　crushable　zone　is　limited　for　the　lighter　car.

　　There　have　been　some　investigations　into　the　effects　of　the　car　stiffness　on　the　deformation　in　car-

to“car　frontal　crashes　using　basic　theory,　however,　there　are　only　a　few　that　investigated　these　effects

on　the　risk　to　occupant　injuries　by　accident,　experiment　or　simulation,
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Figure1λThe　force-deformation　characteristics　for　valious　compatibility　scenalio　(z772/z771=2.0).
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The　stiffness　uniformity　is　also　important　since　the　stiff　parts　of　one　vehide　penetrate　the　weaker　pMt

of　the　other,　This　may　result　in　penetration　fork　effect　or　over゛ride･　Thus,　the　stiffness　uniformity　is

also　related　to　the　geometry　compatibility｡　There　is　a　case　when　the　poor　structural　interaction　has　a

dominant　effect　on　over-ride　compared　to　stiffness　and　mass.

　　From　the　offset　deformable　crash　test,　Bloch(1994)indicated　that　the　detormation　of　the　barrier

element　can　be　used　as　an　evaluation　of　aggressivity｡　High　uniform　deformation　shape　shows　that　the

investigated　vehicle　is　compatible　with　other　cafs･　(Figure　L4)･High　lool　stiffness　parts　such　as

longitudinal　beams　penetrate　the　honeycomb　of　the　deformable　barrier　(Figure　L5)･Bloch(1996)also

suggested　that　the　aggressivity　due　to　the　combination　effect　of　mass　and　stimless　may　be　estimated

by　this　type　of　crash.　He　also　tried　to　use　car　stopping　time　or　energy　loss　for　this　estimator･　However,

the　effectiveness　of　this　measure　is　not　connrmed｡

　　　　　　　　　　　(a)　　　　　　　　　　　　　　　　　　(b)

Figure　1,4,　Deformable　element　hit　by　a　soft　vehicle　[Bloch　and　Chevalicr　1996].Len　figure　(a)shows　the
　　　　　　　　　　barTier　face,　and　rjght　figure　(b)shows　lhe　dek)rmed　car.
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々{j　''?7S゛　｡`z..　　゛　　　　　　　･'･ヽ≒　･£゛　',　　　　　z/　､　/1

iFFEj　j　＼　＼y………j)J｡……　＼jTjj;4;W4＼√'∧k‰/　　　J　　　≒……'

{L%‰t㈲%
　　　　　　　　　　　　　(a)　　　　　　　　　　　　　　　　　　　　　　　　(b)

Figure　L5.　Deformable　e】ement　hit　by　a　vehide　with　very　stiff　fronl　Parls　[Bloch　and　Chevalier　19961,　Left

　　　　　　　　figure(a)shows　the　barrier　face,　and　right　figure　(b)shows　the　deformed　caE
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The　geometry　difference,　especially　the　height　of　the　main　energy'absorbing　elements　innuences

compatibility.　lf　the　front　side　member　of　the　heavier　vehide　is　higher　than　that　of　lighter　vehicle,　both

vehides'　member　will　not　absorb　the　crash　energy,　0ne　vehide　will　override　the　other,　diminishing

the　effective　energy　absorption,

　　The　geometry　incompatibility　between　a　car　and　a　Sports　utility　vehicle　(SUV)is　oft･en　discussed

[Gabler　and　Hollowe11　1998,　11HS　1998],The　heights　of　bumper　and　front　side　members　of　the　SUvs

are　higher　than　those　of　cars.　This　creates　a　mismatch　in　the　structuraHoad　paths　in　frontal　impacts　by

override　of　the　SUV

　　Usually　geometry　compatibility　is　discussed　together　with　mass　and　stiffness　compatib111ty.　NVykes

et　al･　(1998)showed　by　two-crash　tests　that　the　geometry　interaction　is　important　for　caf　compatibility･

They　indicated　that　in　a　frontal　crash　the　upper　load　stiffness　should　be　increased　to　prevent　underride,

They　also　performed　the　FE　analysis　for　a　side　comsion　changing　the　stiffness　distribution　and

geometry　of　the　MDB　(Moving　Deformable　Barrier).They　recommended　for　a　side　collision　that　the

upper　load　path　of　the　striking　car　should　be　reduced　for　the　safety　of　the　occupant　in　the　stmck　car,

However,　both　requlrements　for　frontal　and　side　collision　are　contradictory･

1　,2,5,　Compatibility　by　Combined　Mass,　Stiffness　and　Geometry

Mass,　stiffness　and　geometry　incompatibility　can　be　combined,　and　lead　to　a　worse　outcome,　An

example　of　combined　incompatibility　can　be　seen　in　light　trucks　and　vans　(Urv).LTv　consists　of

SUV,pickup　and　vans,　The　difference　in　weight　between　passenger　cars　and　LTvs　is　increasing　and

currently　over　454　kg　[NHTSA　1998],Using　crash　data　from　the　New　Car　Assessment　Program

(NCAI))jt　was　shown　that　in　general　SUvs　are　stiffer　than　passenger　cals　(see　Figure　1.6)[Kubota

and　Kokubu　1995],
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Figufe　l　,6,　Force-deformation　characteristics　of　passenger　cars　and　SUvs　[Kubo･ta　and　Kokubu　l9951

From　Figure　L6,　Kubota　and　Koikubu　(1995)calculated　the　crush　energy　(£)based　on　the　deformation

(6)of　a　passenger　car　and　a　SUv　as　follows:
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£=2746562+49486+210　　for　passenger　car　(front　wheel　drive)

£=5014362+46376+107　　for　SUV

　(1,9)

(L10)

　　ln　the　US,　the　population　of　LTvs　is　growing　and　occupies　over　l/3　of　a11　1ight　vehide　registrations

[Gabler　and　HOIlowell　19981.　The　rapid　growth　in　LTv　population　in　recent　years　in　the　US　has　raised

the　problem　of　“vehicle　aggressivity'≒

　　There　are　two　characteristics　of　LTvs　that　have　the　potentiaHo　increase　fatalities:　compatibility

and　rollover　propensity･　Gabler　and　HOIloweII　(1998)showed　that　the　risk　of　fatal　injury　of　the　drivers

in　passenger　car　is　higher　than　that　in　the　LTv　incar-LTv　frontal　crashes,　They　examined　the　ratio　of

driver　fatalities　in　the　subject　vehide　to　driver　fatalities　in　its　collision　paflner　for　car-to-car　frontal

impacts(Figure　l.7)･ln　collisions　between　fuII“sizevansand　cars､　six　drivers　died　in　the　car　for　one

driver　killed　in　a　van｡
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Figufe　L7･　Ratio　of　fatally-injured　drivers　in　LTV-to-Car　Frontal　Collisions･　FARS　1992-96

　　　　　　　　　　　　　　　　　　[Gabler　and　Hollowell　1998]･

1.2.6.Current　Test　Procedures　for　Frontal　Crash

lt　js　necessary　that　the　car　compatibility　is　evaluated　from　crash　tests･　There　are　several　established

crash　tests　for　evaluating　occupant　injury　risk　in　frontal　crashes　(see　Table　1･1).However,　the　crash

test　procedures　to　evaluate　the　compatibility　of　cars　in　frontal　crashes　are　currently　under　investigation

by　severa1　researchers｡

　Thefull　frontal　crash　test　into　a　rigid　barrier　is　currently　adopted　jn　the　USμapan　and　Australjan

regulations.　Th,e　head　and　chest　accelerations　of　the　dummy　are　high　due　to　high　acceleration　of　the

car　because　the　car　crashes　into　the　rigid　barrier　with　a　full　overlap･　Thus,　thjs　crash　test　is　useful　for

evaluating　life　saving　injuries･　This　full　rigid　barrier　crash　test　isa　more　severeevaluation　of　restraint

　　　　　　　　　　　　　　　　　　　　　　　　13



Test　procedures

Full　rigid　barlier　crash　test

{]CD
Offset　deformable　barrier

(ODB)crash　test

Oblique　crash　test

Oflset　rigid　barrier　crash　test

RD
　-　　　--
)blique　crash　te

　tm
-

)flset　rigid　barr

¥D
MDB　crash　test

m%

Thble　l　yL　lest　procedures　in　frontal　crashes

Organization

US　regulation

Japan　regulation

Austfalia　regulation

US　NCAP

Japan　NCAI)

Auslralia　NCAP

EU　regulation

Euro-NCAP

Auslralia　NCAP

IIHS

ADAC(Automobile　club)

US　regulation

ECE　Proposal　(1983)

lmpact　velocity(km/h)

48　km/h

50　km/h

50　km/h

56　km/h

55　km/h

56　km/h
-

56　km/h

64　km/h

64　km/h

64　km/h

60　km/h

48　km/h

50　km/h

AMS(Auto　Motor　Sports)55　km/h

NHTSA(1998)

Sugimoto　et　aL　(1998)

112　km/h

112　km/h

(Clos㎞g　velocity)

Configuration

Overlap　ratio

100%

Overlap　ratio

40%

lmpact　angle　O°-30°

lmpacl　angle　30°

Overlap　ratio　50%

Barrier　R=190　mm

(ISO/DIS　3560)

lmpact　angle　O°,　20°,

30°

MDB　1360　kg,　950　kg

system　performance　than　the　offset　deformable　ba�er　crash　test　to　be　mentioned　below　[Planath　et　al.

1994,11HS　1995,　Haekney　et　aL　1996,　NHTSA　1997],

　　The　EU　developed　an　offset　deformable　barrier(ODB)crash　test　procedure　and　has　started　to　use　it

for　car　approval　since　1998　[LOlwne　19941.　This　test　is　designed　to　duplicate　the　crush　pattems　and

compartment　intrusion　of　offset　frontal　collisions　seen　in　the　real　world　since　the　intrusion　into　the

passenger　comPartment　is　considered　the　major　cause　of　fatal　and　serious　injuries.　Thusμhis　test

address　intrusion-induced　injuries　like　lower　leg　injuries　that　are　currently　not　evaluated　by　a　fu11

frontal　crash　test　{Lowne　1994,　NHTSA　19971.

　　1n　order　to　evaluate　the　stiffness　compatibility,　the　test　procedure　based　on　the　ODB　crash　has　been

proposed{IS0　1999],The　tests　will　be　carried　out　in　two･　procedures　with　different　crash　velocitl･es･　ln

crush　capacity　procedure　with　high　crash　velocity,　the　crush　force　(F1)is　measured　to　estimate　the

self‘protectionJn　energy　control　procedure　with　low　crash　velocity,　the　crush　force　(F2)ls　measured

to　estimate　the　aggressivity･　The　k)rce　Fl　should　be　higher　and　F2　should　be　lower　than　the　prescribed

force　based　on　compartment　collapse.　Further　research　will　be　necessary　to　determine　the　parameters

such　as　FI,　F2　and　crash　velocities,　This　test　procedure　w111　not　be　able　to　evaluate　the　mass

compatibility･
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　　ln　rigid　barrier　crash　at　a　constant　velocity,　a　heavy　car　has　to　absorb　more　energy　than　a　sman　car

because　the　car　structurehas　to　absorb　the　wholeof　the　kinetic　energy　(1/2/71ro2),ln　additionjn　an

offset　deformable　crash　test　the　heavy　car　has　to　absorb　more　energy　because　the　energy　absorption

capacity　of　a　deformable　ba�er　is　constant　(40　kJ)and　the　net　energy　should　be　absorbed　by　the　car

structure,　Since　the　heavy　car　has　to　absorb　more　energyμhese　test　procedures　may　have　the　potential

to　make　a　heavycarstiffdr　than　a　light　car　[NHTSA　1997,　Sugimoto　et　aL　1998,　Kallina　1998],Thus,

these　test　procedures　may　increase　the　incompatibility　of　the　car　and　make　for　an　incompatible　car

neet｡

　　NHTSA　has　conducted　a　crash　test　program　to　devclop　a　crash　test　procedure　for　the　car

compatibility【Ragland　et　aL　I991,　NHTSA　1997,　Ragland　19981･　According　to　the　results　of　the　test

program,　the　MDB　test　Procedure　was　found　to　give　closer　crash　pulse　and　dummy　response　to　a　car“

to-car　crash　test　than　the　offset　crash　test　[Ragland　1998]･ln　the　EU　test　procedure,　the　peak

acceleration　comes　later　and　shows　a　nluch　lower　dummy　response　including　leg　injury　parameters･

The　MDB　test　seems　to　be　a　good　method　to　assure　better　front4o-front　compatibility　[Ragland　l998,

Sugimoto　et　a1.　1998]･Though　the　MDB　impact　angles　of　Oo,　20°　and　30°　have　been　examincd,　thcy

have　not　been　fixed　yet,　lt　is　necessary　to　discuss　further　whether　this　crash　co�iguration　of　impact

angle　and　overlap　ratio　can　be　representative　of　the　car'to゛car　frontal　collisions.　Sincc　the　MDB　tests

have　been　carried　out　for　medium　and　large　cars　in　the　US,　small　cars　have　not　been　teslcd　yet　for

evaluating　the　compatibility　in　Japan.

　　Though　the　MDB　test　procedure　has　several　advantages　for　reproducing　the　car4o“car　crashes,

some　research　has　indicated　several　problems　like　the　override　or　the　stinfness　of　the　MDB.　Sugimoto

et　aL　(1998)suggested　that　the　force-stroke　characteristic　of　currently　used　honeycombs　of　the　MDB

is　not　suitable　for　car-to-car　crash　tests　in　view　of　the　bottoming　o･ut　problem　in　particular,

Compatibility　consists　of　the　self-protection　and　partner‘protection,　however,　only　inj　ury　risks　of　the

driver　in　the　subject　car　have　been　evaluated　in　this　test　procedurc,　lt　should　be　considered　that　not

only　self`protection　but　also　aggressivity　should　be　estimated　in　this　crash　test　procedure･

　　Because　a　crash　test　using　a　single　car　is　simple　and　reliable　compared　with　the　MDB　test

procedure,single-car　crashes　into　a　fixed　barrierwere　examined　in　the　IHRA　as　the　aiternative　of

MDB　test　procedureJn　this　test　procedure　using　a　single-car,　the　mass　difference　in　a　caf-to-car　crash

is　renected　by　changing　the　crash　velocity　of　the　car,　The　possibility　of　this　altemative　has　not　been

darified　yet,

1,2.7.　Countermeasure　for　Compatibility　of　Mini　Car

l[b　achieve　the　compatibility　of　a　mini　car,　a　low　mass　vehide　(LMV)with　a　mass　of　600‘650　kg　and

length　of　2･5'3･O　m　was　proposed　[Waltz　1991,　Kaeser　1992√1995,　Frei　1997].The　front　structure　of　a

LMv　is　designed　to　be　stiff　in　order　to　reduce　the　intrusion　into　the　passenger　compartment,　As　the

acceleration　of　a　LMv　becomes　high　due　to　the　stiff　structurejt　needs　a　specially　designed　restraint
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system　to　ensure　the　occupant's　safety.　0ptimum　restraint　systems　were　analyzed　using　the　crash

victim　simulation　program　MADYMO　[Muser　19961.　The　crush　force　level　of　400　kN　for　the　front

structures　and　optimum　restraint　(seatbelt　force　limiter,　seatbelt　pretensioner　and　energy　absorbing

steering　system)were　recommended･

　　A　small　car,　Daimler-Benz　A-dass,　was　developed　taking　compatibility　aspects　into　consideration

[Kallina　1998].The　A-dass　is　stiff　and　the　front　end　is　homogenous　in　height　and　width　to　withstand　a

car-to-car　collision　with　a　heavier　carJn　a　crash　test　with　an　A-dass　against　a　SUv　with　a　mass　ratio

l:1,7　and　an　overlap　degree　of　50%at　50　km/h　each,　the　load　for　the　dummies　in　the　A-dass　is　less

than　the　injury　criteria　leve1　(HIC:　410,　chest　3　ms:　49g,　femur　force:　1.8　kN).However,　the　A-class

weight　is　more　than　1000　kg,　which　is　only　100　kg　less　than　average　mass　of　the　passenger　cafs　in

Japan･　This　stiff　car　with　average　weight　may　be　aggressive　to　lighter　cars　than　the　A{1ass,　especially

to　mini　cars　in　Japan.

　　The　compatibility　of　the　mini　car　may　be　also　accomplished　by　changing　the　stiffness　of　the

opposite　car.　Using　a　simple　mass-spring　model,　Tarri&re　et　al.　(1994)suggested　that　the　maximum

crush　force　of　a　large　car　in　a　given　impact　be　limited　in　order　to　reduce　the　deformation　of　a　small　car.

However,　the　innuences　of　this　partner-prote�on　on　the　injury　risks　to　both　drivers　have　not　been

examined｡

1　,2,8.　vehicle　Population

lt　was　shown　that　thc　homogeneous　car　neet　will　be　most　compatible　when　compared　to　the　car　fleet

with　various　sized　cars　using　the　accident　rate,　car　registrations　and　the　injury　risk　by　delta-V

[Marumo　et,　al　1974,　Buzeman　1998a],Using　accident　data　for　the　driver　and　the　pedestrian　fatalities

of　FARS　to　measure　exposure,　Evans　et　al･　(1991a)examined　the　effect　of　car　population　on　the

number　of　fatalities　of　the　driver.　He　showed　that　driver　fatalities　increases　if:

　　゛Any　car　in　the　population　is　replaced　by　a　lighter　car,

　　゜One　population　of　identical　cars　is　replaced　by　another　population　of　lighter　identical　cars,

　　･　The　car　population　becomes　of　uniform　mass　while　maintaining　the　average　mass　constant･

As　the　exposure　evaluation　by　the　pedestrian　fatalities　has　not　been　conflrmedjt　is　difficult　to　be　sure

of　these　results.　The　effect　of　vehicle　neet　has　not　been　analyzed　using　the　domestic　accident　data　in

Japan･

　　Down-sizing　of　the　vehicle　in　the　USA　occurred　between　l970　and　1980　and　was　motivated　by　the

fuel　crisis,　The　regulation　of　vehide　emissions　may　also　cause　downsizing　of　the　vehjcle.　Smallcars

have　envlronmental　benefits　of　a　reduced　need　for　materials,　reduction　of　cost　of　manufacturing,

reduction　in　fuel　consumption,　reductions　in　road　maintenance　cost,　reduced　palrking　requlrements,

and　less　emissions　[F11ders　et　al,　1993]･Downsizing　of　cars　during　ten　years　has　not　led　to　an　increase

in　the　number　of　fatalities,　The　innuences　of　downsizing　of　the　car　on　the　number　of　fatalities　have　not

been　sho･wn　dearly,
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1.2.9.Side　Collision

There　are　insumcient　research　projects　on　the　compatibility　for　side　collisions.　Dalmolas(1983)

conducted　an　analysis　of　injuries　in　a　passenger　car　occupant　in　near-　and　hr‘side　imPacts　in　which

restrained　occupant　was　injured　at　AIS　2　or　greater　severity･　lnjury　severity　and　injury　probabilities

were　inversely　related　to　the　mass　of　the　vehide　for　occupants　on　the　near-side･　However,　the　mass　of

the　strikjng　vehide　had　no　significant　effects　for　occupants　on　the　hr“side,　0n　the　other　hand,

Watanabe　et　al.　(1989)carried　out　side　impact　tests　and　found　that　the　mass　of　the　struck　car　has　little

effects　on　the　injury　pafameters　of　the　Side　lmpact　Dummy　(SID)･

　　Since　the　stiffness　of　the　front　of　cars　is　generally　higher　than　that　of　the　side　structure　of　the　car,

the　struck　car　absorbs　more　energy　in　a　side　coHision　[Tarri6re　1　9841　.　Y6nezawa　et　aL　(1994)

examined　the　energy　consumption　in　side　impact　tests,　and　63%of　the　deformation　energy　was

absorbed　by　the　struck　caf　and　37%by　the　striking　car･　A　less-stiff　front　structure　of　the　striking　car　is

preferable　to　improve　the　compatibility　in　side　collisions　[Tarri6re　l　9841･

　　The　incompatibility　of　geometry　in　a　side　coHision　of　the　car　struck　by　the　SUv　has　been　reported

[Shearlaw　and　Thomas　l996,　11HS　1998],The　front　bumpers　of　the　SUV　impacted　above　the　side　sill

of　the　struck　car,　and　causes　large　door　intrusion　which　results　in　a　high　injury　risk　to　the　occupants　in

the　struck　car｡

　　ln　Japan,　the　regulationsof　side　impact　tests　have　been　introduced　in　1998.　The　US　and　EU　also

prescribe　the　injury　parameters　in　side　impact　tests　(see　Table　L2).Although　the　US　and　EU　employ

different　test　procedures,　the　MDB　are　used　in　both　tests,　The　MDB　mass,　stimless　and　geometry

(height　of　the　deformable　barrier)　are　based　on　the　average　car.　So　only　self-protection　from　impact　by

an　average　car　can　be　evaluated.　The　compatibility　of　the　car　in　a　side　impact　can　not　be　evaluated

based　on　these　test　procedures,

Tllble　L2JTest　procedures　for　side　impact･

50　km/h

90　deg･

950　kg

1500　mm

500　mm

500　mm

300　mm　‘

60-110　kN

140,190　kN

210-260　kN

EUROSID,1

54　km/h

90　dq,　(Crab　27deg)
1366　kg

1676　mm

　　　　　　559　mm

honl　sta1　483　mm

R4)oinl　line　279　mm

　　　　　　245　kN

　　　　　　380　kN

　　　　　　380　kN

　　　　　　SID

Wkclbast

anlcrlin£

4≒L__

lmpact　velocity

lmpacl　Ang】e

MDB　Mass

　　　NVidlh

　　　L£ngth

　　　Depth

　　　Ground　Clearance

　　　Stihess(Dn　100　mm)

　　　　　　　　(Dn　200　mm)
　　　　　　　　(Dfl　300　mm)
Dummy

HPC(1000)

Rib　Denection　(42　mm)

viscous　Crjterion{LO�s)

(Not　in　JaPan　regulation)

Abdomen　Force　(2j　kN)

ITI(d)(　85g　for　k)urdoors　and　90g

for　two　doors)

Pelvis　Aceeleration　(　130g)
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1　,2,　1　0,　Sin9le-Car　Accident

Singjle-vehide　crashes　give　the　best　indication　of　vehide　protection　for　occupants　because　no　other

vehides　are　involved,　Campbell　and　Reinfurt　(1973)found　that　for　single゛vehide　crashes,　there　are

insignificant　differences　for　injury　frequency　by　vehicle　weight.　However,　many　studies　[Stewart　and

Stutts　1978,　Evans　1982,　Partyka　1989]found　that　in　single“vehide　crashes,　the　fatality　rate　decreases

with　increasing　car　mass　if　we　consider　the　exposure　such　as　vehide　velocity　and　registration.　Many

factors　such　as　driver　age,　sex　and　vehicle　velocity　afe　associated　with　the　effect　of　vehicle　properties.

Based　on　the　corrected　fatality　rate　using　car　velocity,　it　can　be　found　that　the　fatality　rate　decreases

with　car　mass･　High　injury　risk　to　the　occupants　in　small　cars　can　be　explained　from　the　fact　that

heavier　cars　are　more　likely　to　destroy　the　struck　object　than　smaller　cars　[Evans　1991b].Ho･wever,　the

reduction　of　the　fatality　rate　by　increasing　car　mass　is　smaller　than　that　in　car-to-car　crashes.

　　ln　1984,　Joksch　and　Thoren　conducted　an　analysis　of　FARS　(1981-1982).By　correcting　the　data,

they　found　that　only　the　smallest　cars(subcompact)differed　significantly　from　any　other　size　class.　ln

single-vehicle　accidents,　large　cars　(wheelbase　greater　than　3048　mm)were　found　to　have　no　more

protection　than　small　compacts　(wheelbase　between　2565　and　2692　inches)･They　found　that　plotting

death　rate　as　a　function　of　wheelbase　showed　a　much　smoother　relationship　than　plotting　death　rate　as

a　function　of　massJoksch　and　Thoren　conduded　that　wheelbase　and　crush　space　is　needed　for

protection　rather　than　vehicle　mass.　However,　lncreasing　the　wheelbase　beyond　that　of　the　small

compact　did　not　appear　to　provide　increased　protection･

　　Fontaine(1992)and　Tarri6re　et　aL　(1994a)reported　that　in　single-vehide　crashes,　the　injury　risk　to

the　driver　in　a　hjgh‘powered　car　is　high.　They　explained　that　the　higher　the　power/weight　ratio　of　the

car,　the　greater　the　risk　to　the　driver　oHosing　control　of　his　car　and　crashing　into　a　tree　or　another

fixed　object,

　　ln　rollover　crashes,　the　size　of　the　vehicle　is　more　dominant　than　its　mass　because　the　propensity　to

rollover　is　associated　with　probabilities　that　are　dosely　related　to　vehicle　size　[Filders　et　aL　1993]･The

probability　of　getting　into　a　situation　which　makes　rollover　possible,　typically　losing　djrectional

control　is　a　function　of　wheelbase,　The　probability　of　rolling　is　a　function　of　track　and　height　of　center

of　gravity,　Thus,　the　SUv　and　pickups　have　a　high　risk　of　rollover　[IIHS　1998].

1.3.CAR-TRUCKCOMPATIBILITY

The　car“to-truck　frontal　crash　may　be　lhe　worst　example　of　incompatibility　for　vehide-to-veide

collisionsJn　the　US,　from　the　lightest　to　heaviest　cafs,　17　through　26%of　occupant　death　in　the　car　in

two　vehicle　crashes　involves　medium　and　heavy　trucks　[IIHS　1998｣.Even　the　pickup　and　SUv　are

lighter　in　comparison　with　large　trucks,　The　EEVC　WG14　Working　Group　report　of　March　1995

1ndicates　that　in　EuroPean　countries,　7000　car　occupanls　were　fatally　injured　in　traffic　accidents　and

about　4200　of　them　were　killed　in　caFto4ruck　accidents　[Adalian　et　aL　19981.
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　　Deloffre　et　aL　(1998)dassified　the　causes　of　incompatiblility　between　cars　and　trucks　as　follows:

　　　゜the　front-end　design　of　trucks　and　passenger　cars　are　incompatible　due　to　major　dim5rence　in

　　　ground　clearance　of　the　vehides'　stiff　zone,　causing　underride　of　thecarsunder　the　truck;

　　　゜the　stinTness　of　a　truck　front　end　is　larger　than　that　of　a　passenger　car;

　　　゛the　mass　ratio　between　passenger　cars　and　a　truck　ranges　from　3:l　to　50:　1･

　　The　mass　difference　between　trucks　and　cars　cannot　be　changed,　but　front　underrun　protection

devices　have　been　proposed　to　prevent　truck　front　ends　from　overriding　passenger　vehides.　0ne

prototype　design　is　a　truck　bumper　which　is　an　energy　absorbing　element　mounted　on　a　strong　support

frame[Yamanaka　et　aL　1978,　Mendis　1996],This　structure　would　prevent　a　car　from　underriding　a

truck　and　transfer　some　of　the　energy　of　impact　to　the　truck　chassis,　Such　design　proved　effective,　and

this　indicates　that,　despite　lafge　weight　mismatches,　changes　to　front゛end　geometry　and　stitfncss　can

improve　compatibility･

　　The　ECE/EU　Regulation　No｡　93　that　consists　of　a　rigid　beam　in　front　of　the　truck　has　becn　created

to　avoid　car　underriding･　For　this　Purposeμhe　compatibility　between　cars　and　trucks　with　the　front

underrun　device　was　examined　[Adalian　et　aL　I　998,　Deloffre　et　aL　19981.　This　device　was　called　the

Front　underrun　Prevention　System　(FUPS),which　was　a　special　device　added　laterally　in　front　of　thc

truck,　behind　the　bumper　and　underneath　the　actual　chassis,　The　FUPS　consisted　of　a　U‘shaped　beam,

made　of　high　strength　steeL　The　FUPS　was　optimized　using　FE　analysis　in　terms　of　deformation　mode

and　energy　absorption　on　the　tmck　side･　The　medium　car　to　truck　collision　test　was　conducted　for　a

truck　with　the　FUPS　at　65　km/h　with　2/3　car　ovcrlap｡　The　car　did　not　run　under　the　truck　and　kept　its

cabin　intact.　The　injury　parameters　of　the　occupants　in　the　car　were　less　than　injury　thresholds･　They

concluded　that　30%of　lives　could　be　saved　in　head,on　collisions　between　cars　and　truck　ntted　with

FUPS｡

　　ln　Japan,there　have　been　little　research　projects　on　car4o'truck　collisions　and　their

countemleasures.　The　trucks　are　prescribed　by　the　regulation　of　Japan　to　install　a　rear　under-bumper　to

prevent　undeITide　of　the　car　in　rear-end　collision･　The　regulation　also　requires　the　truck　to　have　a　side

guard　to　prevent　the　involvement　of　cyclists　and　pedestrians　in　tuming.　However,　thcrc　are　no

regulations　which　require　the　tru･ck　to　install　the　front　underrun　guard　for　frontal　crashes,　and　no　trucks

have　this　guard.

1.4.PEDESTRIAN　ACCIDENTS

1･4j.Problem　Scope

ln　a　larger　sense,　the　compatibility　can　be　extended　to　the　impact　of　vehides　with　unprotected　road

users　such　as　pedestrians　because　the　injury　risk　of　the　crash　partners　in　these　cases　are　too　djfferent
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[Appe1　1995,　Schimmelpfenning　1　996,　hrri&re　19971,　Thjs　tyPe　of　compatibiljty　is　accomplished

only　by　partner-protection　of　the　vehide･

　　ln　Japan,　there　are　approximately　2,700　pedestrian　fatalities　each　yeaf･　These　pedestrian　fatalities

occupy　about　28%of　all　fatalities　in　tramc　accidents.　This　ratio　is　higher　than　that　of　other　motorized

countries･　Moreover,　Japan　takes　a　leading　part　in　responsibility　at　the　mRA　of　ESv　and　it　is　required

to　take　the　lead　for　pedestrian　protection.　Since　the　pedestrian　accident　analysjs　and　the　proposition　of

coun､ternleasures　a.re　expected,　one　of　the　purposes　of　thjs　thesis　is　to　clarify　the　injury　risks　of

pedestrians　in　pedestrian-vehide　accidents.

　　ln　a　vehide“pedestrian　impactμhe　pedestrian　injury　risks　depend　on　the　vehicle　shape　because　the

impact　locations　and　velocities　of　body　regions　for　pedestrian　vary　with　vehicle　shape.　There　are　some

publications　which　discussed　the　effects　of　the　shape　of　the　bonnet-type　car　such　as　bumper　height,

bumper　lead　and　hood　edge　height　on　the　injury　risk　to　the　pedestrian　[Cavallero　et　al　1983,　1shikawa

et　al.　1991,　Higuchi　et　al･　1991]･Although,　the　registrations　of　various　shapes　of　vehicles　such　as　the

van,　mini　van　and　the　SUv　are　increasing,　the　pedestrian　behavior　and　injury　risks　have　not　been

compared　for　these　different　types　of　vehicles.

1　.4,2,　1mpact　Test　Method

ln　order　to　evaluate　the　inj　ury　risks　of　pedestrians　in　impact　by　vehicles,　the　impact　tests　using

anthfopometric　test　devices　are　effective･　The　pedestrian　dummies　based　on　the　Hybrid　ll　and　IIl　types

were　developed　for　full　scale　dummy　tests･　However,　the　repeatability　of　impact　test　of　pedestrians

using　the　pedestrian　dummy　is　insumcient　because　the　dummy　behavior　and　injury　parameters　in

impact　is　strongly　affected　by　small　differences　of　initial　posture　and　its　configuration.　Furthermore,

when　the　stiff　shoulder　of　the　dummy　contacts　the　car　body,　the　behavior　of　the　dummy　changes,　as　a

result　the　contact　position　and　impact　severity　of　the　head　can　be　different　from　those　of　human.　lt　is

also　indicated　that　the　joint　stiffness　of　the　dummy　is　higher　than　that　of　a　human.　The　pedestrian

dummy　with　a　higher　bjofidelity　wa,s　developed　by　Akjyama　et　al.　(1999),and　kjnematics　of　the

dummy　was　validated　with　that　of　postmortem　human　subjects.

　　Although　the　head　impacts　onto　the　various　car　body　regions　in　rea1-world　accidents,　the　impact

locations　of　the　head　are　limited　when　using　a　pedestrian　dummy　[Harris　1989]･Thus,　the　sub-system

tests　using　impactors　as　a　headform,　upper　legform　and　a　leμormareoften　adop･ted　and　impacted　onto

the　various】ocatjons　of　the　car　body　to　eva】uate　the　injury　rjsk　to　each　body　regjon･　The　European

ExperimentaI　vehide　Committee　(EEVC)proposed　a　test　method　for　assessing　the　protection　of　a

pedestrian　in　an　accident,　and　three　sub‘system　tests　are　proposed:　headform　to　bonn･et　topjegform　to

bumper　and　upper　leμorm　to　bo'nnet　leading　edge　[EEVC　19981　(see　Figure　1.8)･The　lnternational

Standard　Organization(ISO)also　presents　a　similar　sub“system　of　tests･
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Figure　1,8,　Pedestrian　impacHest　nlethod　[EEVC　1998]

　　Head　injuries　cause　a　serious　threat　to　life　and　the　recovery　is　often　incomplete･　Thereforejt　is

most　important　to　evaluate　the　injuly　risk　to　the　head･　The　EEVC　test　method　describes　that　the　head

impact　test　shall　be　made　with　the　bonnet　top　within　the　boundaries　prescribes　by　the　wrap　around

distance(WAjD)oH500　mm　and　2100　mm　at　a　velocity　of　40　km/h　[EEVC　1998Hn　this　test　method,

the　windscreen　and　A　plHars　afe　exduded　from　the　test　area･　The　headform　impactor　should　not

contact　the　windscreen　glass　before　impacting　the　vehide　structure,　even　though　the　tested　area　is　the

windscreen　frame.　A　rear-end　reference　line　(see　Figure　l,9)has　been　defined　as　the　most　rearward

points　of　contact　between　a　sphere　and　the　bonnet　top,　and　the　adult　headform　impacts　should　be

conducted　82.5　mm(1,e,　half　diameter　adult　headform)forward　of　this　line　{EEVC　1998].hl　the　Euro

NCAP,　as　the　pedestrian　impact　tests　are　carried　out　by　following　this　test　procedure,　only　head　injury

risks　from　the　bonnet-top　area　are　evaluated.

Bolmetrear

re&rence　line Sphere

Figure　L9,　Determinalion　of　bonnet　rear　reference　line　[EEVC　1998]

　The　EEVC　presented　the　test　methods　in　a　first　report　of　EEVC　WGIO　[Harris　l989]･ln　that　time

when　the　pedestrian　test　methods　were　discussed,　cars　had　uprighl　frontal　areas　and　a　long　hood.　Since

the　modern　ca]r　has　become　smaller　with　a　short　and　steep　bonnetμhe　head　imPact　locations　has

changed　from　the　hood　to　cowl　or　wjndscreen　in　real-word　accjdents.　According　to　the　ITARDA

report(1996),among　the　2j6　accidents　where　the　pedestrian　head　contacted　the　car　bodyj　57･7%of

head　cont･act　was　against　the　windscreen,　1912%against　hood,　1　1　.5%against　the　A　plllar　and　1　L5%

against　roof　edge,
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　　Because　of　the　changes　of　the　head　contact　locations　caused　by　modem　car　shapes,　it　was　pointed

out　that　the　injury　risks　to　the　head　by　contact　around　the　windscreen　should　be　investigated　[NHTSA

1993,　EEVC　1998]･Especially,　for　the　mini　car　the　pedestrian　may　have　a　high　possibility　that　the

head　makes　contact　around　the　windscreen.

1.5.AIMSOF　THE　PRESENT　STUDY

Each　country　has　varjous　traffjc　environments.　ln　the　US,　the　number　of　LTv　and　SUv　is　large　and

vehicles　travel　at　high　velocity.　There　are　a　number　of　small　cars　in　the　EU,　however,　they　afe　not　so

smaH　as　mini　cars　in　Japan.　Japan　has　special　tramc　condition　of　mixed　tramc　with　many　mini　cars

and　trucks,　and　the　roads　are　naITow　with　many　poles　at　the　roadsides.　The　number　of　accidents

involving　pedestrian　is　the　largest　among　motorized　countries･　Since　the　compatibility　strongly

depends　on　vehjcle　sjze　and　popu】ation,　the　compatibility　should　be　investigated　in　each　country･

Since　no　research　has　been　carried　out　on　vehide　compatibility　in　Japanjn　this　thesis　various　aspects

of　compatibility　in　Japanese　traffic　situation　will　be　investigated･

　　Previous　studies　have　dealt　with　one　element　of　compatibility　such　as　car-to-car,　car-to-truck　and

car4o-pedestrian.　ln　this　thcsis,　a　new　methodology　of　combination　of　accident　analysis　and

simulations　is　introduced　to　analyze　the　M㈲/cθz77/7αzf&μzy　including　carμΓuck　and　pedestrian･　The

interaction　between　each　compatibility　wm　be　discussed･　A　new　analysis　of　accident　data　from　Japan

wili　be　performed　to　describe　the　total　compatibility･　A　mathematical　simulation　can　describe　the

cause　of　high　injury　risk･　Based　on　the　acddent　analysis　and　simulation,　a　test　method　of　the

compatibility　will　be　proposed.　The　main　goal　of　this　thesis　is　also　to　propose　countermeasures　to

obtain　a　better　level　of　total　compatibility　through　this　methodology･

　　This　thesis　discusses　the　following　subjects.

　　ln　Chapter　2,　the　compatibility　of　the　car　w111　be　discussed　based　on　accident　analysis　and

mathematical　simulations.　Although　the　vehicle　mass　has　the　largest　effect　on　the　vehicle

compatibility,　an　absolute　injury　rate　of　the　occupant　according　to　vehide　mass　has　not　been　obtained･

Therefore,　the　relation　between　injury　rate　and　vehide　mass　will　be　formulated　blased　on　delta-VL　The

stiffness,　geometry　compatibility　and　effectiveness　of　the　seatbelt　will　be　discussed　from　the　accident

data　in　Japan.

　　The　effects　of　mass,　stiffness　and　geometry　are　combined　when　the　compatibility　is　analyzed　by

car　dasses,　ln　the　US,　injuries　related　to　SUvs　were　R)und　to　be　the　most　serious　problems　for

compatibility[Gabler　and　Hollowd　l998,　11HS　1998],The　most　compatible　and　incompatible　car

class　in　Japan　will　be　investigated　in　this　thesis.

　　There　are　not　sumcient　research　projects　which　investigate　the　compatib111ty　in　side　impact　and

single-car　crashes･　By　using　accident　data,　the　compatibility　in　side　impact　and　single{ar　crash　will　be

also　discussed　from　the　point　of　view　of　vehide　mass　and　impacted　obiects･
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　　Many　previous　studies　on　the　compatibility　of　car‘to{ar　crashes　focused　only　on　vehide

acceleration　and　deformation　of　a　car　without　examining　an　occupant　injury　risk　[Ragland　1998,

1a�&re　1997,　Sugimoto　et　al｡　1998,Wykes　i998]｡Although,some　studies　evaluated　the　injury　risk　to

the　dliver,they　used　a　one-dimensional　simple　mass-spring　model　[venlre　1972,Tarri&e　et　al｡　1994]｡

On　the　other　hand,　though　the　injury　risk　to　the　driver　in　fu11　rigid　barrier　crashes　have　been　discussed

in　may　studies　from　simulations　and　tests,　only　acceleration‘related　injury　was　examined　[Sakurai

1989,Suzuki　1992]･Howeverjn　order　to　investigate　the　compatibility　of　the　mini　car　in　car-to-car

crashes,the　effect　of　intrusion　on　the　injury　risk　should　be　considered,　Therefore,　in　this　study,　a

mathematical　model　of　a　mini　car　with　driver　that　can　estimate　both　effects　of　acceleralion　and

compartment　intrusion　will　be　developed･　Using　this　model,　the　injury　mechanism　of　the　driver　due　to

acceleration　and　intrusion　will　be　clarified｡

　　For　countermeasures　to　improve　vehicle　compatibility,　improvement　of　the　mini　car　will　be

proposed　by　using　the　mathematical　model.　Since　there　are　no　research　projects　which　investigaled　the

effect　of　the　other　car　in　car-to{ar　crashes,　the　Partner-protection　of　the　other　car　will　be　also

examined.

　　ln　Chapter　3,　the　crash　test　procedures　to　evaluate　the　compatibility　wm　be　discuss.ed･　Currentiy　a

fu11　rigid　barrier　crash　and　an　offset　deformable　barrier　crash　test　are　carried　out　in　the　regulations

[NHTSA　I997,　Lowne　1994].There　have　been　little　research　that　discuss　the　fun　rigid　barrier　crash

and　the　offset　deformable　barrier　crash　tests　to　evaluate　the　vehicle　compatibility･　From　mathematical

simulations　by　changing　the　crash　velocity　based　on　car　mass　and　stimless,　these　crash　test　procedures

will　be　examined　in　order　to　reproduce　the　car-to-car　collisions,

　　A　MDB　crash　test　has　been　proposed　by　the　NHTSA　in　order　to　evaluate　the　compatibility

[Ragland　et　al,　1991,　NTHTSA　1997,Ragland　1998]｡Since　the　MDB　crash　tests　have　been　carried　out

mainly　in　the　US,　the　medium　and　large　cars　were　evaluated　and　the　compartment　intrusions　were　not

large.　Thereforejn　this　study　by　considering　the　Japanese　tramc　conditions,　the　MDB　crash　test　wili

be　performed　using　a　small　car,　The　results　will　be　compared　with　those　of　large　cars　in　the　MDB

crash　test　as　well　as　with　those　of　the　same　type　of　the　small　car　in　a　fu11　rigid　barrier　crash　and　an

offset　deformable　barrier　crash　tests,　The　importance　and　problems　of　the　MDB　crash　test　for　the　minl

and　the　small　car　will　be　pointed　out.

　　ln　Chapter　4,　the　compatibility　between　truck　and　car　win　be　discussed･　Since　the　accident　situation

of　car4o'truck　collision　has　not　been　clarified　in　Japan,　the　compatibility　of　vehides　induding　car,

trucks　and　buses　will　be　examjned　by　using　micro　and　macro　accident　data･　There　have　been　some

research　projects　on　a　front　underrun　guard　of　the　trucks　in　the　EU　[Adalian　et　al.　1998,　Deloffre　et　al･

1998]･These　studies　focused　on　the　compatibility　between　a　truck　and　a　medium　car.　Sjnce　there　are　a

number　of　co111sions　between　a　truck　and　a　mini　car　in　Japanμhe　optjmum　stiffness　of　the　front

underrun　guard　on　the　injury　risk　to　the　driver　in　the　mjni　car　win　be　discussed　based　on　mathematical

simulations｡
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　　ln　Chapter　5,　the　compatibility　between　a　vehicle　and　a　pedestrian　will　be　investigated･　The　number

of　vehides　with　various　shapes　such　as　minivans　and　vans　is　increasing　[ITARDA　19961･　A　bonnet‘

type　car　has　also　changed　to　having　a　short　and　steep　bonnet.　However,　there　has　been　little　research

on　the　influence　of　the　cuTrent　vehicle　shape　on　the　Pedestrian　injuries･

　　The　analysis　of　pedestrian　impact　will　be　carried　out　by　using　the　current　accident　data･　The　injury

riskjnjured　body　regjons　and　head　contact　locations　will　be　examined　for　various　type　of　vehicle･　ln

order　to　clarify　the　innuence　of　vehicle　shape　on　the　pedestrian　injury,　a　mathematical　model　will　be

developed　based　on　the　characteristics　of　a　human　body,　Pedestrian　kjnematics　and　injury　parameters

wiH　be　compared　for　two　different　vehide　shapes　such　as　a　bonnet-type　car　and　a　van.

　　Since　the　head　impact　test　procedures　of　a　pedestrian　proposed　by　EEVC　and　ISO　are　based　on　the

shape　of　a　car　that　is　10　years　old,　only　the　bonnet　area　is　tested　[EEVC　1998,　1S0　1999].However,

the　current　accident　data　have　shown　that　the　head　makes　contact　frequently　with　the　windscreen　and

its　surrounds　[ITARDA　1996],Therefore,　in　this　study　the　head　impact　tests　will　be　carried　out　onto　a

windscreen,　windscreen　frame　and　A　pillar,　and　the　injury　risk　will　be　clarified,　Based　on　the　accident

analysis,　mathematical　simulations　and　head　impact　tests,　recommendations　concerning　the　design　of

the　vehicle　that　is　compatible　with　pedestrians　will　be　proposed.
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2yl｡INTRODUCTION

2.CAR　COMPATIBIUTY

Since　the　number　of　the　passenger　car　accidents　is　the　largest,the　compatibility　of　passenger　cars　is

most　important･　ln　the　compatibility　subject　of　the　IHRA,　the　passenger　car　compatibility　is　discussed

as　a　matter　of　first　priority　[NHTSA　1998]･The　car　mass　has　the　largest　effect　on　the　compatibility･

The　stimless　and　geometry　incompatibility　can　have　potential　to　cause　serious　results･

　　Mini　cars　occupy　14%of　the　total　passenger　cars　in　Japan,　and　the　registrationsof　this　type　of　car

are　increasing　[ITARDA　1995]･Though　the　compatibility　of　this　car　type　has　not　been　investigated,

the　injury　risk　to　the　occupants　in　the　mini　car　is　likely　to　be　severe　due　to　its　lighl　mass　and　small　size･

Therefore,from　the　traffic　conditions　in　Japan　it　is　necessary　to　clarify　the　current　situations　and　to

proposecountermeasuresfor　improving　the　compatibility　of　mini　cars･

　　The　purposeof　this　chapter　is　to　clarify　the　characteristics　of　the　car　compatibility　in　Japan　and　to

propose　countermeasures　for　incompatible　carsJn　Section　2･2,　the　compatibility　of　the　car　in　car4o“

car　frontal　collisions　will　be　discussed｡The　crashes　of　the　mini　caf　are　simulated　and　the

countermeasuresfor　the　compatibility　of　the　mini　car　are　proposed　(Section　23).The　compatibility　in

side　and　single-car　crash　is　also　discussed　in　Sections　2,4　and　2.5,　resPectively,

2.2.ACCIDENT　ANALYSIS

The　compatibility　of　vehides　in　vehide-to-vehicle　frontal　collision　is　dassified　as　the　mass9　stiffness

and　geometry　compatibility　[ventre　1972],We　examined　the　mass　compatibility　by　using　the　re】ations

based　on　delta-v　from　macro　accident　data.　Then　the　geometry　compatibllity　is　discussed　by　using　the

in-depth　micro　accident　data.　Since　various　kinds　of　cars　are　involved　in　the　real　accidents,　the

phenomena　of　the　mass,　stiffness　and　geometry　incompatibility　occur　at　the　same　time･　Therefore,　the

compatibility　according　to　car　class　are　analyzed　because　each　vehicle　dass　has　a　different　distribution

of　these　three　parameters.

　　The　macro　accident　data　were　obtained　from　the　integrated　database　of　ITARDA　from　1992　to

1995　which　consists　of　accident,　vehide　and　road　data｡　This　database　includes　the　data　of　accidents

reported　to　the　police　throughout　Japan,　The　police　collect　the　data　only　on　accidents　where　at　least

one　occupant　suffered　injury　or　death.　Accordingly,　in　this　paper　the　probability　of　injury　means　the

fraction　of　injuries　to　occupants　involved　in　such　accidents.　Micro　data　were　obtained　from　the

database　of　the　in-depth　accident　investigation　of　the　JaPanese　Ministry　of　Transport　dated　1987　to

1992.　0nly　injuries　to　drivers　were　examined　to　simplify　the　analysis･
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2.2,1　Mass　Compatibility

A&∬jazr&�&n

The　compatibility　problems　that　are　caused　by　vehicle　mass　depend　on　the　vehide　mass　distribution　in

the　car　fleeL　We　examined　the　distribution　of　passenger　vehides　in　Japan　according　to　mass　and　the

results　are　shown　in　Figure　2yL　The　data　were　collected　from　the　vehicle　registration　database　in　the

Japanese　Ministry　of　Transpon･　The　car　masses　range　from　500　kg　to　2000　kg.　The　average　mass　of

passenger　cars　is　1131　kg,　which　is　smaller　than　that　of　cars　in　the　united　States･　One　reason　that　the

average　mass　is　so　smal】in　Japan,　is　the　existence　of　the　mini　cR　whose　mass　average　is　only　639　kg

and　the　size　of　which　is　defined　by　Japanese　law･
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Figure　2,L　Regislered　passenger　vehiclesversusvehicle　mass　in　Japan　(Dec.　1994)

a/7jc/£･Ma∬z7zzj　jzJ/£j?　/･£zZe

vehicle　mass　has　a　greater　effect　on　the　severity　of　occupant　injuries　in　car-to-car　frontal　co111sions

than　in　other　accident　configurations.　hl　order　to　examine　the　relation　between　vehicle　mass　and　injury

rate,the　macro　database　of　ITARDA　from　l992　to　1995　was　used｡　For　a　caf-to,car　frontal　coHision,

accidents　were　collected　in　which　the　impact　location　on　both　vehicles　is　on　the　front　end･

　　Figure　2･2　shows　the　probabnity　of　serious　and　fatal　injuly　to　the　driver　of　car　l　in　a　caMo{a｢

frontal　co111sion　between　car　l　and　car　2.　The　probability　of　serious　and　fatal　injuries　increases　as　the

masS　of　car　1,　MI,　deCreaSes　and　that　of　caf　2,　M2jncreaseS･　When　Mi　is　less　than　700　kg　and　M2　is

greater　than　1401　kg,　the　probability　of　serious　and　fatal　injury　to　the　driverof　car　l　is　9.5%｡ln

contrast,　whcn　Mjs　greater　than　1401　kg　and　M2　isJess　than　700　kg,　the　probabjlity　of　serious　and

fatal　injury　to　the　driver　of　car　l　is　O･95%･Therefore,　when　a　700　kg　car　coHides　with　a　1401　kg　ca{r,

the　driver　in　the　700　kg　car　is　10　times　as　likely　to　be　seriously　an,d　fataHy　injured　as　in　the　1401　kg

caE
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Figure　22　Probability　of　serious　and　falal　injury　to　driver　of　car　l　in　car-to-car　fronlal　collision

　　Evans(1993)found　that　the　ratio　of　the　injury　rate　in　a　lighter　car　to　that　in　a　heavier　car　may　be

expressed　by　the　power　ratio　of　the　car　mass　of　the　heavier　car　to　that　of　the　lighter　carJn　the　current

study,　the　individual　injury　rate　is　expressed　by　the　average　car　mass　ratio･　According　to　Joksch　(1993),

the　injury　rate　R　can　be　expressed　by　delta-V(AP)as:

7?=IAy/( (2,1)

where　a　and　£are　parameters　obtained　by　curve　ntting.　For　many　car‘to{ar　frontal　collisions,　delta'V

is　approximated　for　a　central　collision.　Assuming　that　the　restitution　coefficient　is　zero,　the　delta-V

can　be　expressed　by　using　the　average　mass　ratio　as:

Ayl　°　g7

Z711+1?72

yc (2,2)

where△vl　is　the　delta-v　of　car　1,　‰is　the　closjng　speed,　and　Ml　and　M2　is　the　mass　of　car　l　and　2,

respectively･

　　Substituting　Eq.　(2.2)in　Eq･　(2.1),the　injury　rate　of　driver　1,　μi,　can　be　obtained　as　follows:

μ1 〃5
77Z2
-

+M2 〕゛ (23)

whereαslvc/(zl≒

　　Before　discussing　the　applicability　of　Eq･　(2.3)μhe　relationship　between　the　coemcient　a,　dosing

speed　and　vehicle　mass　must　be　examined.The　average　travelling　velocity　versus　vehide　mass　in　car‘

to゛car　frontal　and　single-car　co111sions　were　examjned　(Fjgure　2･3)･The　travelling　velocjty　is　one　of
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the　items　induded　in　the　accident　data,　which　is　defined　as　the　velocity　at　the　moment　when　the　driver

perceives　the　danger　of　accident.　Therefore,　the　velocity　implied　is　that　of　the　car　before　the　driver

brakes　or　steers　to　avoid　the　accident,　and　is　usually　compiled　mainly　from　drivers'　testimony･　ln　car-

to‘car　frontal　coHisions,　the　travelling　velocity　does　not　change　significantly　with　vehicle　mass　(32.5-

35,2　km/h)as　shown　in　Figure　2,3.　0n　the　other　handjn　single-car　collisions,　this　velocity　increases

from　48,4　to　68.6　km/h　as　the　vehide　mass　increases.　lt　has　been　observed　that　younger　people　are

involved　in　single-car　crashes　more　often　than　car-to,caf　ftontj　collisions,　and　furthermore　these

single-car　crashes　frequently　occur　during　the　night　[ITARDA　1996],This　difference　of　the

occurrences　between　single‘car　and　car-to-car　crashes　leads　to　these　different　indinations　of　travelling

velocity,

　　lt　has　been　shown　that　the　travelling　velocity　is　dosely　related　to　the　crash　velocity　[IHRA

Pedestrian　1997].Thusjn　car-to'car　frontal　collisions,　the　coefficient　αin　Eq.　(2,3)is　assumed　to　be

independent　of　vehicle　mass,
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Figure　2.3･　Avcrage　lraveling　velocity　and　vehicle　mass

　　By　applying　Eq･　(2.3)to　a　real　accidentμhe　probability　of　serious　and　fatal　injury　to　the　driver

(belted　and　unbelted)of　car　l　can　be　calculated　as　shown　in　Figure　2･4･　The　parameters4　and　αwere

calculated　to　investigate　the　effect　of　seatbelts　for　two　levels　of　injury　severity　as　shown　in　Table　2･1･

Based　on　this　method,the　parameter£obtained　was　2.64　for　the　belted　drivers　sustaining　fatal　and

serious　injury･　This　value　is　almost　the　same　as　the　2.62　shown　by　Evans　[1994].However,he

obtained　this　value　based　on　Eq.　(1,1)by　calculating　the　injury　ratio　of　belted　car　drivers　in　the　heavier

car　to　those　in　the　lighter　car,　and　considered　all　dlrections　of　impact.　Equation　(2.3)also　indicates　that

the　average　mass　ratio　z712/(zz11+a2)d'eets　the　probability　of　injury　in　the　same　way　as　the　closing

velocity　yc,　ThereR)re,　heavier　cars　as　wd　as　cars　at　a　high　velocity　are　aggressive　to　othercafs.
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　　The　injury　risks　to　the　driver　in　a　two‘car　crash　with　identical　mass　can　be　discussed　from　Eq.　(2,3),

The　average　mass　m2/01+g2)takes　the　same　value　of　O.5　for　light/11ght　cars　and　heavy/heavy　cars　if

the　car　mass　are　identical　OI=M2)ヽThusjn　a　crash　of　two　cars　with　equal　mass,　the　vehicle　mass　has

no　effect　on　the　injufy　risk　of　the　driver,　This　is　true　if　it　can　be　assumed　that　the　cars　have　the　same

safety　levels　from　the　fuH　rigid　barrier　crash　test　such　as　the　FMVSS.　The　injury　risks　to　the　drivers　in

a　two-car　crash　with　identical　mass　are　independent　of　car　mass,　since　the　barrier　crash　is　equivalent　to

a　two-car　crash　between　the　same　cars,　The　car　size　is　different　for　a　heavy　car　and　a　light　caE　We　may

say　that　if　similar　restraint　systems　are　used,　the　injury　risk　of　the　driver　is　the　same　in　either　case　of

two　heavy　cars　and　two　light　cars,　as　far　as　the　intrusion　into　the　compartment　does　not　affect　the

injury　risk.　However,　as　the　intrusion　is　larger　for　a　smaller　car　due　to　its　size,　the　risk　of　intrusion'

based　injury　to　the　occupant　can　be　higher　for　two-light　car　crashes　than　that　for　two‘heavy　car

crashes.

saM)dz　4Rcr&aze∬,2z�car　z77α∬

Since　the　i�1uence　of　the　vehicle　mass　aud　the　seatbelt　on　the　injury　rate　is　large,　we　discuss　the

combined　effects　of　the　vehicle　mass　and　seatbelt,　The　probability　of　serious　and　fatal　injury　versus

vehide　mass　is　shown　in　Figure　2j･　Wearing　a　seatbelt　reduces　the　risk　of　serious　and　fatal　injury

over　the　entire　range　of　vehiclemass.The　probability　of　fatal　or　serious　injury　for　belted　drivers　is

between　1.5　and　5.1%,whereas　that　fo･r　unbelted　drivers　is　between　4j　and　l　L6%,which　shows　that

the　effect　of　the　vehicle　mass　is　large　for　unbelted　drivers･　Thus,　wearing　a　seatbelt　is　more　jmportant

for　the　occupants　of　a　ljghter　car　in　order　to　mitigate　the　severity　of　injury･
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　　it　is　well　known　that　an　unbelted　driver　is　apt　to　travel　at　higher　velody　and　to　be　involved　in　a

more　severe　crash　than　a　belted　driver　[Evans　1991].Therefore,　ln　the　results　of　Figure　2.5,　the

effectiveness　of　the　seatbelt　is　overestimated　because　unbelted　drivers　travel　at　much　higher　velocity

on　average.　ln　order　to　evaluate　the　effect　of　the　seatbelt　corre�y,　it　is　necessary　to　exdude　the

innuence　of　the　crash　severity,　For　the　reduction　of　this　exposuTe　problem,　a　double　pair　comparison

method[Evans　1991]was　used　to　compare　the　injury　rates　between　belted　and　unbelted　drivers.

　　When　the　relative　injury　risk　to　the　driver　is　evaluated　by　the　ratio　of　the　number　of　fatalities　in

car　l　to　that　in　car　2,　there　are　no　effects　of　vehide　closing　velocity　because　both　car　l　and　2　are

involved　in　the　same　collisions.　The　ratio　of　serious　and　fatal　injury　rat･e　of　the　driver　in　car　l　to　that　of

the　driver　in　car　2,　μ1/R2,is　obtained　by　the　ratio　of　the　number　of　serious　and　fatal　injuries　of　the

drivers　in　car　l　to　that　of　the　drivers　in　car　2,　By　using　this　method,　the　injury　rate　is　not　affected　by

the　differences　in　crash　velocities　between　two　cars　driven　by　belted　and　unbelted　drivers,

　　Figure　2,6　shows　the　ratio　of　injury　rate　classified　by　seatbelt　wearing　of　the　driver　in　car　l　and

car　2.Tb　simplify　the　comparison,　the　same　approximation　value　for　parameter　£of　2.67　was　used･

When　both　drivers　wear　seatbelts　or　do　not　wear　seatbelts,　RI//?2　1s　expressed　as:

jRIβt?/1�/R2μ/�゜μ1,6&e/z�/μ2μ1��゜(z?z2　/MI)2‘67 (2.4)

where　x　srs　is　the　injury　rate　of　the　belted　driver　in　car　4　and　4　6b,,Mjs　that　of　the　unbelted　driver　in

car　j,　The　data　obtained　by　the　double　pair　comparison　method　f6r　belted/belted　and　unbelted/unbelted

drivers　is　distributed　along　the　approximate　curve　in　Figure　2,6,　1n　the　case　where　the　driver　in　car　1

does　not　wear　a　seatbelt　and　the　driver　in　car　2　wears　a　seatbeltμhe　ratio　of　serious　and　fatal　injury　is

approximated　as:

jRI,al&df�/R2.m�゜1.89(m2/M)2`67°(L27M2/MI)2j7
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This　result　shows　that,　when　the　combination　of　striking　and　struck　car　mass　{¥1,7?12)ls　equal,　the

serious　and　fatal　injury　rate　for　unbelted　drivers　is　l｡89　times　higher　than　that　for　belted　drivers｡

Equation(2j)also　shows　that　in　order　to　gain　the　same　probability　of　serious　and　fatal　injuryμhe

unbelted　driver　requires　a　vehide　mass　l｡27　times　that　of　vehicle　mass　driven　by　the　belted　driver｡
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The　number　of　driver　fatalities　per　collision　is　also　important　in　the　compatibility･　The　percentage　of

driver　fatal　injuries　in　the　subject　car　plus　that　in　the　other　car　corresponds　to　the　driver　fataiities　Per

accident.　From　Eq･　(2.3),we　obtain

μ1+μ2°
μ+{
01 +R!)゛

α (2,6)

μ1+R2　has　a　minimum　of　21‾‰(£≫1)when　ml=M2　･　Thus,　cars　with　equai　masses　are　the　most

compatible　in　a　collision　since　the　injuries　per　acddent　are　minimal　and　the　injury　rate　is　equal　for

both　cars｡

　　The　percentage　of　driver　fatalities　in　the　subject　and　other　car　is　shown　in　Figure　2･7･　As　the　mass

of　the　subject　car　increases,　the　fatality　rate　of　the　driver　in　the　subject　car　decreases;　on　the　other　hand,

that　of　th･e　driver　in　the　other　car　increases.　The　sum　of　the　percentage　of　driver　fatalities　in　the　subject

and　the　other　car　indicates　the　number　of　driver　fatalities　per　accident　where　the　sul?ject　cars　are

involved｡When　thecar　nlass　is　1　150　kg,　the　number　of　fatalities　per　accident　takes　a　minimum　value

while　the　fatality　rate　of　the　subject　car　and　that　of　the　other　car　are　almost　the　same･　Thus,　the　car

with　a　mass　of　1150　kg　is　considered　most　compatible　in　the　current　car　population　in　Japan･　The

compatible　car　mass　of　1　150　kg　is　almost　the　same　as　the　average　mass　of　cars　in　Japan,　which　is　l　13　1

kg(see　Figure　21),This　is　because　there　is　a　high　possibi!jty　that　the　subject　car　with　mass　dose　to

the　average　wlll　crash　into　anothercarwith　a　small　mass　difference　from　the　subject　car｡
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　　When　the　mass　of　the　subject　car　is　in　the　range　of　750　kg　≪M<1350　kg,　the　number　of　fatalities

per　accident　is　sma11,　However,　when　the　subject　car　mass　is　less　than　750　kg　or　greater　than　1350　kg,

the　number　of　driver　fatalities　per　accident　increases･　Thusjn　order　to　decrease　the　total　number　of

fatalitiesjt　is　necessary　to　design　a　lighter　car　by　allowing　for　the　safety　of　the　drivers　in　the　subject

cars,　and　to　design　a　heavier　car　by　anowing　for　the　safety　of　the　drivers　in　the　other　cars,
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Figure　2j7･　Car　mass　and　the　driver　fatality　of　subjecl　and　other　car　in　car-to-car　frontal　collisions･

2.2,2.　Stiffness　Compatibility

The　stiffness　of　a　car　also　affects　driver　injuries･　Low　stiffness　results　in　large　deformation　and　in　the

reduction　of　survival　space　for　the　driver,　High　stiffness　induces　in　large　acceleration　of　the　car.　Thus

we　decided　to　examine　the　relation　between　stimless　and　injury　risk,　Since　the　stiffness　of　the　car　in

accidents　is　dimcult　to　obtain,　the　crush　depth　was　used.

　　The　data　were　drawn　from　the　micro　accident　database　of　the　Minjstry　of　Transport　(1987-1992).

ln　real-world　accidents,　the　crush　profile　of　the　car　varies　because　the　overlap　and　principal　direction

of　force　(PDOF)are　different.　Thusμhere　are　many　ways　to　evaluate　the　crush　depth　of　a　car　in　a

collision,　ln　order　to　clarify　the　effect　of　the　crush　depth　on　the　compartment　intrusion,　we　us･ed　the

　　　　　　　　　　　-

average　crush　depth　C　to　represent　the　crush　prome　of　the　car　as:

ー

C ㎝ (2,7)
　　　　　　　　WO

where　C　is　the　crush　depth　and　wo　is　the　width　of　the　crush　profile･

　　The　crush　depth　of　the　subject　car　depends　on　the　stiffness　of　the　other　car･　Figure　2,8　shows　the
　　　　　　　　　　　　　　　　　　　　　　　　-　　　　　　　　　　-

combination　of　crush　depths　of　the　lighter　car　C£㎜d　heaviercars　Cμin　each　collision･　Among　71
　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-　　　　　　　　-

car4o'car　frontal　collisions,　the　number　of　collisions　in　which　C£is　larger　than　(‰ls　47　(66･2%).lt

is　believed　that　this　is　because　lighter　cars　are　inclined　to　be　less　stifE
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　Figule　18.　Relation　between　the　average　crush　deplh　of　thdighter　car　and　the　heavier　car　in　crash　(N271).

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　-

　The　intrusion　into　the　passenger　compartment　is　larger　as　C　increases　(Figure　2･9).For　light　cars

witha　rnassof　less　than　750　kg,　the　intrusion　into　the　passenger　compartment　corresponding　to　the

cmsh　depth　seems　to　be　lafger　compared　to　that　of　other　cars･　A　light　car　is　almost　always　a　smaII-

sized　car,　Due　to　the　large　cmsh　depth,　a　sma11-sized　car　results　in　a　large　intrusion　into　the　passenger

compartment　and　a　high　injury　risk　to　the　driver　such　as　femur　fractures.
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Figure　2.9,　Relation　belween　average　crush　dePlh　and　jn{rusion(N=147)

　The　combination　effect　of　the　mass　and　the　stiffness　of　the　car　on　the　injury　risks　to　drivers　was

examined　here･　The　injury　severity　of　the　driver　in　the　lighter　and　heavier　cars　was　examined　by　the
　　　　　　　　　　　　　　　-　　　　　　　　　　　　　　　　-

crush　depth　of　the　lighter　car　C£and　that　of　the　heavier　car　C//　(Figure　2jO)･Due　to　high

accelerationμhe　percentage　of　the　severe　injury　(MAIS　3+)ls　higher　in　the　lighter　car　regardless　of
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the　crush　depth　of　thecar｡The　percentage　of　serious　injuries　to　the　driver　in　the　lighter　car　is　about
　　　　　-　　　-

75%for　C£(1.5C/7　･　However,　when　the　crush　depth　of　the　lighter　car　is　much　larger　than　the
　　　　　　　-　　-

heavier　car　(1.5Cz/≪C　O,　the　risk　of　severe　injury　in　the　lighter　car　becomes　extremely　high:　in　the

lighter　cars,　18　drivers　were　severely　injured　and　onlyone　driver　was　slightly　injured.　lt　can　be

concluded　that　cars　with　small　mass　and　low　stiffness　have　the　highest　risk　to　the　driver　in　car-to{a｢

frontal　collisions｡

　Average　crush

　　　deplh

　-　　-

L5Cμ≪C£

MA】SI,2　　MAIS　3+

-　　-　　　-

Cμ≪C£s　L5Cμ

　　　-　　-

　　　C£sCμ

100% 　　　0

-←　→･-

MAIS　3+　　MAIS　I,2

50

(N=19)

(N=27)

(N=24)

100%

lnjury　severity　of　the　drivcr
　　in　the　heavier　car

50

lnjury　sevcrity　of　the　driver
　　in　the　lighter　car

Figure　2』O,　The　injury　severity　of　the　driver　classified　by　lhe　crush　depth　of　the　car,

　　When　the　crash　conngurations,　such　as　the　velocity,　lhe　angular　velocity　and　the　position　of　each

car,　are　the　same,　the　maximum　crush　energy　absorbed　by　the　deformation　of　both　cars　£1,£2　is　given

by[lshikawa　1993a]:

£1+£2°
　1
-

1-MJI { (E｡M)sJ+Eβ∬J+g｡,goM)5o5so)
where7　RZ)So　s　p2o,,‾a2ω20‾F10,1‾£zlω107

　　　　R∬o　°　v2or　+£'2ω2o　-　vlor　-　bl(1)lo,

　　　　　　　　YIJ11Y2,1M2　　　　　　YI,z7ZIY2,μ12
　　　　Z7lzl=　　　　　　　　7　Z71f=

　　　　　　　　YIβII+Y2,1S2　　　　　YI,/7ZI+Y2μ2

YI,,= ∧Y2a=RyLjTYI,=AY2,=R9y{
ln　a　central　eollision,　Eq,(2.8)yields:

　　　　£1+£2°{μ11mU-{.
　　　　　　　　　2μ11+z7z2

(2,8)

(2.9)

The　total　absorbed　energy　depends　only　on　car　mass　and　dosing　velocity,　but　the　stimless　of　both　cars

has　no　effect　on　this　cnergy･　Th･e　absorbed　energy　is　shared　by　the　lighter　and　heavier　cars　according　to

its　stiffness.　lt　is　therefore　important　that　the　smallerca､rdoes　not　absorb　much　cmsh　energy,　so　that

the　integrity　of　Ule　passenger　compartment　should　be　maintained･　The　large　car　should　absorb　more

energy　than　the　smaller　car　because　it　commonly　has　a　larger　deformation　area.
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2.2.3.Geometry　Compatibility

lncompatibility　between　cars　occurs　not　o�y　due　to　its　mass　and　stiff?ness　but　also　due　to　front

geometryyWe　discuss　the　geometry　compatibility　thmugh　micro　accident　data　from　the　Ministry　of

Transport･　Figure　2･11　shows　the　geometry　incompatibility　between　a　SUv　and　a　small　sedan,　The

bumPer　and　frame　height　of　SUvs　are　higher　than　those　of　a　small　sedan･　This　incompatibility　of　the

frame　height　can　cause　differences　in　the　deformation　mode　between　cars｡

　　Figure　2,　1　2　and　Figure　2,13　show　crushed　cafs　in　a　head-on　collision,　Car　A　(SUV,1820　kg)went

beyond　the　centedine　of　the　road　and　co111ded　with　car　B　(Small　car,　1160　kg)with　a　30%overlap,　Car

A　overrode　car　B　due　to　the　difference　in　the　front　frame　height･　The　maximum　crush　depth　of　car　A

was　43　cm　and　the　passenger　compartment　remained　intacL　On　the　other　hand,　the　front　frame　of　car

B　could　not　absorb　the　crush　energy　as　it　was　designed　for　a　crash　against　a　rigid　barriel≒The　hood

deformed　in　the　upward　dlrection,　The　maximum　crush　depth　of　car　B　was　60　cm,　and　the

compartment　deformed　so　that　the　bottom　of　the　A'pillar　moved　backward　10　cm　and　the　intrusion　of

the　dashboard　on　the　driver's　side　was　10　cm｡

　　Both　drivers　in　the　two　cars　failed　to　wear　a　seatbelt｡　The　driver　in　car　B　suffered　a　brain　contusion

(AIS　5)by　contact　wilh　the　windscreen,　fracture　of　seven　ribs　(A〕IS　3)by　contact　with　the　stecring

wheel,and　also　fracture　of　the　tibia　(AIS　2)due　to　intrusion　of　the　whole　front　paneL　On　the　other

hand,　the　driver　in　car　A　suffered　a　wrist　fracture　from　the　ste�ng　wheei　(AiS　2).There　are　reports　of

many　other　cases　in　which　those　incompatibilities　of　geometry　cause　very　serious　damage.

SUV Sma]lsedan

Figure　2.11･　Difference　in　hcight　of　front　slructure　between　two　cars.

Figure　2j　2,　Car　A･
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Figure　2･13･　Car　B.

2,2,4.Compatibility　Analyzed　by　Car　Class

(jr　c/,7∬

The　effects　of　mass,　stimless　and　geometry　are　combined　when　the　compatibility　is　analyzed　by　car

classes,　We　examine　the　compatibility　by　thecardass　using　macro　accident　data　of　ITARDA　for　the

four　years　from　l992　to　1995･　The　analysis　is　conducted　only　for　cars　with　a　model　year　of　1988　o｢

laterJn　the　current　research,　cars　are　categorized　into　eight　classes;　mini,　small　sedan,　medium　sedan,

large　sedan,　sports　and　specialty,　wagon,　van　and　Sports　utility　vehide　(SUV)･Vehide　examples　with

their　dasscs　are　shown　in　Table　2.2.

　　The　number　of　cars　accounts　for　about　half　the　total　vehide　registrations,　Figure　2,14　shows　the

distribution　of　registered　cars　according　to　their　dasses　in　1992　and　1995　[ITARDA　1996],The

number　of　cars　increased　by　a　factor　of　L4　from　27,772　to　39,657　thousand,　Moreover,　the　distribution

of　the　car　dasses　changed･　The　proportions　of　the　registered　numbers　of　wagons,　vans　and　SUvs　have

increased･　On　the　othtr　hand,　the　proportion　of　sedans　has　decreased,　especially　the　medium　sedan

which　reduced　from　19j　to　15･8%･As　the　variety　of　cars　is　increasing,　the　frequency　of　collisions

between　various　dasses　of　cars　is　increasing･　Thus,　the　compatibility　for　various　types　of　cars　is

becoming　a　topic　of　more　important　consideration,

　　　　　　　　　　　　　　　　　　7nible　2,2.　Cal　classes　[ITARDA　I996].

vchic】e　class
-

Mini　car JEa

　　small　sedan　　　s6xfEI;3

　Mcdium　sdan　l!S111;3

　　Large　sedan　　ii11ES3

Sports　and　Specially　f61flS5

WQlgon

　van

　SUV

49

gill

　　　　　　　Vehide　cxamplc

Alto,　Mira√Tbday,　Minica,　vjvio,Wagon　R

March,　Corolla,　Sunny,　Ci`″ic,　Famina

Corona,Blucbird,Accord､Galant

Mark　II,　Crown,Celsior,Skyljne,Ccdric

Cappuccino,MR2,180SX,FT0,RX,7

Leヽgacy,　0dyssey,　RVR,　Malk　ll　wagon

Estima√n)wnace,Serena,Deljca

Land　cnjiser√Pajcro,Jinmy,Rav4

36



van

　　6.9%

WQigon

SPons&｡

Spetialty

　6､8%　j

Urges£{ian

　21.2%

Smallsedan

　　30.4%

　　　Mcdium　scdan

　　　　　i9.5%

1992　N=27,772　thousand

　　6.0%

Sports&

SPeciahy

brge　sedan

　19,8%

van

Sman　sedan

　　272%

　　　Medium&edan

　　　　　ly8%

1995　N=39.657　1housand

Figule　2.14.Distribulion　of　cal　regislralions　in　Japan　[ITARDA　19961

Z)arr&μ&M9/≒Fα&z/jr&s

The　distribution　of　fatalities　was　calculated　from　the　macro　accident　data　in　Japan.　This　distribution　is

examined　by　the　number　of　fatalities　int･ernal　and　extemal　to　the　subject　car　in　various　types　of

accident=s･　Figure　2.15　shows　the　number　of　fatalities　in　relation　to　the　subject　car　per　nlillion

registrations｡

　　Sports　and　specialty　cars,　SUV,　van　and　large　sedan　types　cause　more　extemal4ype　fatalities　than

any　other　type　of　vehide.　SUv　and　sports　and　specialty　cars,　in　particular,　cause　lhe　largest　fatalitjes

in　the　other　cars　in　car゛to‘car　collisions･　Cyclists　sustain　more　fatalities　when　struck　by　sports　and

specialty　cars　and　vans,　while　more　pedestrians　are　k111ed　by　accidents　involving　sports　and　specialty

cars　and　the　SUV

　　From　the　analysis　of　distributions　of　fatalitiesjt　is　found　that　the　total　number　of　fatalities　of　mjni

cars　is　the　lowest,　and　so　this　car　type　could　be　considered　as　the　most　compatible　vehicle･　However,

this　conclusion　caanot　be　drawn　because　it　was　shown　that　the　mini　cars　are　used　for　short,distance

travel　at　a　relatively　low　velocity　{ITARDA　1996],and　a･lso　because　the　frequency　of　internal　driver

htalities　in　car-to-car　collision　is　high.　lt　is　also　necessary　in　the　analysis　of　compatibility　to　exdude

the　innuence　of　the　factors　which　are　not　related　to　the　car　itself,　such　as　driver　behavior,　car　velocity

and　accident　rate.

　　The　number　of　fatalities　in　single‘car　accidents　involving　sports　and　specialty　cars　is　especially

large,　which　can　be　accounted　for　by　their　higher　crash　velocity　and　accident　rate　compared　to　any

other　car　dasses,　As　a　result,　the　number　of　fatalities　involving　sports　and　specialty　cars　is　large　for　all

types　of　accidents.
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Figure　2.11　1nternal　and　extemal　fatalities　of　various　subiect　cars　for　different　types　of　accidenls

7)rd&j/々¥&βQ

Table　2.3　shows　the　percentage　of　serious　and　fatal　injuries　to　the　drivers　in　cars　according　to　their

class.　The　fatality　rate　in　mini　cars　is　high　when　they　collided　with　a　van　or　SUV.　The　total　percentage

of　serious　injury　to　the　drivers　in　the　van　is　high　(3.69%)compared　to　that　of　fatal　injury　(O.18%).For

example,　the　total　percentage　of　fatal　iniury　to　the　drivers　in　a　large　sedan　(Oj8%)is　similar　to　that　in

a　van.　However,　the　total　percentage　of　serious　injury　(2,41%)is　lower　than　for　the　van,　This　is　related

to　the　fact　that　the　percentage　of　serious　injury　to　driver's　legs　is　higher　for　the　van　due　to　the　large

intrusion　compared　to　other　car　dasses　[ITARDA　1996]Jt　is　observed　from　Table　2･3　that　there　are　no

fatalities　of　the　drivers　in　a　SUv　in　car-to-car　frontal　collisions,　though　the　percentage　of　driver

fatalities　is　high　when　the　other　car　is　a　SUV

Table　23,　Driver　fatality　(%)in　car-lo-ear　frontal　collisions(1992-1995)

j)tL
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―

Minicar

Smallscdan

Medium　sedan

Large　sedan
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(
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The　goal　of　vehide　compatibility　in　vehide4o‘vehide　frontal　collisions　is　to　minimize　the　number　of

fatalities　while　maintaining　the　injury　rate　of　occupants　in　each　vehicle　at　the　same　leve1.　Since　the

aim　of　this　study　is　to　estimate　compatibility　in　a　vehicle-to-vehicle　frontal　collision,　a　method　is

employed　to　determine　the　total　number　of　fatalities　in　both　vehides　per　accident　by　comparing　the

ratio　of　the　fatalities　occurring　in　each　vehide.

　　The　number　of　driver　fatalities　in　the　subject　and　other　car　per　thousand　accidents　is　shown　in

Figufe　2.16.　For　the　SUv　and　van,　the　total　number　of　driver　fatalities　is　large　and　the　proportion　of

the　fatalities　in　other　cars　is　high,　and　so　the　SUv　and　van　can　be　considered　to　be　incompatible　cars,

0n　the　other　hand,　for　mini　cars,　the　number　of　fatalities　in　the　subject　caf　is　the　largest　in　all　car

dasses.　Therefore,　mini　cafs　cannot　be　said　to　be　compatible　in　car4o‘car　frontj　collisions,　The

wagons　and　medium　sedans　are　compatible　cars　in　car-to{ar　frontal　collision　because　the　proportion

of　the　number　of　fatalities　in　the　subject　cars　to　that　in　other　cars　is　almost　the　same,　and　the　total

number　of　fatalities　in　the　subject　and　the　other　cafs　per　accident　is　smalL　Howeverμhe　number　of

incompatible　cal　types　such　as　the　SUv　and　van　is　increasing　in　the　current　tramc　environment,　while

that　of　the　compatible　medium　sedan　car　type　is　decreasing　(see　Figure　2j4)･

　　　　Subjecl　car

　　　　　　　　Mini　car

　　　　　　Smallscdan

　　　　　Medium　sedan

　　　　　　Large　sedan

SPons　and　Specialty　car

　　　　　　　　Wagon

　　　　　　　　　van

　　　　　　　　　SUV

□Fatalities　in　the　subjecl　cars　■Fatalilics　in　lhc　olher　cars
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　　　　　6
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Figure　2j6.　Car　compatibility･
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ln　the　present　study,　the　foHowingnleasures　wereused　to　evaluate　the　aggressivity　in　vehicle-to-

vehide　frontal　co111sions:

　　L(Number　of　fatalities　in　the　other　vehides)/(Number　of　fatalities　in　the　subject　vehjcles);

　　2･　Percentage　of　fatalities　in　the　other　vehides;

　　3･　Number　of　fatalities　in　other　vehides　per　milHon　of　the　subject　vehicle　registrations.
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The　olher

　vehicle

1

2

3

Measurc

Agμesslvlty　→

　　The　aggrcssivity　estimated　by　Measures　1,　2　and　3　is　shown　jn　Figure　2j7,　Figure　2.18　and　Figure

2,19,respectively.　ln　Measure　l,cars　canbe　defined　as　aggressive　when　the　aggressivity　value　is

greater　than　one,　because　the　number　of　fatalities　in　the　other　cars　is　larger　than　in　the　sutject　cars･

Therefore　based　on　Figure　2j7,　the　SUV,　van,large　sedan　and　sports　and　specialty　cars　can　be

described　as　aggressive,　According　to　the　analysis　of　Figure　2j7,　the　aggressivity　ranking　of　the　car

itself　is　shown　as:

　　　　　　　　Minl≪Small　sedan　≪Medium　sedan　<Wagon<Sports　and　specialty　cars

　　　　　　　　　　　　　　　　　　　　<LIrge　sedan　<van≪SUV･

　　The　aggressivity　of　a　car　according　to　its　dass　has　a　similar　tendency　to　the　results　using　Measures

1,　2　and　3　except　for　the　sports　and　specialtycars.The　aggressivity　of　the　sports　and　sPecialty　cars　is

large　when　estimated　by　Measure3　using　car　registrations,　although　it　is　not　so　large　when　estimated

by　Measure　l　using　the　ratio　of　driver　fatality　for　bothcars｡Thiscanbe　explained　by　the　fact　that　the
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The　subjccl
　vchiclc

Measures　l　and　3　were　suggested　by　HOHowd　[19961･　Using　Measure　l,　the　aggressivity　of　a　vehicle

without　the　innuence　of　human　factors　can　be　described｡　lf　the　crash　velocity　of　the　sutject　vehicle　is

high,　the　risk　of　injury　to　the　occupants　in　the　other　vehidesaswell　as　in　the　subject　vehicle　is　high.

Thusμhe　innuence　of　crash　velocity　on　the　aggressivity　estimated　by　Measure　l　will　be　smaIL　On　the

other　hand,　the　aggressivity　of　the　vehide　including　the　innuence　of　crash　velocity　is　estimated　when

the　injury　rate　of　the　driver　in　the　other　vehicles　is　used　in　Measure　2.　1f　the　crash　velocity　of　the

subject　vehicle　is　high,　the　aggressivity　obtained　by　Measure　2　will　be　higher　because　the　number　of

fatalities　in　the　other　vehides　will　increase,　The　aggressivity　estimated　by　Measure　3　indudes　the

innuence　of　travel　distances,　vehicle　velocities　and　accident　rates,　renecting　how　they　are　used　(lable

2,4),

　The　measure　of　examining　agμessivity　depends　on　the　problem　being　investigated･　For　example,

vehide　manufacturers　can　use　Measufe　l　to　estimate　aggressivity　of　vehides　because　this　measure　is

related　to　the　vehicle　itsel£Measure2,　which　indudes　the　velocity　effectjs　usable　in　studies　dealing

with　road　user　behaviors.　Measure3　expresses　the　aggressivity　of　each　registered　vehicle,　so　it　can　be

used　when　insurance　problems　are　investigated,

hble　2λAggressivity　evalualing　measure　and　the　effecl　of　crash　velocity　and　accidenl　rate　on

　　　　　　　　　　　　　　　　　each　measure｡

　　　　　　　Definilion

(Numberof　falalities　in　olher　vehicles)

/(Numbcr　of　fatalilies　in　subjed　vehieles)

Pctcentage　of　fatalities　in　other　vehiclcs

Number　of　fatali{ics　in　other　゛chides　per

suMecl　vehiclc　registralions

Crash　v,elocity　　Accidcnl　rate

×
　
　
○
　
　
○

Oz　Largc　effect

X
　
　
X

○

X=Small　effect



accident　rate･　crash　velocity　and　travel　distance　of　sports　and　specia]tycars　are　s･ohigh　that　the　number

of　fatalities　per　car　registrations　becomes　largerJt　is　possible　to　consider　that　the　sports　and　specialty

car　itself　is　not　aggressive　but　when　it　is　drivenjt　has　high　aggressivity　due　to　human　factors,

　Hollowe11(1996)showed　that　the　aggressivity　defined　by　Measure3　1n　the　US　is　24　for　sub-

compact,　38　for　compact,　39　mid-size,　42　fodarge,　46　for　minivans　and　72　for　SUV,　which　are　greater

than　the　values　shown　in　Figure　2･　1　9.　These　rather　significant　differences　cannot　be　explained　even　if

taking　account　of　the　assumptions　that　only　driver　fatalities　are　considered,　while　in　the　US　study　a11

occupant　fatalities　in　caf'to{ar　collisions　were　induded･　This　is　related　to　the　facHhat　in　the　US　the

cars　travel　with　higher　velocity　and　over　longer　distances　than　in　Japan,　For　exampleμhe　average

travel　distance　of　a　car　per　year　is　17,862　km　in　US　against　10,130　km　in　Japan　(1994)[IRF　19951,

　According　to　the　results　of　the　accident　analyses　conducted,　in　the　case　of　car‘to‘car　frontal

collisions,the　mini　cars　and　the　SUv　were　found　to　be　the　least　compatible　car　types　in　the　tramc

situations　of　Japan,　The　self‘protection　of　the　mini　cars　is　poor,　whereas　the　aggressivity　of　the　SUv　is

high,　B･ecause　of　the　environmental　aspects　such　as　its　low　fuel　assumption　and　emissions　and　space

utility,　mini　cars　are　becoming　important　in　the　world･　This　situation　contradicts　the　issue　of

compatibility･

　　　　　　　Mini　car

　　　　　　Smallsedan

　　　　Medium　sedan

　　　　　　Large　sedan

Sports　and　SPccialty　car

　　　　　　　　Wagon

　　　　　　　　　van

　　　　　　　　　SUV

0 1 　　　　2　　　　　3　　　　　4

ver　falalilies　in　the　other　cars

cr　fatalitics　in　lhe　subject　cars

Figure　2j7･　Car　aggressivity　calculated　by　Measure1

　　　　　　　　Mini　car

　　　　　　Small　sedan

　　　　　Medium　sedan

　　　　　　Ljrge　sdan

Sports　and　Specialty　car

　　　　　　　　Wagon

　　　　　　　　　van

　　　　　　　　　SUV
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Figure　2･18･　Car　aggressivity　calculated　by　Measure　2･
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　　　　Mcdium　sedan

　　　　　　brge　sedan

SPorts　and　SPecialty　car

　　　　　　　　Wagon

　　　　　　　　　van

　　　　　　　　　SUV

㎜　　1

〃

㎜

=｡｡il=

　　|

W

〃
　　|

㎜･

㎜

㎜

㎜

㎜

㎜

㎜

㎜ ㎜

　　　　　　　　　0　　　　2　　　　4　　　　6　　　　8　　　　10

　　　　　　　　　Driver　fatalities　in　the　othcr　vehicles　Per　miHion　of　the

　　　　　　　　　　　　　　　　　subj･ect　car　registrations

Figure　2』9･　Car　aggressivily　calculated　by　Measure3.

12

225,　1njured　Body　Re9ions　by　CarSize

Because　mini　cars　are　expected　to　increase　in　number　and　injury　risk　to　the　driver　was　conflrmed　to　be

highjt　is　necessary　to　compare　the　injury　pattern　of　this　type　of　car　with　sma11,　medium　and　large　cars･

We　examine　the　frequency　of　injuries　to　different　body　regions　in　order　to　clarify　the　innuences　of

different　accident　configurations　and　vehicle　sizes,　Figure　2･20　and　Figure　2･21　illustrate　the　number

of　injuries　to　major　body　regions　of　the　drivers　in　passenger　cars　per　thousand　accidents,　dassified　by

inj　ury　severity,　vehicle　size,　and　occupant　restraint　in　car-to-car　and　single'car　frontal　collisions｡

　　Some　characteristic　ditferences　can　be　found　in　the　frequency　with　which　injuries　of　a　given

severity　level　occur.　For　fatalitiesjnjury　to　the　head　is　a　major　cause　of　deathjollowed　by　the　chest,

For　serious　injuries,　the　frequency　oHeg　injuries　is　the　highest,　followed　by　chest　and　head.　Wearing　a

seat　belt　reduces　the　likelihood　and　the　severity　of　the　impact　of　the　occupa�s　body　against　thecar

interior,and　prevents　ejection　from　the　car,　thereby　the　severity　of　injuries　become　low,

　　We　can　also　find　differences　in　the　pattem　of　body　regions　injured　in　different-sized　cafs.　The

frequencies　of　head,　chest　and　leg　injuries　are　higher　for　smaller　cars　in　car-to-car　frontal　collisions,

whereas　the　frequency　of　the　head　injury　is　lower　for　smaller　cars　in　single-car　crashes,　ln　car-to-car

frontal　collisions,　delta“v　increases　when　the　car　is　smaller　or　lighter,　wh･ereas　the　crash　velocity　is

lower　for　smaller　cars　in　singJe゛car　crashes.　Thereforejt　seems　that　the　frequency　of　head　injuries

strongly　depends　on　delta‘V.　The　chest　and　leg　≒iuries　are　also　affected　by　the　compartment　intmsion,

the　frequencies　of　these　injuries　are　higher　for　smaller　cars･　ln　car-to-car　frontal　conisions,　due　to　the

high　delta“v　and　the　large　intrusion　into　the　compartmentμhe　drivers　in　mini　cars　are　apt　to　suffer

severe　injuries　to　the　head,　chest　and　leg　compared　with　other　cars･　The　optimum　restraint　systems　and

stifTcompartment　can　reduce　the　severity　of　these　injuries　to　the　driver　in　the　mini　car.　hl　order　to

confirm　the　effect　of　the　restraint　system　and　stiff　compartment,　a　mathematical　simuiation　wa,s

performed･
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2.3.MATHEMATICAL　SIMULATION　OF　MINI　CAR　COLLISIONS

Accident　analyses　has　indicated　that　the　self-protection　of　the　mini　car　is　a　key　point　to　secure　the

compatibility　for　passengercars｡Computer　simulations　of　a　crash　of　a　minicar　xvereperformed　in

order　to　clarify　the　injury　risk　to　the　driver　of　the　mini　car　and　to　examine　a　compatible　mini　car･

　　The　compatibility　of　a　mini　car　in　a　collision　with　a　large　car　has　to　be　achieved　without　increasing

the　injury　risk　to　the　driver　of　the　mini　car　in　a　single-car　crash,　Therefore,　the　crash　of　a　mini　car　into

a　rigid　barrier　with　full　overlap,　and　the　collision　with　a　large　car　with　a　50%overlap　was　simulated

using　multl“body　analysis　program,　MADYMO　(Mathematica1　Dynamic　Mode1).　MADYMO

simulates　the　gross　motion　of　systems　of　bodies　connected　by　kinematic　joints,　The　innuencesof　front

stiffnessand　the　restraint　systems　of　the　mini　car　on　the　injury　risk　to　the　driver　was　studied　to　secure

the　compatibility　of　mini　cars　in　frontal　collisions,

2.3yl｡Car　model

The　car　model　used　in　this　thesis　is　based　on　a　currently　produced　mini　car,　We　simulat･ed　crashes　of　a

mini　car　into　a　rigid　barrier　and　large　car　as　shown　in　Figure　2.22　and　Figure　2･23･　.　The　mass　of　the

mini　car　is　700　kg,　which　is　sliμltly　larger　than　the　average　mini　car　(639　kg,　see　Figure　2.1),and　the

mass　of　the　large　car　is　1400　kg･

Rigid　barrier

Figurc　2,22,　Simulation　model　of　a　mini　car　in　a　frontal　crash　into　a　rigid　barrier,

50　km/h

→

Large　car Mini　car

Figure　2.23.Simulation　nlodel　tor　a　fronlal　colllision　between　a　mini　cal　and　a　large　car　wilh　a　50%overlap　for

　　　　　　　　　　　　　　　　　　　　　　　　　　　mini　caE
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　Car　front　stnJctures　was　representd　by　el11Psoids･　hl　the　present　model,　the　force-deformation

characteristics　of　the　mini　and　large　cars　are　approximated　by　a　straight　line,

　The　regression　of　the　stiftTness　of　the　caf　(&)is　expressed　by　usingcar　nlass　(z71)as　follows

[lshikawa　1　9901　:

　　　　&=78ml/3(kN/m),　　　　　　　　　　　　　　　　　　　　　　　(2jO)

Using　Eq,　(210),the　stiffness　of　thecurrent　mini　car　(700　kg)is　evaluated　as　693　kN/m｡　The　stiffness

of　the　mini　caf　is　changed　from　500　to　1000　kN/m　in　order　to　examine　the　effect　of　the　stiffness　in

crashes　inlo　a　rigid　bafrier　and　into　a　large　can　The　stiffness　of　the　lafge　car　(1400　kg)　is　assumed　to　be

872　kM/m　by　Eq｡　(2jO),whjch　is　used　in　the　simulation　of　a　caMo,car　coHision.

　ln　an　offset　clash,　the　damage　profile　of　the　car　is　classined　into　direct　damage　and　induced

damage･　Due　to　the　induced　damage,　the　stiffTness　of　the　car　in　the　offset　crash　increases　by　30%per

width　of　the　car　[lshikawa　l9951.Thus,the　front　stiffness　of　the　car　in　an　offset　coIIision　is　estimated

aS:

£4gr　°　L3£x(θwμaμΓaz･) (2jl)

where&fJs　the　stiffness　of　the　car　in　the　offset　crash　and　£is　that　in　the　full　ov�ap　crashJn　car4o･

car　collisionsμhe　forces　acting　on　both　cars　have　the　same　magnitude　but　a　different　direction･　The

deformation　of　each　car　is　calculated　using　force-deformation　characteristics　according　to　this　force,

　　According　to　Matsumoto　et　alヽt19901,the　intrusion　of　the　firewall　(xnre､､,all)can　be　approximated

aS:

　　　　4re｡all=0.75(x-xo)　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　(2,12)

where　x　is　the　deformation　of　the　car　and　xo　is　the　car　deformation　when　the　engine　contacts　the

firewa11.　The　deformation　xo　of　the　mini　car　is　smaller　than　that　of　the　largc　car　due　to　its　small　sizeJn

the　current　model,　xo　is　estimated　as　O,175　m　for　a　mini　car　and　0350　m　for　a　large　car.　Based　on　the

experimental　results　(Figure　2･24)･the　longjtudinal　djsPlacement　of　the　steering　column　(4edng)can　be

expressed　by　the　intrusion　of　the　f1rewa11　(‰r｡wau)as:

　　　　xsleering　°　O.772(xnrewajl‾O.0566),　　　　　　　　　　　　　　　　　　　　　(2.13)

ln　the　model,　the　movements　of　the　firewall　and　the　steering　column　was　simulated　as　the

displacement　of　translational　joints　based　on　Eqs　(2j2)and(2.13)/Tb　express　the　intrusion　of　the

firewa11,　the　toe　pan　is　designed　to　rotate　first,　and　upon　becoming　perpendicular　moves　in　the　driver's

direction｡

　　The　HYBRID　IIl　database　from　MADYMO　was　used　for　the　driven　The　seatbejt　(10%webbjng)

and　ajrbag(35/)are　used　for　the　basic　restraint　system　for　drivers　in　mini　and　large　cars･　Thjs

combination　of　restraint　systems　is　commonly　used　in　the　current　cars･　This　model　of　mini　car　was

validated　using　the　results　of　the　full　rigid　barrier　crash　and　ODB　crash　tests･
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Figure　2･24･　Relation　between　the　firewall　intfusion　and　longitudinal　displacement　of　the　steering　column･

　　The　fatalities　of　the　driver　in　single-car　and　head-on　collisions　account　for　a　large　portion　of　the

driver　fatalities　in　mini　car　accidents｡　Crashes　into　a　rigjd　barrier　and　car-to,car　frontal　offset　collisions

are　reprcsentative　of　many　cases　of　single-car　and　head‘on　collisions･　ln　the　present　study,　the

simulations　of　the　crash　of　the　mini　car　into　a　rigid　barrier　and　the　crash　between　mini　and　large　cars

with　50%overlap　for　the　mini　car　were　cafried　out.

　　ln　this　simulation,　the　crash　velocity　is　taken　to　be　50　km/h　that　is　prescribed　in　the　cra.sh　regulation

of　the　passenger　carsJn　the　present　simulation　of　the　car-to-car　frontal　collision,　the　crash　velocity　of

each　car　is　50　km/h｡　We　examined　the　innuences　of　the　stiffness　of　the　mini　car　on　the　injury　risks　to

the　driver　in　crashes　into　a　rigid　barrier　or　a　large　car.　The　injury　parameters　of　the　driver　from　the

simulations　were　compared　with　threshold　levels　(Head　lnjury　Criteria:　HIC　1000,　chest　acceleration

60g,　chest　denection　75　mm,　femur　force　10　kN)･HIC　is　an　injury　criterion　which　was　introduced　by

the　US　govemment　[versace　1972]:

(12

L
-○

nmx

(2.14)

where　a(/)is　the　resuitant　head　acceleration　in　g's,　and　ll　and　z2　are　the　initial　and　final　times　(in

seconds)of　the　interval　during　which　the　HIC　attains　to　a　maximum　value･　HIC　value　of　1000　is

associated　with　l5%of　risk　oHife-threatening　brain　injury　{Mertz　19841･

2.3.2.Simulation　Results

Mj�car　cms/1　･zθΓ4�&aΓμe『

The　crash　of　a　mini　car　into　a　rigid　barrier　at　50　km/h　was　analyzed　in　terms　of　various　stiffness　of　the

mini　car　(&),Figure　2,25　shows　the　results　of　the　variation　of　the　acceleration,　def6rmation　and　the

firewall　intrusion　of　the　car　with　the　stiffness　of　the　mini　car｡　The　acceleration　increases　with　the

stiffness,while　the　deformation　and　the　intrusion　decrease.　Thus　when　the　stiffness　increases,　the

driver　is　exposed　to　a　high　injury　risk　due　to　high　acceleration･　On　the　other　hand,　when　the　stiffness

decreases,　lhe　driver　is　exposed　to　inj　ury　risk　due　to　large　intrusions･
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Figufe　2,25,　Maximum　acceleration　and　deformation　of　mini　car　in　crash　into　a　rigid　barrier　with　varying

　　　　　　　　　　　　　　　　　　　stiffness　of　the　mini　car　(£)｡

　The　driver　behavior　differs　according　to　the　differences　in　the　acceleration　and　the　compartment

intrusion　of　the　car｡　Figure　2.26　shows　the　driver　behavior　where　the　stimless　of　the　mini　car　(&)ls　500

kN/m　and　1000　kN/m,　respectively｡When　the　stiffness　of　the　mini　car　is　500　kN/mμhe　intrusion　is

】arge　but　the　acceleration　of　the　car　is　smalL　As　a　result,　the　head　and　chest　movement　of　the　driver　is

less,　but　the　foot　rotation　angle　at　500　kN/m　is　greater　than　at　1000　kN/m･

　βh11rusion　●｣｣4y｣｢
　　　yゝゝXSL.
Before　crash　　　　‾

　　　　　　　　　　　Å:=500　kN/m　　　　　　　　　&=1000　kN/m

Figure　2,26.　Kinemalics　of　the　driver　in　a　mini　car　in　a　crash　inlo　a　rigid　barrier　(50　km/h)｡

　　Since　the　driver　behavjor　djffers　with　the　mini　car　stiffness,the　jnjury　risks　based　on　the

acceleration　and　intrusion　may　be　also　affected　by　this　stiffness･　Figure　2.27　shows　the　relation

between　the　injury　risk　to　the　driver　and　the　stiffness　of　the　mini　car　(£)｡When£is　the　lowest　(500

kN/m),the　HIC　is　706,　chest　acceleration　(3ms)is　55.9　g　and　chest　denection　is　O｡042　m,　all　of　which

are　less　than　the　injury　tolerance　levels.　The　HIC　and　chest　acceleration　increase　consistently　wjth　the

stiffness　of　the　mjni　car.　0n　the　other　hand,　the　chest　denection,　femur　force,　tibia　axial　force　and

moment　do　not　change　so　much　with　the　stiffness　of　the　mini　cari　and　its　level　is　less　than　the　injury

threshold,　These　results　suggest　that　in　a　mini　car　crash　into　a　rigid　barrierμhe　injury　risks　to　the

driver　decrease　when　the　front　stimless　is　low.

47



〔
)
{
}
{

5㈲600　7㈲㈹900㈱

　　　&(kN/m)

　　　HIC(36　ms)

15

　
m
　
　
　
5

(
z
″
t
2
£

0

500 600　7㈲　M　900　1㈲

　　　£(kN/m)

　　Fcmur　force

100

㈲
　
a
　
O
　
S

(
a
)
§
i
l
a
u
4

0
500

10

(
Z
μ
)
u
2
2

0

6007㈲㈹900　1000

　　&(kN/m}

Chestacc£leration(3　nls)

5㈲　600　M　800　900　1000

　　　　　£(kN/m)

　Max｡lower　tibia　axial　force

(
S
)
a
i
}
2
{
t
Q

(
Z
)
'
)
}
§
E
o
2

Oj00

0.075

0.050

0.025

0.000`-----“-
　　500　　600 700　800　900　1000

μkN/m)

Chest　denection

600　7∽　800　900　1000

　　£(kN/m)

500

Max｡lower　tibia　momenl　M,

Figure　2,27,　Driver　injury　risks　in　a　crash　into　a　rigid　barrier　with　varying　stimless　of　the　mini　car　(k)(50　km/h)･

　　The　transition　to　serious　inj　uries　of　the　lower　extremities　(AIS　3　or　more)occurs　when　the

intrusion　exceeds　O･25　m　[Morris　et　aL　1997].As　shown　in　Figure　2,25,　the　intrusion　of　the　mjni　car

firewan　is　less　than　O,27　m　in　a　crash　into　a　rigid　barrier　at　50　km/h,　Thereforejn　this　type　of　crash

configuration,　the　intrusion　is　a　less　imporlant　factor　in　determining　the　inj　ury　risk　to　the　driver　of　a

mini　car,　whereas　the　acceleration　causes　the　majority　of　injuries,

A&�car　cras/1　&1θ/a7e　car

Simulations　of　an　offset　frontal　collision　between　mini　and　large　cars　were　carried　out･　The　overlap

ratio　of　the　mini　car　is　50%and　that　of　the　large　car　is　40%,Figure　2.28　shows　the　deformation　of　the

car　and　the　intrusion　of　the　flrewall　by　the　stiffness　of　the　mini　car　(Å7)･The　acceleration　level　of　the

mini　car　in　this　type　of　crash　is　lower　than　that　in　a　crash　into　a　rigid　barrier,　whereas　the　car

deformation　and　firewall　intrusion　of　the　mini　car　become　large,　especially　when　the　stiffness　of　the

mini　car　is　sma11,　Thus,　in　this　type　of　collision,　the　effects　of　the　acceleration　and　intrusion　are

combined,and　the　risk　to　the　driver　of　the　mini　car　becomes　high,

　　As　can　be　seen　in　Figure　2.29,　when　the　mini　car　is　less　stiff(1r°500　kN/m),the　steering　column,

the　instrument　panel　and　lhe　toe　pan　intrude　and　hit　the　chest,　knee　and　foot　of　the　driver,　respectively･
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Figure　229･　Kinematics　of　the　driver　in　a　mini　car　in　a　crash　into　a　large　car

　　FiguR　2.30　shows　the　variation　of　the　injury　risks　to　the　drjvers　jn　minj　and　large　cars　with　the

stiffness　of　the　mini　car　(£).When　a　comparison　is.　made　with　Figure　2･27　and　Figure　2.30μhe　HIC

and　chest　acceleration　of　the　driver　in　the　minj　car　are　lower　in　a　crash　with　a　large　car　than　into　a　rigid

barrier,　whereas　the　chest　deflection,　femur　force,　tibia　force　and　tibia　moment　are　higher,　The　chest

denection　and　tibia　force　are　strongly　affected　by　intrusion･　Thusjn　a　crash　of　the　mini　car　with　a

large　car,　the　intrusion　is　an　important　factor　jn　injurjes･　ln　addition,　Figure　2･30　indicales　that　the

injury　risk　of　the　driver　in　a　mini　car　is　higher　than　for　the　driver　in　a　large　car,　1rrespective　of　the

stiffness　of　the　minj　caL　This　result　corresPonds　to　the　findings　from　accident　analysis　that　the　injury

risk　to　the　driver　in　a　mini　car　is　high,　while　in　a　large　car　it　is　low.

　　When　the　staness　of　the　mini　car　increases,there　is　a　decrease　in　the　risk　to　its　driver　as　estimated

on　the　basjs　of　intrusion　criteria　such　as　chest　denectjon,maximum　femur,　tibia　force　and　tjbia

moment,　However,　the　HIC　and　chest　acceleration　of　the　driver　in　the　mini　car　increase　with　the

stiffness　of　the　mini　car　because　its　acceleration　becomes　high.

　　As　the　stiffness　of　the　mini　car　increases,　the　risk　of　inj　ury　to　the　driver　jn　a　large　car　become　larger.

When　the　stiffness　of　the　mini　car　is　high,　the　chest　acceleratjon,　chest　denection,　femur　and　tibia

forces　of　the　driver　in　the　lafge　car　increase　because　both　acceleration　and　intrusion　of　the　largc　car
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become　high･　Nevertheless,　the　risk　of　injury　to　the　driver　of　the　large　car　is　less　than　that　of　the　driver

of　the　mini　car,　and　even　less　than　the　tolerance　level　of　the　relevant　injury　criteria｡

　　This　analysis　of　collisions　between　mjni　and　large　cars　demonstrates　that　the　minicarshould　be

stiff　enough　to　prevent　a　large　intrusion　into　the　passenger　compartment　in　a　car゛to‘car　fronta1

collision　because　greater　intrusionmcans　ahigher　risk　of　chest　denection　and　injury　to　the　driver's

lower　extremities｡
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Figure　230･　Driver　injury　risks　in　mini　and　large　cars　in　a　car'to'car　fronta】　collision　with　varying　sliffness　of　the

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　mini　ear　㈲,

£/y1?czθ/`r6zr�z?z　5μΓe/zls

We　examined　the　effects　of　restraint　systemsjncluding　a　seatbelt　force　limiter,　pretensioner　(4　kN,

0.15　m),energy　absorbing(EA)steering　system　(4　kN,　0j5　m),knee　bolster　and　their　combination,

on　the　injury　risk　of　the　driver　in　a　mini　car,　The　stiffness　of　the　mini　car　model　is　1000　kN/m,　which

is　larger　than　that　of　current　mini　cafs　to　reduce　the　intrusion　into　the　passenger　compartment　in　a

crash.　This　high　stiffness　is　applied　for　the　mini　car　because　the　chest　denection,　femur,　tibia　forces

and　tibia　moment　became　tow　at　this　stiffness　level　as　shown　in　Figure　2･30,　The　injury　risks　to　the

driver　in　the　mini　car　in　crashes　into　a　rigid　barrier　or　a　large　car　was　studied　when　each　restraint

system　or　its　combination　is　used　with　the　basic　restraint　system　(airbag　and　seatbelt)･

　　Figure　2jland　Figure　2j2　show　the　effect　of　restraint　systems　on　the　injury　criteria　of　the　driver

of　a　mini　car　in　crashes　into　a　rigid　barrier　and　a　large　car,　respectively･　The　injury'reducing　effect　of

each　restraint　system　for　the　driver　of　mini　car　differs　between　the　two　kinds　of　crashes･　ln　the　crash

into　the　rigid　barrierμhe　seatbelt　force　limiter　effectively　decreases　chest　acceleration　and　HIC　by
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reduction　of　force　transfer　from　the　seatbelt　to　the　torso　of　the　driver｡　Nevertheless,the　force　limiter

has　a　little　effect　on　the　injury　risks　of　the　driverof　the　mini　car　in　collision　with　a　large　carJn　this

type　Of　CraSh･　a　lafge　fOrCe　iS　aplplied　tO　the　driver'S　CheSt　by　the　Steering　Wheel,　nOt　by　the　Seatblelt･

Thus,the　seatbelt　force　limiter　has　a　little　effect　on　reduction　of　the　chest　accderation　in　a　collision

with　a　large　car｡

　　The　EA　steering　system　is　shown　effective　for　both　of　the　above-mentioned　crashes.　The

movement　of　the　steering　column　can　decelerate　the　driver's　head　and　chest　by　absorption　of　energy･

The　seatbelt　pretensioner　can　reduce　the　femur　force.The　knee　bolster　can　also　reduce　the　femuraxial

force,　particularly　in　a　crash　with　a　lafgecar｡The　restraint　systems　have　little　innuence　on　the　tibia

force　of　th･e　driver　in　a　crash　into　a　rigid　barrieror　a　collision　with　a　large　car･　Thus,　to　reduce　the　tibia

forces,the　intrusion　of　the　toe　pan　must　be　reduced｡

　　When　a　mini　car　with　high　stiffness　is　equipped　with　restraint　systems　combining　airbag,　seatbelt

force　limiter　with　pretensioner,　EA　steering　system　and　knee　bolster,　thc　injury　criteria　levels　for　the

driver　afe　below　the　thfesholds　in　either　crashes　into　a　rigid　barrier　or　a　large　car｡
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When　a　large　car　has　been　designed　to　have　additional　crush　space　to　secure　thc　partner“protection　in

collisions　with　a　mini　car,　the　injury　risk　to　the　driver　in　the　mini　car　may　decrease/n1rri6re　et　aL

(1994)proposed　a　maximum　force　level　200　kN　of　a　heavy　car　for　compatibility　with　small　car･　Thus,

in　the　present　study,　the　additional　crush　length　(c)of　O　to　O･4　m　with　a　force　level　of　200　kN　was

simulated(Figure　2･33)without　changing　the　front　length　of　the　large　car･

㈲
　
㈲
　
㈲
　
a

″
5
　
　
j
`
'
　
1
J
　
　
`
Z

　
　
　
　
　
　
(
z
｢
μ
)
Q
2
i

100

0
0 O｡4 0.5Oj 　　02　　　0j

Ddormation(m)

Figure　233･　Additional　crush space　of　a　large　car

　　lt　was　found　that　the　additional　crush　space　of　the　large　car　can　reduce　the　injury　risk　to　the　driver

in　the　mini　car　due　to　reduction　of　acceleration　and　intrusion　of　the　mini　car　in　a　co･11ision,　Figure　234

shows　the　chest　acceleration,　chest　denection,　femur　and　tibia　forces　of　drivers　in　the　mini　and　large

cars　in　terms　of　the　length　of　additional　crush　space　(c)of　a　large　car　(200　kN),The　additional　crush

space　reduces　the　chest　acceleration　and　femur　force　of　the　driver　in　a　mini　car,　when　the　stiffness　of

the　mini　car　(År)is　high,　Particularly　when£is　sma11,　the　chest　denection　and　tibia　force　of　the　driver　in

the　mini　car　decrease　due　to　the　small　intrusion　into　the　mini　car,　as　the　additional　crush　space　of　the

large　car　increases.

　　The　chest　acceleration　of　the　driver　in　a　iarge　car　decreases　when　the　additional　cmsh　space　of　the

iarge　caf　is　large　due　to　the　low　acceleration　of　the　largecar｡The　chest　denection　slightly　increases　by

the　additional　crush　space　of　the　large　car･　The　femur　and　tibia　forces　of　the　drjver　in　the　large　car

increase　with　the　additional　crash　space　of　the　large　car,　and　have　large　values　when　the　mini　car　is

stiff.　Thus,　the　analysis　indicates　that　the　additional　crush　space　of　the　large　car　is　effective　in　reducing

injury　risk　to　the　driver　of　the　mini　car･　However,　when　the　mini　car　is　stiff,　the　risk　to　the　driver　in　the

large　car,　especially　for　injuries　to　lower　extremities,　becomes　high･
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Figure　2･34･　Driver　injury　risks　in　mini　and　large　cars　wilh　lhe　length　of　addilional　cmsh　space　(c)ofthe
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£θw　ve/θdzy　cras/1

Since　many　mini　cars　are　used　in　the　city,　a　low　velocity　crash　in　the　range　of　20　km/h　is　important｡　ln

a　low-speed　crash,　the　airbag　must　not　deploy　because　the　airbag　itself　may　cause　injury　to　the　driver.

ln　such　a　case,　only　the　seat　belt　should　provide　an　effective　restraint,

　　We　simulated　the　crash　of　a　mini　car　into　a　rigid　barrier　at　20　km/h,　This　low-velocity　crash　was

performed　under　the　condition　that　the　seat　belt　was　used　for　the　driver　and　the　airbag　did　not　deploy,

The　neck　shear　force　and　head　displacement　are　used　as　injury　criteria,　and　the　results　are　compared

for　different　front　stiffness　of　the　mini　car(£)to　estim,ate　the　risk　of　minor　inj　uries｡

　　Figure　2.35　shows　the　shear　force　on　the　lower　neck　level　of　the　driver　with　two　front　stiffness,

£=500　kN/m　and　1000　kN/m.　The　maximum　force　on　the　lower　neck　level　is　lafger　for　£=1000　kN/m

than　for&=500　kN/m｡　Thus,,the　risk　of　minor　injury　to　the　neck　is　large　when　the　initial　force　level　is

high,　Figure　2,36　illustrates　the　head　movement　of　the　driver　of　the　mini　car　in　a　crash･　The　forward

movement　of　the　driver　is　larger　for　£=1000　kN/m　than　for&=500　kN/m,　When　the　stiffness　(£)ls　large,

the　mini　car　has　relatively　high　acceleration,　and　the　risk　of　the　driver　neck　injury　and　head　contact

with　the　steering　wheel　become　high･　Thus,　the　initial　force　level　of　the　mini　car　should　preferably　be

low　in　order　to　prevent　minor　injury･

　　The　maximum　force　of　the　shoulder　belt　of　the　mjni　car　is　6.1　kN　forA:z500　kN/m,　and　7.21　kN　for

&=1000　kN/m　jn　this　simulation｡　When　the　seatbelt　force　limiter　is　attached,　theforce　of　thc　seatbelt
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may　exceed　the　limit　even　in　a　crash　at　low　velocity,　ln　such　a　case,　the　seatbelt　force　limiter　allows

the　driver　to　move　forward,　and　then　the　risk　of　head　contact　with　the　ste�ng　will　increase,

200

o
E
m
m
m
w

　
･
　
　
･
　
　
･
　
　
`
　
　
4

-1200

(
Z
)
u
2
S
M
Q
I
μ
u
u
Z

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Time(ms)

Figure　2.35,　Neck　shear　force　of　the　driver　of　a　mini　car　in　a　crash　into　a　rigid　barrier　at　20　km/h｡

/
/
'
!
'
t
`
x
≒
y

0､0

　y　　　　'`､£z

£5oo　k≫ヽ､
゛＼X

　　j

‐
- j'

〃〃〃J?.=

1

ゝ

|
　X

Figure　2jW　Head　movement　of　the　driver　of　a　mini　car　in　a　crash　into　a　rigid　ba�er　at　20　km/h.

2.4.SIDEIMPACT

2,4j　,　Accident　Analysis

A&∬4y&r

ln　side　collisionsμhe　factors　of　mass,　stimless　and　geometry　also　induce　in　vehicle　incompatibiljty,

and　the　occupants　in　the　struck　car　are　at　hjgh　risk　of　injuries･　However,　there　has　not　been

considerable　number　of　research　on　these　factors｡

　　We　examined　the　effect　of　the　mass　of　the　struck　and　the　striking　vehicle　on　the　probability　of

driver　injury　in　the　struck　caE　From　the　macro　accident　database　of　ITARDA　(1992-1995)the

accidents　where　the　front　of　one　vehide　collides　with　the　side　of　another　vehicle　was　collected｡　The

results　are　shown　in　Figure　2･37　and　Figure　238,　respectively･　The　belted　and　unbelted　drivers　were

examined　together　because　it　is　observed　in　the　side　impact　tests　that　the　seat　belt　has　less　effect　on　the
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injury　risks　to　the　drivers　in　sjde　crashes　than　in　frontal　crashes　[Akjyama　and　lFllkahashi　19921.　As　the

mass　of　the　struck　vehide　decreases　and　the　mass　of　the　striking　vehide　increases,　the　probability　of

injury　increases.　The　probability　of　driver　injury　ranges　from　3.0　to　6.3%relative　to　the　struck　vehide

massjn　contrast　to　the　range　from　2j　to　7,0%　for　a　car-to‘car　frontal　collision.　Thus,　we　can　say　that

the　mass　of　the　struck　vehide　has　more　significant　influences　on　injury　probability　in　a　car-to{a『

frontal　colljsion　than　in　a　side-impact　collision.
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Figure　2･38･　Striking　vehicle　mass　and　probability　of　driver　injury　in　side-impact　co】lision･　Location　of　impact　is

　　　　　　　　　　　　　　　　driver　side　of　car　(belted　and　unbelled).

Gzr　da∬

The　combination　effects　of　mass,　stjffness　and　geometry　jn　side　collisions　can　be　examined　by　using

car　dass.　The　prob'ability　of　the　fatal　and　serious　injuries　to　the　driver　in　the　struck　car　in　a　side

collision　was　examined　according　to　the　striking　and　struck　car　class.　Table　5　shows　the　percentage　of

the　driver　fatalities　in　a　struck　car　in　side　collisions･　The　overall　average　fatal　injury　rate　is　Oj2%,

which　is　higher　than　in　a　car-to-car　frontal　co111sion　(0,24%),However,　the　total　driver　fatal　jnjury　rate
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when　a　mini　car　is　struck　is　O｡34%in　a　side　collision,　which　is　lower　than　in　a　car-to,car　frontal

collision(o,45%).

lable　2j,　Driver　fatality　(%)in　the　struek　car　in　side　eollisions　(1992-1995),
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o｡15
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　　ln　side　collisionsμhe　vehicles　are　classified　as　striking　and　struck･　The　aggressivity　of　the　striking

vehide　in　side　collisions　is　estimated　by　the　fatalities　in　the　struck　vehicles.　The　aggressivity　can　be

defined　for　a　side　collision　by　changing　‘subject'　to　‘struck'　and　‘other'　to　‘strikjng'　in　Measures　2　and

3　of　car-to-car　frontal　collisions　as　follows　(see　page　39):

2

3

Percentage　of　fatalities　in　struck　vehicles;

Number　of　fatalities　in　struck　vehicles　per　mlllion　striking　vehide　registrations･

lf　the　aggressivity　by　Measures　2'　and　3'　is　high,　the　striking　vehicle　is　aggfessive　in　side　collisions.

　　Figure　239　and　Figure　2･40　show　the　agressivity　of　the　strikingcar　onthe　fatal　injury　rate　of　the

driver　in　the　struck　car　using　Measures　2'　and　3≒The　order　of　aggressivity　of　each　class　has　almost　the

same　tendency　as　for　a　car‘to{ar　frontal　collision,　The　aggressivity　of　the　SUv　is　the　largest　when

estimated　by　Measures　2'　and　3≒lt　is　thought　that　this　is　due　to　the　incompatibility　of　the　SUv　owing

to　its　large　mass　and　stiffness　in　conjunction　with　geometry･　The　front　side　members　of　the　SUv　are

higher　than　the　side　sill　of　a　mid‘sized　car　[Shearlaw　and　Thomas　19961.　The　sports　&specialty　cafs

also　have　a　large　aggressivity　for　drivers　in　the　struck　car,　jthough　thjs　is　due　to　its　high　velocity　and

accident　ra.te.
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Figure　2,40ヽCar　aggressivity　in　side　collision　by　Measure3'

　　As　shown　in　Table　2.5,　when　the　struck　car　is　a　mini　car,　the　driver　fatality　rate　in　the　struck　car

reaches　a　large　value　of　O,34%,although　the　aggressivity　of　the　mini　car　is　smal1　(Figure　2.39　and

Figure　2･40)･On　the　contrary,　the　aggressivity　of　the　SUv　is　the　largest　among　all　car　types･

Accordinβy,　in　side　collisions　as　in　car-to-car　frontal　conisions,　the　mjni　car　and　the　SUv　are　also

considered　incompatible　car　types,

　　When　a　medium　sedan　is　stmck　from　the　side,　the　driver　fatality　rate　is　O,25%,which　isJess　than

the　overall　average　fatal　injury　rate　of　032%.When　the　striking　car　is　a　medium　sedan,　the　fatality

rate　in　the　struck　car　is　O.24%,which　is　also　less　than　the　overall　average　fatal　injury　rate　of　O･32%･

Thusjt　is　considered　that　a　medjum　sedan　is　a　compatjble　car　type　jn　a　side　collisjon　because　when　a

medium　sedan　strikes　or　is　struck,　the　driver　fatality　rate　in　the　struck　car　is　less　than　the　overall

average　fatanty　rate.For　the　same　reason,　a　wagon　is　also　regarded　as　a　compatible　car　type　in　side

collisions｡
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2,4.2.　Computer　Simulations

ln　order　to　evaluate　the　effects　of　the　mass　of　the　striking　and　struck　cars,　we　used　the　side　impact

computer　simulation　model　of　the　Component　lest　Procedure　(CTP){IYamaguchi　et　al.　1991↓This

CTP　model　is　illustrated　in　Figure　2･4L　lt　consists　of　springs　and　masses　to　represent　the　vehicle　side

structures　and　side　impact　dummy　(SID),By　theuseof　this　model,　the　innuencesof　the　car　mass　on

the　SID　response　were　examined,　The　mass　of　the　struck　car　is　varied　from　a　baseline　car,　with　a　mass

of　875　kg,　The　mass　and　force/deformation　characteristics　of　the　car　model　are　not　modified｡

　　The　ef&cts　of　the　struck　and　striking　car　mass　on　Thoracic　Trauma　lndex　(TrO　and　maximum

pelvis　acceleration　of　the　dummy　are　shown　in　Figure　2.42,　While　the　TTrl　and　pelvis　acceleration　of

the　dummy　decrease　slightly　as　the　mass　of　the　struck　car　increases,　they　become　higher　as　the　mass　of

the　striking　car　increases･　ln　this　simple　modelμhe　dummy　is　accelerated　by　the　door　immediately

after　impact,　thus　the　effect　of　the　struck　car　is　small　on　the　dummy　response･　This　small　effect　of

struck　car　mass　and　the　targe　effect　of　striking　car　mass　on　the　dummy　injury　parameters　has　been　also

confirmed　experimentaly　[Watanabe　et　al,　19891,
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　　ln　real　world　accidents　as　shown　in　Figure　2j7,　the　injury　rate　of　the　driver　decreases　with

increasing　struck　car　mass･　This　accident　data　for　side　collisions　include　oblique　conisions,　and　the

impact　locations　include　the　front　andrearfenders,　whereas　the　simulation　model　in　Figure　2ヽ41　is　a

90‘degree　side　impact　on　the　passenger　compartment･　Furthermore,　the　dummy　head　was　not　induded

in　the　model　because　the　hlead　does　not　contact　the　interior　in　90`degree　side　impact　tests･　ln　the　real

world　accidents,　however,　the　head　is　also　a　major　injured　body　region　in　side　impacts‥An　accident

analysis　was　ca�ed　out　by　using　the　micro　data　to　examine　the　vehiclemasseffects　in　which　side

comsions　are　defined　such　that　the　fronts　of　the　striking　cars　impact　the　passenger　compartments　of

the　struck　cars　[Mizuno　et　aL　19961.The　results　showed　that　the　injury　severity　of　the　impact　side

occupants　does　not　depend　on　the　struck　car　mass　except　for　the　mini　car･

　　ln　the　case　of　macro　data,　on　the　other　handjnjury　risk　showed　significant　dependent　on　the　mass

of　cars.　Whereas　the　injury　risk　simulated　by　CTP　was　not　affected　by　the　car　mass　just　as　in　thecase

of　the　micro　data｡　This　difference　between　the　results　of　the　simulation　model　and　accident　data　may

be　accounted　for　by　the　fact　that　macro　data　are　comprised　of　accidents　with　various　impact　angles　and

locations　of　the　striking　and　struck　cars･

2.5.CAR　FLEET　ANALYSIS

The　total　number　of　injuries　in　collisions　will　be　innuenccd　by　the　number　of　cars　involved　and　the

distribution　of　their　respective　masses,　We　discuss　the　relation　between　the　distributions　of　car　masses

and　the　total　number　of　fatalities｡　We　used　the　macro　accident　data　of　the　lTARDA　(1992-1995)and

the　vehide　registration　data　of　the　Ministry　of　Transport　(see　Figure　2j)･

　　The　total　number　of　injuries　y　is　calculated　as　[Evans　and　Frick　199　1　a]

y= y
{
Q

where

μzlj%M(MDgjE

fj:　vehide　category　classified　by　mass,　z71･,　z71y,

μ,:number　of　vehides　in　category　j,

&(z7zi･　Mj):probability　of　injury　to　occupant　of　vehide　i　struck　by　vehicle　j'

μ:probability　of　accident･

(2.i5)

　Sensitivity　analysis　was　conducted　to　clarify　the　effect　of　the　number　of　vehicles　of　sjmilar　mass　on

the　total　number　of　seriously　and　fatally　injured　occupants.　The　sensitivjty　Yi　of　thc　number　of　vehides

4,　to　the　total　number　of　injuries　y　is　calculated　as:

　　　｡　Ay
Y.=llm`-‘゛゛
　j　　&if→O　A/7i

59

(2,16)



　　Tb　simplify　the　analysis,　we　assumed　that　the　Probability　of　accidentμis　the　same　for　all　vehides･

though　this　is　not　true,　strictly　speakjng,　for　the　actual　vehicle　population･　ln　the　present　analysis･　the

Fobabmty　of　occupant　injury　in　a　bonnet-type　car　is　used　for　g(nμj)and　the　numerical　distribution

of　passenger　cars　is　used　for　zl,.　The　total　number　of　cars　is　assumed　to　be　constant　(Σ4,=c㎝y.)･The

probability　of　the　injury　to　the　driver　in　a　side‘impact　co111sionjn　particulaf,　has　been　defined　by

taking　account　of　strikes　from　both　sides,

　　Fjgure　2.43　shows　the　resu】ts　of　the　analysis　for　car-to‘car　frontal　and　side-impact　collisions.　When

the　sensitivity　is　positive,　the　number　of　serious　and　fatal　injuries　increases,　ln　both　car-to-car　frontal

and　side-impact　collisions,　the　number　of　serious　and　fatal　injuries　decreases　when　the　number　of　cars

with　mass　from　700　kg　to　1400　kg　increases.　Again　it　is　found　that　the　i�1uence　of　the　number　of

lighter　cars　is　larger　in　car4o゛car　frontal　coHisions,　while　that　of　the　number　of　heavier　cars　is　larger　in

side`impact　collisions.
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Figure　243,　Sensilivity　analysis　of　the　effe･ct　of　the　numerical　distribulion　of　vehicles　of　given　mass　on　the　lotal

　　　　　　　　　　　　　　　　number　of　seriously　and　fatally　injured　drivers.

　　The　total　number　of　serious　and　fatal　injuries　per　year　was　calculated　by　Eq.　(2･15)using　the　actual

numerical　distribution　of　passenger　cars　as　a　baseline,　and　was　found　to　be　2,645　in　car-to-car　frontal

collisions　and　l,234　1n　side“impact　collisions･　The　numerical　distributions　of　cars　which　minimize　or

maximize　the　number　of　injuries　in　car'to‘car　frontal　and　side　comsions　are　given　in　Figure　2,44　and

Figure　2.45,　respectively.　The　number　of　serious　injuries　and　fatalities　in　car4o‘car　frontal　collisions

has　a　minimum　value　when　thecars　areconcentrated　in　the　mass　region　of　901-1100　kg　and　decreases

injuries　by　l6%compared　to　thc　baseline　distribution･　On　the　other　hand,　the　numerica〕l　distribution　of

cars　with　large　variation　in　car　mass　maximizes　the　serious　injuries　and　fatalities･

　　ln　side　collisions,　the　number　of　serious　injuries　and　fatalities　has　a　minimum　value　when　the　cars

are　conc･entrated　in　the　nlass　region　of　801'1000　kg･　However,　when　all　cars　have　an　identical　and

large　mass　of　1601-1700kgμhe　number　of　serious　injuries　and　fatalities　has　a　maximum　value,　The

numerical　distribution　of　cars　which　gives　the　minimum　or　maximunl　nun″lber　of　injurjes　is　different　in
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2.6.SINGLE-CAR　CFIASH
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Figure2.41　The　number　of　car　dislributions　lhat　gives　the　minimum　or　maximum　number　of　serious　and　fatal

　　　　　　　　　　　　　　　　　　　　　　injuries　in　side　collisions｡

The　fatalities　of　the　drivers　in　single-car　crashes　occupy　the　largest　portion　of　car　accidents　{iTARDA

1998].ln　a　rigid　barrier　crashμheoreticaHy　the　car　mass　has　no　effect　on　the　driver　jnjury　risk,

Howeverjn　the　real　world　collisions,　the　stiffness　and　geometry　of　the　oMecHhat　the　car　crashes　into

will　affect　the　deformation　and　acceleration　of　the　car｡　Moreover,the　oMect　that　the　car　coHides　with

brakes　and　absorbs　some　of　the　deformation　energy,　These　characteristics　of　the　objects　can　be

considered　as　the　compatibility　of　the　fixed　object　with　the　car.

61



1000　　　　　1500

　　Car　mass　(kg)

velocity

-4-≪50　km/h

-o-Total

　　ln　order　to　clarify　the　compatibility　of　the　fixed　object　with　the　car,　we　examined　the　fatality　rate　in

a　sjngle-car　crash　by　car　mass,　dass　and　the　type　of　fixed　object.　The　macro　accident　data　of　the

iTARDA(1992-1995)were　used,　The　fatality　rate　of　the　driver　was　calculated　from　the　number　of

injuries　divided　by　that　of　drivers　involved　in　the　accidents　reported　to　the　police.

　　The　relationship　between　the　fatality　rate　and　the　mass　of　a　bonnet'type　car　with　travelling　velocity

was　examined･　This　analysis　was　carried　out　for　accjdents　in　which　the　front　ends　of　cafs　collided

against　fixed　objects.　The　results　are　shown　in　Figure　2,46,　When　analyzing　the　total　fatality　rate

involved　in　single-car　collisions　without　considering　car　velocity,　the　fatality　rate　increases　as　the　car

mass　increases･　However,　if　the　fatality　rate　is　calculated　under　the　condition　that　the　travelling

velocity　is　less　than　50　km/h,　the　fatality　rate　decreases　with　car　mass,　The　accident　conditions　are

different　between　light　and　heavy　cars;　the　heavy　car　is　more　likely　to　crash　at　a　high　velocity,　Thus,

whennonnalized　by　crash　velocity,　the　fatality　rate　decreases　withcar　nlass｡The　same　phenomenon

was　also　shown　by　Evans　(1984)using　the　ratio　of　driver　htalities　to　pedestrian　fatalities.　As　shown　in

Figure　2.46,　the　analysis　using　vehicle　velocity　can　clearly　shows　the　effect　of　car　mass,
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Figure　2.46,　Relationship　belween　fatalily　rate　of　the　driver　and　car　mass　dassined　by　travelling　velocity　in

　　　　　　　　　　　　　　　　　　　　　　　　　　single-car　crash･

　　ln　a　single-car　collision,　the　fixed　object　with　which　the　car　coIIides　has　large　effects　on　the　fatality

rate　of　the　driver･　Figure　2･47　shows　the　fatality　rate　of　the　driver　in　single-car　collisions,　dassified　by

the　fixed　object　and　the　location　of　the　impact.　Accidents　on　expressways　were　exduded　because　the

crash　velocity　and　the　fixed　object　are　much　different　from　those　of　general　roads.

　　ln　a　single-car　collision　with　a　fixed　objectμhe　fatality　rate　is　high　when　a　side　of　the　vehide

collides　with　the　fixed　object.　This　means　that　the　side　of　a　car　has　little　compatibility　with　fixed

obiectsJn　particular,　when　the　caf　is　impacted　on　the　driver　side　into　rather　slender　obiects,　such　as　a

light　pole,　road　sign,　or　central　reserve/median　stripμhe　fatality　rate　is　high　at　more　than　25%,As

regards　the　impact　by　these　slender　objects,　the　fatality　rate　in　a　driver゛side　impact　is　about　twTice　as

large　as　that　in　a　passengeFside　impact･　When　the　impacHocation　is　on　the　driver　side　of　the　carjt　is

considered　that　these　objects　cause　a　dlrect　intrusion　into　a　small　alea　of　the　doorjeading　to　the　high

　　　　　　　　　　　　　　　　　　　　　　　　　62



fatality　rate　for　the　driver･　The　fatality　rate　in　a　collision　with　a　guardrail　is　19,0%　on　the　driver　side,

14･O%on　the　Passenger　side･　and　3･8%ln　front,　which　is　the　lowest　for　an　impacted　locations

examined･　Thus･　the　guardrail　have　the　highest　compatibility　of　the　fixed　oijects･　The　compatibility　of

the　bridgejight　pole･　road　sign　and　the　central　strip　is　lower･　By　putting　up　guardrails　along　roads,　the

driver　fatality　rate　can　be　reduced　by　about　60%and　the　road　environment　win　be　more　compatible　for

CarS｡

　　For　each　type　of　road,　the　velocity　distribution　of　the　cars　and　probability　of　a　crash　with　certain

fixed　objects　is　different.　Figure　2.48　indicates　that　the　fatality　rate　depends　on　the　road　typesJn　this

analysis,　th･e　accidents　where　impact　locations　ofcars　werefront,side　and　left　were　examined.　The

fatality　rate　decreases　as　the　road　width　is　smallerjrrespective　of　kind　of　road;　national,　prefecture　or

municipal.　These　results　are　related　to　the　velocity　distribution　of　thecars｡For　all　types　of　roads,　a

guardrail　is　effe£tive　in　reducing　the　fatality　rate　of　the　driver･　The　fatality　rate　due　to　the　guardrail　is

low:　national　highway　(536%),municipa1　roads　(4･26%).This　demonstrates　that　the　guardrail　has　a

high　compatib111ty　even　at　different　velocities.
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Figure　2,47,　Falality　rate　of　the　driver　in　single-car　collision　with　fixed　objcct　classified　by　location　of　impact
　　　　　　　　　　　　　　　　　　　　　　　　　　　(excluding　expressway)
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2.7.DISCUSSION

The　compatibility　of　thecars　wasdiscussed　by　takjng　account　of　three　factors:　mass･　stiffness　and

geometry.　hl　car-to-car　frontal　collisionsμhe　injury　rate　of　the　driver　can　be　expressed　by　the　average

mass　of　the　car｡　The　combination　of　low　mass　and　low　stiffness　induces　high　injury　rjsk　to　the　driven

The　geometry　incompatibility　can　cause　the　outcome　that　thecarfront　structurescannot　absorbenergy

as　it　was　intended　to　in　the　design　of　the　car｡

　　The　number　of　fatalities　per　registered　mini　car　in　real　accidents　is　smal1,　and　so　the　mini　cal　may

be　considered　compatible.　Howeverjn　the　method　used　in　such　a　study,　the　injury　risk　to　the　driver　in

the　mini　car　can　be　underestimated　because　the　accident　rate　and　crash　velocity　of　this　type　of　car　are

usually　low･　When　thc　injury　risk　to　the　driver　is　estimated　using　the　probability　of　fatal　injury　in　a

certain　range　of　velocityjt　is　clear　that　the　mini　car　is　an　incompatible　car　type.　Based　on　the　accident

analyses　of　Section　2,2.4jt　can　be　concluded　that　in　car-to-car　frontal　collisions,　the　mini　car　as　we11

as　the　SUv　are　the　least　compatible　car　types　with　low　self-protection　and　high　aggressivity,

respectivciy,

　　0n　the　othcr　handμhe　medium　sedan　and　the　wagon　are　considered　compatible　cars　in　car-to{a｢

frontal　collisions.The　proportion　of　the　number　of　fatalities　in　the　subject　cars　to　that　in　other　cars　is

almost　the　same　and　the　total　fatalities　in　the　subject　and　other　cars　are　few.

　　Two　cars　with　identical　mass　are　most　compatible,　because　the　injury　rate　is　the　same　and　the　total

number　of　injuries　is　the　smallest,　Therefore,　the　cars　with　average　mass　in　the　car　neet　are　most

compatible･　Among　the　current　car　population　in　Japan,　a　car　with　a　mass　of　1150　kg　is　considered　the

most　compatibie,　The　effect　of　the　numerical　distribution　of　cars　on　the　number　of　injuries　was

discussed　in　Section　2･5.　However,　when　the　compatibility　could　be　accomplished　and　smaller　cars

would　become　safer,　the　numerical　distribution　of　cars　will　not　affect　the　results　so　significantly　as　the

analysis　using　the　actual　accident　data　of　existing　cars　shows.

　　R)estimate　the　safety　of　the　driver　in　a　mini　car,　simulations　were　performed　using　MADYMO　for

crashes　into　a　rigid　barrier　and　into　a　large　car,　A　high　injury　risk　to　the　driver　of　the　mini　car　in　a

collision　with　a　large　car　cannot　be　evaluated　by　the　crash　test　into　a　rigid　barrier　that　is　currently

required　by　the　law･　ln　a　crash　into　a　rigid　bafrier,　there　is　no　innuence　of　car　mass　on　the　injury　risk　to

the　driver　and　the　influence　of　jntrusion　js　smaIL　Howeverjn　a　collision　with　a　large　car,　the　driver　of

the　mini　car　is　at　high　risk　of　injury　due　to　the　high　acceleration　and　large　intrusion　based　on　its　sma11

mass　and　size.

　　ln　Section　2.3,　countemleasures　for　the　safety　of　the　mini　car　in　car-to-car　frontal　collisions　were

also　suggested　based　on　the　MADYMO　simulations｡　Two　methods　are　considered　to　reduce　the　injury

rjsk　to　the　drliver　of　a　mini　car｡　The　first　is　to　stiffen　the　mini　car.　Since　the　acceleration　of　this　car

tends　to　be　high,　optimized　restraint　systems　combining　airbag,　seatbelt　force　limiter,　pretensioner,　EA

steering　system　and　knee　bolster　are　necessary,　The　stiff　front　structureand　special　restlaint　systems　of

the　mini　car　can　dlrectly　reduce　the　injury　risk　of　the　driver,　ln　this　method,　no　modijcations　of　the
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large　cal　are　necessary　to　reduce　the　injury　risk　to4he　driver　in　the　mini　caf｡　However,if　the　mini　car　is

stiff･　the　driver　of　the　lafge　car　is　at　high　risks　of　injuries　to　chest　and　leg　due　to　the　intrusion　into　the

largecar｡The　aggressivity　of　a　stiff　mini　cal　should　be　considered　not　only　in　car‘to{ar　frontal

collision　but　also　in　other　types　of　collisions,　such　as　side　and　rear-end　collisionsJn　a　low-velocity

crash　in　which　the　aifbag　must　nol　deploy,　the　risk　of　minor　inju]ry　to　the　driver　in　the　stiff　mini　car

may　increase　due　to　high　acceleration.

　　The　second　method　to　reduce　the　injury　risk　for　mini　cars　is　to　provide　a　large　car　with　additjonal

crush　space　designed　for　a　crash　with　a　mini　car.　lt　is　possible　that　by　reducing　the　accderation　and　lhe

intrusion　of　the　mini　car,　the　injury　risk　to　the　driver　in　the　mini　car　would　be　reduced,　Thus,　in　both

cases　of　whether　the　mini　car　is　less　stiff　or　stifE　this　additional　crush　space　in　a　large　car　is　effective

in　reducing　the　injuヽry　risk　to　the　driver　of　the　mini　car,　0n　the　contrary,　this　additional　crush　space　of

the　large　caf　causes　intrusion　into　the　compartment　of　the　large　car,　and　so　the　injury　risk　to　the　driver

of　the　large　car,　particulafly　to　the　lower　extremitiesjnclleases　when　the　mini　car　is　stiff･

　　When　optimum　restraint　systems　such　as　an　airbag　and　a　seatbelt　are　instaned　to　the　mini　car,

furth･er　improvement　of　selfuprotection　of　this　car　will　be　difficult･　However,　partner゛protection　of　a

large　car　has　a　potential　to　reduce　the　injury　risk　to　the　driver　in　the　mini　car　and　to　accomplish　total

compatibility･　The　side　effect　of　partner'protection　of　a　large　car　such　as　increasing　the　compartment

intrusion　can　be　managed　more　easily　than　modifying　a　mini　car　because　it　has　a　large　front　space･　in

side　collisions,　the　aggressivity　of　the　large　car　is　a　serious　problem.　The　partner゛protection　of　the

largecaffor　a　frontal　collision　will　be　also　effective　for　the　protection　of　the　occupants　in　the　struck

car　in　a　side　collision.　Further　research　will　be　necessary　for　a　large　car　to　provide　partner-protection

without　redudng　self-protection.
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3.CRASH　TEST　PROCEDURES

3.1.1NTRODUCTION

There　are　many　crash　test　procedures　for　evaluating　the　injury　risk　to　the　driver　ofa　car.At　present,

mainiy　two　kinds　of　the　frontal　crash　test　procedures　are　carried　out　in　the　regulations　-　full　rigid

barrier　crash　and　offset　deformable　barrier(ODB)crash　tests　[Lowne　1994,　NHTSA　19971.

　　The　studies　on　the　crash　test　procedures　have　examined　the　validity　of　the　individual　crash　test

procedure,　but　the　single　car　crash　test　and　the　car-to-car　crash　test　procedure　were　not　directly

compared.　The　possibiHty　that　the　single　car　crash　test　procedure　can　serve　as　analtemative　to　the　car-

to‘car　crash　test　has　not　been　investigated　yet･　The　relationship　between　the　fuII　rigid　barrier　crash,

0DB　crash　and　MDB　crash　test　procedures　has　not　been　examined.

　　ln　this　chapterμhe　crash　t･est　procedures　for　evaluating　the　compatibility　will　be　examined,　ln

Section　3.2μhe　accident　analyses　wm　be　carried　out　for　car4o-car　frontal　crashes,　and　the　most

frequent　crash　configuratjons　will　be　clarified,　ln　Section　3.3,　we　will　compare　the　injury　parameters

observed　in　the　full　bafrier　crash　tests　and　ODB　crash　tests　prescribed　in　the　relevant　regulations,　ln

Section　3.4,　based　on　theoreticaj　anaJyses　and　computer　sjmujatjons,　we　wjll　djscuss　the　crash　test

procedures　which　can　evaluate　the　compatibility　of　car-to-car　offset　frontal　collisions.　The　validity　of

the　MDB　crash　test　procedures　wlH　be　discussed　in　3･5　from　the　view　of　computer　simulation　and

experiment･　Finally,　Section　3･6　discusses　the　relations　between　full　barrier　crash,　0DB　crash　and

MDB　crash　test　proceduresfor　evaluating　the　compatibility　of　the　car.

3.2.ACCIDENT　ANALYSIS

ln　order　to　develop　the　crash　test　procedure　for　the　compatibility,　it　is　necessary　to　investigate　the

accident　configurations.　However,in　Japan　there　has　been　little　investigation　into　the　crash

conngurations　for　car4o`car　frontal　collisions･　Therefore,　we　examined　the　car-to{ar　frontal　collisions

based　on　the　micro　accident　data　oHTARDA　(1993-1997)[nARDA　1999b]from　the　viewpoint　of　the

impact　angle　and　overlap　ratio　defined　in　Figure　3･L

　　The　number　of　all　accidents　and　that　of　severe　accidents　were　examined　by　the　impact　angle　and

overlap　ratio(Figure　3･2)･ln　all　accidentsμhe　impact　angle　varies　from　-40　to　40　degrees･　67.1%

impacted　on　the　right　side,　and　20･7%on　the　left　side･　Full　overlap　(100%)yields　only　4%.ln　regard

to　severe　accidents　for　the　driver　(MAIS　3‘‘6),the　frequency　of　the　collisions　where　the　impact　angle　is

zeroand　overlap　ratio　is　from　l/3　to　2/3js　the　largest,　and　occupy　53･8%of　allseverecollisions.
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Tarriere(1994b)and　Kahane　et　j.　(1994)a】so　found　that　the　most　severe　iniuries　were　observed　in

accidents　at　low　angles　such　as　O-15c≒

　　ln　order　to　examine　the　overlap　ratio　more　dosely,　the　relation　between　overlap　ratio　and　frequency

of　the　accidents　was　examined　based　on　the　micro　data･　The　results　are　shown　in　Figure　3j.　For　all

accidents,　the　ftequency　varies　slowly　and　has　a　maximum　at　the　overlap　ratio　of　21-30%.0n　the

other　handμhe　accidents　with　severe　injury　risk　to　the　driver　(MAIS　3-6)are　caused　by　the　overlap

ratio　of　3　1　40%,This　is　consistent　with　the　results　of　Thomas　(1994)and　O'Neill　et　aL　(1994)and

Buzeman　et　al,　(1998b),who　found　that　for　frontal　crashes　the　highest　injury　risk　is　in　l/3　overlap

impacts.　Therefore,　this　fact　suggests　that　this　overlap　ratio　at　the　highest　inj　ury　risk　may　be　the　same

for　all　countries,　irrespective　of　different　car　populations　and　road　environments.

　　From　the　accident　analysis　for　car-to-car　frontal　collisions　in　Japan,　the　frequency　of　the　overlap

ratio　of　about　40%on　the　dght　side　of　the　car　with　impact　angle　of　O　degree　is　the　largest　among　the

severe　conisions,　This　configuration　should　be　reflected　in　the　car‘to‘car　frontal　crash　tests　for

evaluating　compatibility･
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3.3.CRASH　TESTS　AND　INJURY　PARAMETERS

Currently,　two　crash　tests　for　evaluating　the　occupant　protection　in　cars　are　prescribed　in　the

regulations　of　the　motorized　countries･　Generally　in　full　frontal　crash　tests,　the　acceleration　levels

become　high,　whereas　in　the　ODB　crash　testμhe　intrusion　into　the　passenger　compartment　becomes

large[NHTSA　1997],

　　The　New　Car　Assessment　Program　(NCAP)have　been　carried　out　in　the　US,　EU,　Australia　and

Japan　for　the　consumers　to　select　and　buy　safe　cars･　ln　the　NCAP　tests,　the　crash　velocity　is　usually

higher　than　the　regulations　in　order　to　reveal　the　differences　of　the　crashworthiness　of　the　cars.　The　US

and　Japan　NCAP　perform　the　full　rigjd　barrier　crash　tests,　whereas　the　Euro‘NCAP　performs　the　ODB

crash　tests,　The　Austraiia　NCAP　performs　both　full　frontal　crash　test　and　ODB　crash　test　for　the　same

types　of　carsdn　the　Australia　NCAPμhe　full　frontal　crash　test　are　conducted　at　a　speed　of　56　km/h,

and　the　ODB　crash　tests　are　at　64　km/h｡　Using　the　dala　from　the　Australian　NCAP,　the　injury

parameters　of　the　driver　dummy　for　the　full　frontal　and　ODB　crash　tests　can　be　compared,

　　We　compared　the　injury　parameters　tor　full　rigjd　barrier　crashes　and　ODB　crashes　based　on　the

data　of　the　Austraiia　NCAP,　and　the　results　are　shown　in　Figure　3.4,　As　observed　in　the　figure,　the

acceleration‘related　injury　parameters　such　as　the　HIC　and　the　chest　acceleration　in　a　fu11　rigid　barrier

crash　are　proportional　to　those　in　an　ODB　crash･　The　levels　of　the　HIC　and　chest　acceleration　are

higher　in　the　full　rigid　ba�er　crash　than　those　in　the　ODB　crash　because　the　caf　accelerations　are

higher　in　the　full　rigid　barrier　crash　tests･　On　the　other　hand　for　the　intmsion-related　injury　parameters

such　as　the　chest　denection　and　femur　force,　the　values　of　these　parameters　in　full　rigid　barrier　crashes

seems　to　be　in　inverse　proportion　to　those　in　ODB　crashes.

　　Each　crash　test　procedure　evaluates　different　features　of　the　crashworlhiness･　lt　can　also　be

considered　that　a　safe　car　in　the　full　frontal　crash　test　is　not　necessarily　safe　in　the　ODB　crash　test.

Furthermore,　whether　the　occupant　safety　jn　the　car'to-car　crash　can　be　evaluated　by　these　crash　tests

using　single　car　is　not　dear,　and　will　be　discussed　in　the　following　section-

68



i
2
u
a
(
}
○
!
U
{
}
{

2000

1500

1000

500

0

∞
　
　
　
㈲
　
　
　
a
　
　
　
o

　
　
　
　
　
　
　
　
(
a
)

j
a
U
{
【
(
}
o
£
c
o
{
}
2
£
Q
8
a
}
S
{
{
‥
)

0

｡……↓.､､､､_..-｡､､､｡､...↓_-_､.-.､､--

　　　R2゛　Oj19　0

500　　1000

--

1500　2000･

HIC　in　the　fun　frontal　crash

　　　　　　HIC

40　　　60　　　80　　　100

　Chest　acceleralion　in　thc　full

　　　　frontal　crash　(g)

　　Chest　acce】eralion

㈲
　
　
　
　
　
o
　
　
　
　
　
g
　
　
　
　
　
J

　
　
　
　
　
　
　
(
E
E
)

i
2
U
{
`
Q
〇
5
c
S
}
u
u
{
`
Q
t
7
1
U

15

　
　
　
m
　
　
　
　
5

　
　
　
　
　
(
E
E
)

i
a
u
{
{
Q
O
S
8
』
S
S
E
Q
4

0

20

y=J,23(hr+4&0

1　R2=O｡㈲29

}○

○ O ○

　　　　40　　　　60　　　　80

Chest　dencction　in　the　full

　　frontal　crash　(mm)

　Chest　deneclion

0　　5　　10　　15

　Fcmur　force　in　the　full　frontal

　　　　erash(kN)

　Femur　toree　(right)
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3.4.SIMULATIONS　OF　CRASH　TESTS

The　crash　test　procedures　which　evaluate　the　compatibility　in　car-to{ar　offset　frontal　collisions　can　be

discussed　using　theoretical　analyses　and　computer　simulations･　We　compared　the　crash　test　procedures

such　as　f�1　rigid　barrier,　offsel　rjgjd　barrier,　0DB　and　MDB　crash　tests　to　evaluate　the　car-to-car　crash

compatibility(see　Table　l-1)･The　crash　velocity　of　an　offset-rigid　barrier　crash　to　reproduce　a　car“to‘

car　offset　frontal　crash　was　examjned　in　terms　of　the　acceleratjon　and　lhe　deformation　of　the　car　using

a　simple-mass　spring　model/R)compaヽre　the　risk　of　injury　to　the　driver　when　using　different　cmsh　test

proceduresμhe　injury　parameters　of　the　driver　were　also　examined　by　the　multi-body　sjmulation

program　MADYMO,
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3･4jl　･Theoretical　Analysis　usin9　Simple　Mass-Sprin9　Model

By　using　a　simple　mass-spring　mode1,　we　examined　the　crash　velocity　of　a　car　in　a　rigid　baaier　crash

to　reproduce　the　car-to-car　colljsion.　A　one-dimensional　car　behavior　in　a　rigid　barrier　and　a　car-to{a｢

crash　can　be　approxjmated　by　a　simple　mass‘sPring　model　shown　in　Figure　3j　and　Figure　3.6･

　　For　the　rigid　barrier　crash,　as　shown　in　Figure　3,5,　assuming　the　restitution　coemcient　is　zero,　the

maximum　car　acceleration　(al)and　deformation　(jl)of　car　l　are　calculated　as　follows:

al=y%,jl=y% (3,1)

where　Ml　is　the　mass　of　car　1,　£l　is　the　linear　stiffness　of　the　front　structure　of　car　l　and　6　is　the　crash

velocity,

　　For　the　car-to‘car　frontal　crash　model　shown　in　Figure　3.6,　the　maximum　acceleration　((z1,　a2)and

deformation(jl,d2)of　car　l　and　2　are　obtain･ed　as:

(ZI　゛
J7
-

Zμ1
4,jl=
､/&
‐

%

where　Fc　゛　F2o　+plo(closing　speed),

　　　z711M2　　　　£】々2
Af°`‾‾‾‾““““‘,K　゛　T‘‘“゛--7

Z711+Zμ2 £1+&2

(3.2)

　　4
--●･･-

Rigid　ba�c｢

　　　　　　　　　　　　　　　　　`φl″=゛　¶ゝ

　　　　　　　　　　　　　　　　　　　　　　　M
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　　　　　　　　　　　£1
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Figure　3j･　Simple　mass-spring　modeHor　rigid　barrier　crash･
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Figure　3.6,　Simple　mass-spring　model　for　car-lo-car　fronlj　collision,

　We　consider　the　condition　that　either　the　acceleration　or　deformation　of　the　car　in　a　car-to,car

collision　can　be　reproduced　by　the　rigid　barrier　crash･　Firstly,　we　assume　that　the　maximum
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deformation　is　the　same　in　a　rigid　barrier　crash　and　in　a　caFto{ar　collision,　Thus,　from　Eqs　(3･1)and

(3.2),we　obtain　the　crash　velocity　as　follows:

G=μ1{=　£lz?zl

μMI
　-　-

(£1+£2)(ml+y)
K =EBS｡ (3,3)

As　is　well　known,　this　velocity　is　exactly　the　Equivalent　Barrier　Speed　(EBS)･By　substituting　the　EBS

(=G)of　Eq,　(33)into　Eq,　(3,1),the　maximum　aceeleration　of　the　ear　al　in　a　rigid　barrier　crash　leads

to　that　in　a　car‘to{ar　collision　as　shown　in　Eq,(y2).This　result　shows　that　the　rigid　barrier　crash　at

the　EBS　may　reproduce　not　only　the　maximum　deformation　but　also　the　maximum　acceleration　of　the

car　in　the　car-to,car　collision.

　　Note　that　even　if　the　maximum　acceleration　and　deformation　in　an　offset　rigid　barrier　crash　at　the

EBS　are　the　same　as　those　in　a　car-to{ar　collision,　the　duration　of　impact　is　different.　Thus,　the　curves

of　the　acceleration-time　and　deformation-time　histories　are　different　for　both　types　of　crash･

　　XVhen　the　stiffness　of　the　car　l　and　2　are　the　same,　£1=Ay2,the　EBS(we　call　this　velocity　the　Mass-

related　Equivalent　BarTier　Speed;　MEBS)is　calculated　from　Eq.　(3･3)as:

%=A{y⊇↓K(=MEBs), (3,4)

ln　the　rigid　barrier　crash　at　the　MEBSμhe　mass　difference　in　a　car4o‘‘car　collision　can　b'e　corrected,

Moreover,　by　the　use　of　the　MEBS　it　is　not　necessary　to　change　the　crash　velocity　with　the　stimless　of

the　car　contrary　to　the　EBS,

　　A　deformable　fixed“barrier　crash　can　also　be　examined　using　the　model　shown　in　Figure　3.5,　by

replacing　the　stimless　of　the　car　by　the　combined　stiffness　of　the　car　and　deformable　barrier　in　series･

Assuming　the　linear　stiffness　of　the　deformable　barrier　&,the　maximum　acceleration　and　deformation

are　obtained　when　substituting　£1&/(£1+&)instead　of&l　in　Eq,　(3,1).However,　if　both　the

acceleration　and　deformation　of　the　car　in　crashing　into　a　deformable　barrier　are　the　same　as　in　a　car-

to-car　collision,　the　stimless　of　the　deformable　barrier　should　be　infinity,　This　condition　coincides　with

the　fixed-rigid　barrier.　Th､erefore　the　deformable　fixed“barrier　crash　cann,ot　reproduce　car-to-car

collision　in　terms　of　the　maximum　acceleration　and　deformation　in　the　same　test.

　　Though　simple　spring-mass　models　are　usually　used　for　a　one“dimensional　crash,　we　applied　the

model　to　frontal　offset　crashes　for　approximation,　Since　the　maximum　acceleration　and　deformation　in

a　car-to-car　offs.et　crash　are　reproduced　by　the　offset　rigid　barrier　crash　at　the　EBS,　the　injury

parameters　of　the　driver　may　also　be　reproduced.　0n　the　other　handjs　it　possible　to　reproducc　the

injury　parameters　of　the　driver　in　car“to‘car　crash　from　an　offset　rigid　barrier　crash　at　the　MEBS?　Ti)

answer　these　questions,　computer　simulations　was　conducted　and　the　injury　parameters　of　the　driver

was　compared　for　the　car-to-car　collision,　the　rigid　barricr　crash　at　the　velocity　of　the　EBS　and　the

MEBS｡

71



3.4.2.Mathematical　Simulation　of　Mini　Car　Crash

ln　order　to　compare　the　injury　parameters　in　crash　tests,　the　mathematical　simulation　using

MADYMO　was　carried　out.　The　car　model　used　in　the　mathematical　simulations　is　based　on　a

currently　produced　mini　car,　The　model　of　the　mini　car　and　large　car　is　the　same　one　as　used　in　Section

2.3.　Figure　3･7　presents　a　model　of　a　mini　car　used　to　simulate　the　offset　frontal　crash　into　a　rigid

barrier.　The　overlap　ratio　of　the　mini　car　is　50%,and　that　of　the　large　car　is　40%･The　dosing　speed　for

the　crash　between　the　mini　and　the　large　car,　Fc　,　ls　100　km/h,　A　seatbelt　(10%webbing)and　airbag

(35/)were　used　for　the　restraint　system　of　the　drivers　in　the　mini　car,

Mini　car

Figurc　3λSimulation　model　of　a　mini　car　in　an　omet　rigid　barrier　crash　(overlap　ratio　is　50%)

　　From　Eqs(33)and(3,4),the　velocities　of　the　offset　rig〕id　barrier　crash,　EBS　and　MEBS,　used　to

reproduce　the　maximum　acceleration　and　deformation　in　car-to-car　offset　frontal　crashes　was

calculated(see　Table　3.1)･The　mass　of　the　dummy　(75　kg)is　included　in　the　mass　of　the　cars　z711　and

z712,　because　an　inertial　load　of　dummy　in　impact　is　transferred　to　the　car　by　the　seatbelt　and　the　airbag･

The　crash　velocity　EBS　varies　with　the　stiffness　of　the　mini　car,　while　the　MEBS　is　constant.　The

injury　parameters　of　the　driver　in　the　mini　car　are　compared　for　the　offset　rigid　barrier　crash　at　the

MEBS　and　EBS,　and　also　for　the　car-to-car　offset　frontal　crash.

Table　3･1　･　EBS　and　MEBS　for　offsel　rigid　barrier　crash･　Let　M1　775　kg,　zzz2　1475　kg　(including　dummy

　　　　　　　　　　　　　　　　　　　　mass)and　R　I00　km/h,

&

Car　l

£14㈲ £2

Car　2

£24ia
　EBS

(kln/h)

MEBS

(km/h)

500

600

700

800

900

1000

325

390

455

520

585

650

872 453.4
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6L8

593

57.2

553

53.5

5L9

573



　　By　using　Eq･　(3･1)μhe　maximum　acceleration　and　deformation　of　the　mini　car　in　the　offset　rigid

barrier　crash　were　calculated　at　the　EBS　and　MEBS　for　the　various　stiffness,　£｡The　results　are　shown

in　Figure　3･8　and　Figure　3･9･　Note　that　the　maximum　acceleration　and　deformation　of　the　offset　rigid

barrier　crash　at　the　EBS　coincide　with　those　of　the　car-to{af　offset　frontal　crashes｡

　　At　the　MEBS,　the　maximum　acceleration　of　the　car　in　the　offset　rigid　ba�er　crash　is　smaller　for

lower　stiffness　and　larger　for　higher　stiffness　than　that　at　the　EBS　(see　Figure　3･8)･The　same　tendency

can　be　observed　for　the　maximum　deformation　(Figure　3.9),Thus　for　the　crash　at　the　MEBS,　the

injury　risk　of　the　driver　specified　by　the　maximum　acceleration　and　deformation　in　the　less'stiff　car　is

underestimated,　whereas　that　in　the　stiff　car　is　overestimated　compared　with　the　crash　at　the　EBS･
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Figure　19,　Maximum　deformation　of　lhe　mini　car　in　the　offsel　rigid　barrier　crashes　at　EBS　and　MEBS･

　　The　injury　parameters　of　the　driver　in　the　mini　car　are　compared　from　the　results　of　the　MADYMO

simulation.The　injury　parameters　of　chest　acceleration,　chest　deformation　and　tibia　axial　force　of　thc

driver　are　shown　in　Figures　3･10,　3,11　and　3･12,　respectively･　As　shown　in　Figure　3.10μhe　chest

acceleration　of　the　driver　increases　with　the　stiffness　of　the　mini　car.　The　three　plots　of　the　different

crash　test　procedures　almost　agree　with　one　anotheE　However,　the　chest　deflectjons　and　the　tibja　axial

forces　of　the　driver　in　an　offset　rigjd　ba�er　crash　at　the　MEBS　have　different　trends　to　those　in　the

car-to{ar　offset　frontal　crash　and　offset　rjgid　barrier　crash　at　the　EBS,　The　variatjons　of　the　chcst

denectionand　lower　tibia　axial　force　of　the　driver　are　smaller　at　the　MEBS　than　those　at　the　EBS　and

in　the　caf-to,car　coHision｡

　　　　　　　　　　　　　　　　　　　　　　　　　73



　　These　results　suggest　that　the　acceleration{elated　injury　parameters　of　the　driver　in　the　car-to‘car

offset　frontal　crashes　can　be　reproduced　by　the　offset　r4id　barrier　crash　at　both　the　EBS　and　the

MEBS.　However,　the　intrusion-related　injury　parameters　carmot　be　reproduced　by　the　offset　frontal

barrier　crash　at　the　MEBS　because　the　stiffTness　of　the　car　is　not　a　factor　in　determining　the　MEBS.

Thus,the　variation　of　the　maximum　deformation　of　the　simulated　stiffness　of　the　mini　car　is　smaller　in

the　offset　rigid　barrier　crash　at　the　MEBS　than　in　the　car-to-car　offset　crash.
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3.5.MDB　CF:IASH　TEST

3.5j｡Simulation

A　MDB　crash　test　may　be　one　of　the　procedures　able　to　reproducecar-to-carcollisions.A　simulation

of　the　MDB　crash　test　was　carried　out　for　a　mini　and　a　large　car,　The　MDB　is　the　same　as　that　used　in

the　EU　side　impact　tests,　whose　mass　is　950　kg･　The　mini　and　large　car　models　are　the　same　as　those

used　in　Section　23･　The　crash　configuration　is　shown　in　Figure　3』3･　The　initial　veiocity　of　the　MDB

and　car　is　50　km/h　in　opposite　directions,　The　overlap　of　the　car　is　40%,

　　The　simulation　results　are　shown　in　lable　33.　The　maximum　deceleration　and　intrusion　of　the　mini

car　is　larger　than　those　of　a　large　car　due　to　its　small　mass　and　size.The　intrusion‘related　injury

parameters　of　chest　denection　and　femur　forces　become　high　becausc　the　compartment　intrusionjs

large　due　to　the　small　overlaP　ratio･　The　injury　parameters　of　the　driver　in　the　mini　car　are　higher　than

those　in　the　large　car･　This　MDB　crash　test　can　evaluate　the　vehide　mass　efrect,　whereas　it　is　well

known　there　are　no　mass　effects　in　a　fu11　rigid　barrier　crash　test　and　the　ODB　crash　test･

　　The　aggressivity　of　the　car　can　be　evaluated　based　on　the　maximum　force　or　maximum　acceleration

of　the　MDB.ln　the　simulation,　the　maximum　force　level　of　the　MDB　is　295　kN　in　a　mini　car　crash,

and　371　kN　in　a　large　car　crash　(see　Figure　3j4).lf　thc　maximum　force　levcl　of　the　MDB　is

prescribed　as　295　kN　in　this　simulation,　the　large　car　should　be　less　stinT･　ln　coilision　betwecn　a　mini

car　and　this　less-stiff　large　car,　the　maximum　force　level　will　be　less　than　295　kN,　This　is　because

based　on　Eq,(2,9),the　total　crush　energy　in　a　collision　between　the　mini　car　and　the　large　car　is

smaller　than　that　in　collision　between　aMDB　and　large　car　since　the　MDB　is　heavier　than　the　mini　car.

Thus,　if　this　maximum　force　level　is　taken　as　the　collapse　force　level　of　the　mini　car　compartment,　the

crash　force　will　not　exceed　this　level　and　the　intrusion　into　the　mini　car　can　be　small｡

　　　tU
°　　　゜　　¥t

l〃　.　　　　　　　=tU{
　　　　MDB　　　　　　　　　　j

　　　　　　　　　　　Mini　car

　　　　　　50　km/h
　　　　　　--･●･･････

‘∽'　　　　　　　　　　7〃7　　'-　　　　　　50　km/h
　　　　　　　　　　　　　　　　　　　　　　-･･|●--

　　　　　　　　　　　　　　　　　l　　　　　　　　-,　　･㎜･

〃/㎜･　　　　　　　　　　£　l〃'､

　　　　　　MDB　　　　　　　　　　　　　　　　　　〃･

　　　　　　　　　　　　　　　　　　　　　Large　car

Figure　3j3･　Simulation　model　of　MDB　crash　lest　(overlap　ratio　is　40%,EU　barrier)

(a)Car　parameters

　　　　　　Minj　car

Max｡car　deceleration　(g)

Max｡car　deformation　(m)

Firewa11　1ntrusion　(m)

Max｡MDB.　deetleration　(g)

Max.MDB　deformation　(m

　4L8

O｡809

0.480

32j

Oj

Table　3.2　Simulation　results

Large　car
-

　26.0

　0.820

　0.315

　40j

　Oj

(b)lnjury　parameters

HIC

Chest　3ms-G

Chest　denection　(mm)

Femur　force　rig}lt(kN)

638

52j

89.8

122

13j7

75

419

51.8

58.9

7,2
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Figure　3,14.　The　force‘slroke　characlerislics　in　simulations,
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3.5.2.Crash　test

The　MDB　crash　tests　have　been　investigated　[Ragland　1998,　Sugimoto　et　aL　1998]　in　order　to　evaluate

the　compatibility　of　the　cars･　However,　since　they　used　medium　and　large　cars　in　the　tests,　the　effects

of　acceleration　and　intrusion　are　not　as　significant　as　in　the　case　of　the　mini　and　small　cars.

　　By　focusing　on　the　traffic　in　Japan,　we　then　carried　out　the　MDB　crash　test　using　a　smaH　car　(curb

weight　1096　kg)at　the　closing　velocity　of　1　1　2　km/h　and　40　percent　overlap　on　the　driver　side.　The

impact　angle　of　the　MDB　is　O　degree,　A　Hybrid　IIl　dummy　was　positioned　in　the　driver　seat　with　a

seatbelt,　A　driver　airbag　was　fitted　to　the　car.　The　MDB　(1368　kg)was　the　same　type　that　is　used　for

FMVSS　214.

　　The　test　results　are　compared　with　those　in　full　rigid　barrier　crash　and　in　the　ODB　crash　tests　where

the　same　car　type　was　tested,　lo　compare　the　results　with　an　ODB　crash　test　(64　km/h)μhe　aluminum

honeycomb　element　adopted　in　the　ODB　crash　test　was　mounted　on　the　MDB･　For　a　large　carμhe

deformation　of　the　car　in　the　MDB　crash　test　at　112　km/h　was　the　same　level　as　that　in　the　ODB　crash

test　at　64　km/h　[Sugimoto　et　al.1998]･The　results　were　also　compared　with　those　of　the　fu11　rigid

barrier　crash　(55　km/h),The　injury　parameters　in　a　full　rigid　crash　test　at　this　velocity　can　be

comparable　with　those　in　a　ODB　crash　test　at　64　km/h　(See　Figure　3.4)･The　data　of　the　fu11　rigid

barrier　crash　was　taken　from　Japan　NCAP　and　that　of　the　ODB　test　was　from　Australia　NCAP　and

nHS　crash　test　report　[IIHS　1997],
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ba�er 55　km/h

4-----

　　Small　car

Fu11rigid　barrier　crash

EU　deformable

　　clemcnt
64　km/h

･4-―

ODB　crash

Figure　3』5･　Crash　tests,

　　　　　　76
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EU　defbrmable

MDB　crash
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　　The　deceleration-time　histories　of　thecarand　MDB　are　shown　in　Figure　3.17･　The　bottoming‘up　of

the　aluminum　honeycomb　element　of　the　MDB　occured　at　30　ms,　and　the　deceleration　became　high

(35g)at　40　ms,　Due　to　the　collapse　of　the　compartment,　thedeceleration　of　the　car　became　high　(65g)

at　58　ms･　The　deceleration　of　the　car　in　the　MDB　crash　test　was　compared　with　the　hJll　rigid　barrier

crash　and　ODB　crash　test　(see　Figure　3･17).The　MDB　crash　test　showed　the　highest　deceleration　peak

of　the　th〕ree　crash　testsJn　the　ODB　test,　the　peak　deceleration　was　lowest　and　the　peak　value　was　late･

The　deformation　and　intrusion　of　the　car　in　th･e　MDB　crash　test　were　larger　than　those　in　olher　types　of

crashes(see　Figure　3.18)｡The　three　crash　tests　evaluate　different　crashworthiness　and　in　the　MDB

crash　test　both　deceleration　and　deformation　of　the　car　is　large･

　　The　ratio　of　injury　parameters　in　the　ODB　and　the　MDB　crash　to　the　fu11　rigid　barrier　crash　test　are

shown　in　Figure　3,19,　1n　the　MDB　crash　test,　both　the　acceleration　and　intrusion`related　injury

parameters　of　the　dummy　were　high.　The　chest　acceleration,　chest　denection,　femur　forces　(right)and

tibia　index　(ight)were　above　the　injury　thfesholds,　whereas　in　other　crash　tests　all　the　injury

parameters　were　less　than　the　injury　th←resholds　except　the　tibia　index　(right)in　the　ODB　crash.　The

injury　parameters　of　the　dummy　in　this　test　were　higher　than　those　using　large　cars　[NHTSA　19971･

Thus　from　experiment　it　is　confirmed　that　the　MDB　crash　test　ismore　severefor　smaH　cars｡
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　Figure　3』9.　1njury　paramelers　in　various　crash　tesls　relative　lo　the　fu11　rigid　barrier　crash･　For　tibia　index,　lhe
ralio　is　obtained　based　on　ODB　crash　test.　The　data　of　fu11　rigid　barrier　crash　are　from　Japan　NCAP　and　those　of

　　　　　　　　　　　　　　　　　ODB　crash　test　ale　from　the　Australia　NCAR

3.6.DISCUSSION

Crash　test　procedures　to　evaluate　the　compatibility　of　the　car　in　car-to£ar　frontal　crashes　were

examined.　Based　on　the　accident　data　from　Japanμhe　co�iguration　of　car4o‘car　frontal　crashes　is

proposed･　The　coilinear　co111sion　with　an　overlap　ratio　of　40%is　recommended　to･　evaluate　the　risk　of

serious　inj　uries　to　the　driver　in　car-to‘car　frontal　collisions　in　Japan,

　　Based　on　the　results　of　the　mathematical　simulation,　the　injury　parameters　of　the　driver　in　a　car4o-

car　offset　frontal　conision　can　be　predicted　by　the　offset　rigid　barrier　crash　if　the　crash　velocity　is　the

EBS,　that　is,　the　speed　based　o･n　the　mass　and　stiffness　of　the　car･　However,　when　we　apply　the　crash
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velocity　of　the　car　in　an　offset　rigid　barrier　crash　by　the　MEBS　(i･e,,　according　to　themassof　the　car),

though　the　acceleration‘related　injury　parameters　can　be　estimated,　the　intrusion-related　injury

parameters　can　not　be　estimated　by　this　velocity･　Thus,　ln　estimating　the　intrusion　related-injury

parameters　of　the　driver　in　a　car-to-car　offset　frontal　collision,　the　stiffness　of　the　car　should　be　taken

to　determine　the　crash　velocity　in　the　offset　rigid　barrier　crash　test,　For　the　mini　car　whose

compartment　intrusion　can　be　large,　EBS　should　be　employed･　The　offset　rigid　barrier　crash　test　with　a

constant　velocity　of　50,　56　or　64　km/h　specified　in　the　regulations　and　NCAP,　cannot　be　used　to

estimate　the　risk　of　injury　to　the　driver　in　a　caFto{ar　offset　frontal　comsion　because　these　velocities

are　independent　of　the　mass　and　the　stimless　of　thecar｡This　is　true　particulariy　when　the　sutject　car

deviate　from　the　average　car　on　which　th･e　developed　crash　test　procedures　are　based,

　　Moreover　in　the　actual　conditionsjt　is　difficult　to　estimate　the　EBS　before　the　crash　test｡　Thus,it　is

dimcult　to　evaluate　the　injury　risk　of　the　driver　in　a　car4o-car　offset　frontal　collision　from　an　offset

rigid　bafrier　crash.　Especially　for　the　mini　car　in　which　both　the　efftcts　of　acceleration　and

compartment　intrusion　should　be　evaluated,　the　offset　crash　test　into　a　rigid　barrier　can　not　be　the

altemative　to　the　car-to-car　offset　collision　test｡

　　Based　on　the　analysis　in　this　studyjt　was　found　that　in　order　to　evaluate　the　selFproteclion　of　the

mini　car　correctly,　an　actual　car4o‘car　collision　should　be　reproduced　in　some　way･　The　setup　to

simulate　a　car4o-car　offset　collision　is　the　MDB　crash　test　procedure.　0nly　the　MDB　crash　test　can

evaluate　the　injury　risk　to　the　driver　on　the　basis　of　the　acceleration　and　intrusion,　and　can　examinc　the

mass,　stiffness　and　geometry　factors　of　the　compatibility.　For　the　evaluation　of　the　injury　risk　to　the

driver　in　the　mini　car,　where　acceleration　and　the　intrusion　are　apt　to　be　large,　the　MDB　crash　test

should　be　conducted｡

　　ln　the　currently　proposed　MDB　crash　test　procedure　by　NHTSA　[Ragland　19981,0nly　the　seIF

protection　of　the　occupant　was　estimated.　Since　the　compatibility　consists　of　self“protectionaswell　as

partner-protectionjn　the　MDB　crash　test　procedure,　the　aggressivity　of　the　largecaralso　has　to　be

estimated　by　measuring　the　maximum　force　level　of　the　MDB･　ln　order　to　protecl　the　partner　car,　this

force　level　should　be　less　than　the　collapse　force　level　of　the　compartment　of　the　partner　carJt　may　be

also　possible　to　evaluate　also　the　geometry　compatibility　if　the　geometry　and　the　stiffness　olf　the　M　DB

are　designed　properly.　ln　addition,　the　detailed　specification　of　the　MDB　should　be　chosen　carefully　to

represent　the　average　car　in　each　country　since　each　h.as　a　different　car　population　and　traffic　situation.

The　potential　to　evaluate　the　comPatibility　from　fu11　rigid　barrier　crash,　0DB　crash　and　MDB　crash

tests　was　compared,　and　the　results　are　summarized　in　Table　3.3.

　　hl　the　real　world,　cars　are　involved　in　varjous　types　of　crash　configurations.　Thus,in　order　to

evaluate　the　crashworthiness　of　the　car　correctly,　the　MDB　crash　tests　should　bc　carried　out　jn　addition

to　the　fuH　rigid　ba�er　crash　and　ODB　crash　test.

79



1;.|:`ilj､IS;|:::lill

Table　3j･　Crash　lest　ptocedures　lo　evalualc　thc　comPatibility　pcrfoHnancesof　the　calt

　　　　　Co9atibilit　　　　　　__｣仝JjER㎝mmt㎝m〃㎝mj2Z:IZI::ISg:･yJrm9=sF･4●〃ws=　　　　　　　　　　　　　　　~〃1hii､.'4㎝㎝gaww㎜･〃wwwww〃wm■w〃〃■　●〃〃I　■I●w〃■I　II●W

Accderalion　　tn㈲jon

X

○

○

erash　tesi

r･r㎜¶･■　』･･〃　a　sfi

Ful!41d　barrier　cmh　leM

er}B　cfash　iest

RD
----　　-

MUH　aash　t£st

　'　　　　　･n.､｡､､､

mTD　　　､.'゛･　゛'¨2S

×

X

○

×

△

○

×

×

△

O

×

○

NJQt9:　C)posjbk　4　9ahiatG　x　imposjbk4o　evahlMe､△theR　is　a　potential　to　evaluate

80



4　CAR-TRUCK　COMPA･rlBILITY

4yl｡INTRODUCTION

hl　a　car゛to4ruck　collisionμhe　injuly　risk　of　the　occupants　in　the　car　is　extremely　high　due　to　the

diffirences　in　mass,　stimless　and　geometry　of　both　vehicles.　This　high　aggressivity　of　the　truck　is　a

crucial　problem　for　cars,　for　which　effective　countemleasufes　have　not　been　sumciently　investigated.

There　has　been　little　research　on　the　compatibility　for　all　vehidesjncluding　trucks,　in　Japan,　thus　the

accident　analyses　should　be　carried　out　by　using　both　macro　and　micro　data･

　ln　order　to　reduce　the　injury　risk　in　truck-to{ar　accidents,　many　studies　have　proposed　lhe

effectiveness　of　the　truck　underrun　guards　[Mendis　1996,　Adalian　et　al･　1998,　Deloffre　et　al.1998]･

Thjs　guard　is　attached　under　the　bumper　of　the　truck　and　consists　of　a　deformable　material　such　as

aluminium　honeycomb　that　can　absorb　the　crash　energy　by　deformation･　Howevcr,　most　studies

focused　on　the　compact　car,　Though　the　mini　car　is　common　in　Japan,　ln　Chapter　2　this　car　type　was

conflrmed　to　be　incompatible　in　collisions,　Therefore　it　is　necessary　to　simulate　nlini　car4o4ruck

crashes　and　examine　the　effectiveness　of　the　underrun　guard　is　examined.

　The　compatibnity　between　trucks　and　cars　in　frontal　crashes　will　be　analyzed　by　using　accident

data　and　computer　simulations･　The　accident　analyscs　wili　be　pcrR)rmcd　in　Scction　4.2　by　using　macro

data(Section　4.2.1)and　micro　data　(Section　4.2.2)∠From　the　macro　data,the　aggessivity　of　the　truck

will　beexamined　by　different　measures　induding　the　effects　of　the　vehicle　mass,　vehicle　registrations

and　traveling　velocity.　The　current　aggressivity　of　trucks　win　be　also　compared　with　that　of　10　years

ago.　Finallyμhe　comsion　between　the　mini　car　and　truck　with　an　underrun　guard　wm　be　examined

based　on　the　MADYMO　simulation｡

4.2.ACCIDENT　ANALYSIS

4,2yl　.　Macro　Data　Analysis

The　compatibility　between　cars　and　trucks　are　examined　by　using　the　macro　accident　database　of

ITARDA(1993‘1997),ln　order　to　compare　the　compatib111ty　between　those　vehicles　with　that　in　10

years　ago,　the　police　data　oH989　were　also　used.

　　hl　Japan,　639　car　occupants　were　htally　injured　in　head゛on　comsions　in　1997　[ITARDA　I998].We

examined　the　occupant　fatalities　in　the　cars　by　the　types　of　the　other　vchides.　The　results　are　shown　in

Figure　4y1　.　The　fatalities　in　car-to'car　co111sions　occupy　3　1%,23%ln　car-to4ruck,　and　8%jn　car-to-

dump　truck　conisions･Thus,　for　the　fatalities　of　the　occupants　in　the　cars,　the　compatibility　betwcen　a

car　and　a　truck,　as　well　as　the　one　between　carsjs　an　important　problem･
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Ma∬£@�

Though　it　is　well　known　that　the　vehicle　mass　has　a　large　effect　on　the　occupant　injury　in　vehide-to-

vehicle　co111sions　[Evans　1991b],the　effect　of　vehide　mass　in　a　car-to-tnlck　crash　has　not　been

discussed　sufficiently.Therefore,　we　examine　the　injury　rate　of　the　driver　in　the　car　by　using　the　mass

of　the　trucks　and　passenger　cars,

　　The　probabilities　of　fatal　and　serious　injury　to　the　drivers　of　passenger　cars　in　car-to-truck　and　car-

to-car　frontal　crashes　were　examined　with　reference　to　the　subject　passenger　car　mass　(Figure　4.2).

The　probability　of　the　fatal　and　serious　injury　to　the　driver　tends　to　decrease　with　car　mass･　However,

in　the　case　of　a　car'to4mck　crash　involving　an　unbelted　driver,　this　probability　does　not　decrease　very

much　and　the　injury　risk　is　extremely　high,　The　effect　of　the　subject　car　mass　on　the　decrease　of

probability　of　death　and　serious　injury　is　smaller　in　a　car‘to4ruck　crash　than　in　a　car‘to“car　crash.　The

probability　of　the　fatal　and　serious　injury　to　a　belted　driver　in　a　car　in　car゛to4ruck　crash　is　almost　the

same　level　as　for　the　unbelted　driver　in　a　car　in　a　car-to-car　crash.
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Figure　42,　Effect　of　subject　car　mass　(passenger　car)in　car-to-truck　and　car-lo-car　frontal　crashes,
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　　The　variation　of　the　probability　of　fatal　and　serious　injury　to　the　driver　in　a　passenger　car(sut!ject

car)with　resPect　to　the　other　vehide　mass　is　shown　in　Figure　4･3.　This　risk　increases　largely　with

increase　of　the　truck　mass　up　to　5　tons,　lf　the　other　vehide　mass　is　less　than　2　tons｡the　probability　of

fatal　and　serious　injury　to　the　driver　in　the　subject　car　in　a　car-to-truck　crash　coincides　with　that　in　a

car-to‘car　crash･　This　result　indicates　that　the　aggressivity　of　a　small　truck　is　on　the　same　level　as　for

cars,lf　the　vehicle　masses　are　identical｡　On　the　other　hand,　when　the　truck　mass　exceeds　5　tons,　the

probability　of　fatal　and　serious　injury　to　the　driver　in　the　subject　car　does　not　increase　much･
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The　truck　compatibility　and　aggressivity　is　examined　in　vehkle4o゛vehide　frlontal　conisions　including

whole　4-wheel　vehides.　The　vehicles　are　dassified　into　7　groups　(based　on　the　police　accident　data　in

1997　and　1989);bus,　trailer,　large　truck,　ordinary　truck,　passenger　car,　mini　truck　and　mini　car,　Trucks

are　dassified　using　Gross　Whide　Weight　(GVW)as　the　ordinary　truck　(GVW≪8　ton),and　the　large

tmck(GVW　a　8　ton),

　　The　compatibility　of　vehicles　including　trucks　was　examined　by　vehide　ciasses　and　year　transitions,

Figure　4.4　shows　the　number　of　fatalities　in　the　subject　and　the　other　vchicle　per　thousand　accidents　in

1989,　1995,　1996　and　1999･　The　trailer,　the　large　truck　and　the　bus　are　inc･ompatible　because　the　total

number　of　driver　fatalities　is　very　large　and　the　proporlion　of　fatalities　in　the　other　vehicle　is　high.　0n

the　other　hand,　the　mini　car　and　the　mini　tmck　are　also　incompatible　due　to　poor　self-protection

because　the　number　of　fatalities　in　the　subject　vehide　is　larger　than　in　the　other　vehicles,

　　XVith　respect　to　the　passenger　car,　the　total　number　of　fatalities　in　the　subject　and　the　other　vehicles

per　accident　is　the　smallest,　and　the　proportion　of　the　number　of　the　fatalities　in　the　subject　vehides　to

that　in　the　other　vehicles　is　almost　the　same,　This　means　that　the　passenger　car　is　the　most　compatible

vehjde,However,the　large　number　of　collisions　between　passenger　cars　can　innuence　this

calculation.
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　　The　truck　compatibility　has　not　changed　much　between　1989　and　1997･　The　self`'protection　of　the

passenger　car　has　been　improved　because　the　fatalities　in　this　type　of　car　are　becoming　fewer　in

number･　The　crash　regulation　forl　passenger　cars　introduced　in　1994　could　be　one　of　the　causes　for　this

improvement　of　self-protection,　However,there　have　not　been　very　much　change　on　the

aggressiveness　of　the　passenger　cars　since　1989.　Thus　in　order　to　secure　the　compatibility　of　the

passenger　car,　the　aggressivity　of　the　passenger　car　has　to　be　reduced.

　　　Mini　car

　　Minitruck

　Passenger　car

Ordinary　truck

　LIrgetruck

　　　　Trailer

　　　　　Bus

□Falalilics　in　lhe　subject　veh､ide　　I　Fatalities　in　the　other　vehicle

0 50 I00 150 200 250

Number　of　fatalities　in　the　subjcct　and　the　other　vehicle
　　　　　　　　Per　thousand　accidents

　　　Figule　4.4.　vehide　compatibility,

　　Truck　aggressivity　can　be　affected　not　only　by　the　vehicle　itself　but　also　by　human　factors　such　as

the　crash　velocity　and　accident　rate/vehide　aggressivity　was　examined　by　the　same　Measures　1,　2　and

3　as　described　in　Section　2,2,4,　By　Measwe　l,　vehides　such　as　ordinary　trucks,　1arge　trucks･,　trjlers

and　buses　are　found　to　be　considerably　aggressive　because　the　number　of　fatalities　in　the　other　vehicle

is　far　larger　than　that　in　the　subject　vehide　(Figure　4.5)･The　aggressivity　of　ordinary　trucks　and　the

large　trucks　by　Measure　l　is　2.5　and　13,　respectively.Comparing　this　ratio　between　1997　and　1989,

the　situation　has　not　been　improved,

　　The　aggressivity　of　vehicles　of　different　vehjcle　typles　has　a　similar　tendency　when　Measures　1,　2

and　3　are　used.　lf　we　compare　the　large　truck　with　the　passenger　car　in　Figure　4.5　and　Figure　4･6,　the

aggressivity　of　trucks　based　on　Measure　2　1s　smaller.　Thereforejt　is　f6und　that　the　㎞nuence　of　the

crash　velocity　of　the　large　tTuck　is　negative･　From　this　resultjt　is　supposed　that　large　truck　may　trave1

more　slowly　than　the　passenger　car.

　　The　aggfessivity　of　the　large　truck　according　to　Measure　2　in　Figure　4.6　1s　about　18　times　higher

than　that　of　the　passenger　caf,　whereas,　the　aggressivity　of　the　large　truck　based　on　Measure　3　1n

Figure　4･7　is　about　86　times　higher　than　that　of　the　passenger　car･　Since　the　effect　of　the　accident　rate

is　included　in　Measure　3,　the　aggressivity　of　the　large　truck　due　to　human　factors　such　as　accident　rate

is　higher　than　the　passenger　can　Thereforejt　is　conciuded　that　the　reason　of　high　aggressivity　of　large

trucks　is　not　due　to　the　crash　velocity　but　rather　the　vehide　itself　together　with　the　human　factors　such

as　the　accident　rate.
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　The　aggressivity　of　buses　by　Measurel　is　thesaHle　asfor　large　trucks　and　trailers･　Howeverjn

Measure　2,　the　aggressivity　of　the　bus　is　less　than　half　of　that　of　the　large　trucks,　This　result　indicates

that　the　crash　velocity　of　buses　is　lower　than　that　of　large　tmcks･　Similafly,　the　agressivity　of　the　bus

estimated　by　Measure　3　is　less　than　a　quarter　that　oHarge　trucks･　This　low　agressivity　of　buses

estimated　by　Measure　3　is　due　to　human　factors　such　as　accident　rate,　which　is　much　lower　than　for

the　large　tmck･　These　results　imply　again　that　the　aggressivity　oHarge　trucks　becomes　high　due　to

human　factors,　and　it　can　be　reduced　by　changing　the　working　envlronment　of　truck　drivers･
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Since　the　number　of　passenger　cars　account　for　a　large　proportion　of　vehicle　regjstrations,　the

compatibility　of　vehicles　with　such　cars　is　important.　Thereforeμhe　vehicle　aggressivity　against　a

passenger　car　is　evaluated　by　using　Measure　L　vehides　are　classified　as　dassical　car　(sedan,　sports

and　specialty,　and　wagon)mini　car,　van,　SUv　and　light/medium/heavy　trucks　(based　on　the　ITARDA

data　in　1993-1997),0nly　driver　injury　is　discussed　to　simplify　the　analyses.

　　As　the　number　of　the　classical　cars　is　the　largest　in　the　vehide　registration,　the　compatibility

between　classical　cars　and　trucks　are　important･　We　estimated　the　driver　fatality　ratios　in　both　vehides

in　collisions　of　the　passenger　cars　by　vehicle　class　using　the　macro　data　in　Japan　(Table　4･1)･When

passenger　cars　collide　with　a　large-sized　vehicle,　the　fatality　ratio　is　larger･　Particularly　in　a　crash　with

a　heavy　truck　the　fatality　ratio　reaches　infinity　(124:O).ln　a　crash　with　the　SUv　a･nd　van,　the　fatality

ratio　is　also　high　due　to　high　aggressivity,　The　number　of　classical　car　fatalities　is　the　largest　in　c･r-to-

car　crashes　(215);and　in　crashes　with　large-sized　vehides　such　as　medium　or　heavy　trucks,　the

number　of　fatalities　in　classical　cars　is　also　large　(95　and　124,　respectively)･However,　the　number　of

fatalities　of　dassical　cars　in　crashes　with　a　SUv　and　van　is　smaller　than　that　in　crashes　with　trucks｡

　　The　fatality　ratio　of　the　drivers　in　mini　cars　based　on　the　macro　data　is　shown　in　Elble　4.2.　1n

coHisions　between　mini　car　and　the　other　vehide,　the　fatality　ratio　is　so　large　(more　than　10)that　the

compatibility　of　mini　cars　seems　very　poor,　Thereforeμhe　drivers　in　mini　cars　have　a　higher　risk　of

death　than　in　other　vehicles,　These　results　indicate　that　the　compatibility　of　the　mini　car　and　the　truck

is　an　important　problem　in　Japan,　ln　Japan　the　problem　of　the　truck　is　more　serious　than　that　of　the

SUV

lable　4･L　Falality　ratio　of　the　driver　in　frontal　crash　with　passenger　cars　(1993-1997)

Crash　parlner

Classical　car　vs｡　Mini　cal

C】assical　car　vs｡　Classical　car

Classical　car　vs｡van

Classical　car　vs｡　SUV

Classieal　ear　vs,　Light　truck　(3<GVWs7ton)

Classical　car　vs.　Medium　lruck　(7<GVNVs8　ton)

Fatality　ratio　(Number　of　fatalities)

Oj:I.0(5:　61)

L　O:1.　0(215:215)

3.8:I.0　(31:　8)

13j5:1

1L　7:I

31.7:1

　ct　:I

0　(27:　2)

O　(35:　3)

O　(95:　3)

Note:　Classical　car　=sedan,　sporls　and　specialty,　and　wagon

Table　4,2,　Fatalily　ratio　of　the　driver　in　frontal　crash　with　minj　cars　(1993-1997)･

Crash　partner

Mini　car　vs｡　Mini　car

Mini　car　vs｡　Classical　caf

Mini　car　vs｡　van

Mini　car　vs｡　SUV

Mini　ear　vs,　LighHmck　(3<GVWs71on)

Mini　car　vs,　Medium　truck　(7<GVWs8ton)

Fatality　ralio　(Number　of　fatalities)
　LO:LO(　O:　0)

12.2:LO　(61:　5)

10.0:1.0

cx):LO

cx,:LO

cx):LO

α):LO

(10:　l)
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4,2･2.　Micro　Data　Analysis

Mer/1θj

A　countermeasure　for　the　compatibility　problem　can　be　darified　by　analyzing　the　crash　configurations.

However,　the　configurations　of　the　car-to4ruck　collision　have　not　been　discussed　sumciently,

especially　in　relation　to　the　tramc　conditions　in　Japan,　Thereforeμhe　distributions　of　velocity　and

overlapl　ratio　in　crashes　are　examined.　By　using　the　micro　accident　data　of　ITARDA　(1993゛1997)

[ITRADA　1　999bl,　in-depth　studies　of　car4o‘truck　frontal　collisions　are　carried　outJn　the　database,

the　number　of　car-to-car　collisions　was　70　and　that　of　car4o,truck　collisions　was　27.　The　driver

injuries　in　cars　that　collided　with　the　trucks　are　examined　based　on　the　crash　configurations　such　as

crash　velocityjmpact　angle　and　overlap　ratio,　The　injuries　to　the　drivers　are　examined　by　the　injury

severity(AIS)jnjured　body　regions　and　their　causes,　and　these　results　are　compared　with　those　of　the

car-to-car　collisions.

Cr･2s/l　cθφgur･7r&μ

The　cumulative　frequencies　of　a　crash　velocity　of　the　car　by　the　injury　severity　of　the　driver　are　shown

in　Figure　4･8･　For　driver　in　the　cafs　in　car-to‘car　and　car-to-truck　conisionsμhe　cumulative　frequency

of　50%of　sever　injury(MAIS　3-6)is　associated　with　a　crash　vdocity　of　about　50　km/h,　However,　the

shapes　of　curves　of　the　cumulative　frequencies　are　dissimilar　for　both　types　of　coIIisions.　The

frequency　of　thc　injury　severity　increases　graduany　in　the　car-to-car　collision,　whereas　in　car4o4ruck

collision　it　rises　rapidly　at　the　40　km/h.　0ver　this　velocity,　the　injury　risk　to　the　driver　is　supposed　to

increase　due　to　large　intrusion　into　the　passenger　compartment　of　thecar｡
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　　　　　　　　　　　　　　　　　　　　　　　　　　　　　truck　collisions｡

　　The　overiap　ratios　of　cars　and　trucks　are　shown　in　Figure　4･9･　For　severe　injuries　(MAIS　3-6),the

overlap　ratios　of　cars　are　more　widely　distributed　than　those　incar-to-carcrashes｡Therefore,jn　car,to,

truck　collisions,　the　injury　severity　of　the　driver　in　the　car　may　be　by　the　intrusion　due　to　undcrride　of
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the　car　rather　than　that　due　offset　impact･　As　the　width　of　the　truck　is　large,　the　overlap　ratios　of　the

truck　are　likely　to　be　small,　and　the　number　of　accidents　has　a　maximum　at　the　overlap　ratio　of　11-

30%･With　such　a　small　overlap　of　trucks,　cars　do　not　contact　the　frame　of　the　trucks　and　the　risk　of

underride　of　the　cars　increases｡
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The　driver　injury　rjsks　of　cars　were　compared　for　caf-to‘car　and　car-to-truck　collisions　by　the　use　of

micro　data,　Figure　4･10　shows　the　distributions　of　the　injury　severity　of　the　drivers　for　car-to-car　and

car-to-truck　collisions,　ln　car-to-car　collisions,　11,4%of　car　drivers　are　severely　injured　(MAIS　3-6),

and　in　car-to4ruck　collisions　this　ratio　is　53.8%,which　renects　the　high　inj　ury　rjsks　to　the　drivers　in

the　cars　when　they　have　collided　with　the　trucks.
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　　lnjured　body　regions　and　injury　sources　of　the　drivers　in　cars　were　also　compared　for　cal-to{a｢

collisions　with　cajr‘to'truck　collisions,　Number　of　injuries　to　the　driver　body　regions　was　counted.　The

results　are　shown　in　Thble　4j　and　Thble　4.4,　The　windscreens　cause　the　largest　number　of　injuries　in

car4o゛car　collisions,　whereas　the　steering　assemblies　are　the　largest　in　car‘to‘1ruck　collisionsJn　car‘

to4ruck　collisions,　the　intrusions　into　the　passenger　compartments　of　the　car　as　wdl　as　the　penetration

of　the　front　bumpers　and　front　panels　of　the　truck　are　the　causes　of　injuries.Belted　drivers　afe

frequently　injured　on　the　head　in　car-to{ar　coIIisions,　and　on　the　ch･est　in　car“to゛truck　collisions･

These　results　indicate　that　in　car-to-truck　collisions　the　deformation　and　the　compartment　intrusion　of

a　car　strongly　affect　the　injury　risk　to　the　driver　in　the　caE

Table　4.3.　Car　driver　injured　body　regions　and　injury　sources　in　car-to-car　fronlal　collisions.

Belted　drivers(No　injuries=30) Unbeiied　drivers　(No　injuries=0)

lnjury　source Head　Face　Neck　Chtst　Abdo　SPine　Alm　L£g　un,

　　　　　　　　　　　men　　　　　　　　　　　　known

li)tal Head　Face　Ncck　Chcsl　Abdo　Spinc　Alm　L£g　un,

　　　　　　　　　　men　　　　　　　　　　　　known

S)tal

Steering　assembly

Slindscre{;n

A　Pillar

Floor

Statbe11

nstrument　Panel

onsole　box

edal

Doorpantl

No　conlact

ndirect

Glass

lntru5ion

Ejeclion

nknown

2(1)　4　　　　　1　　1　　　　　1　　2

1　　　　　　　　　　　　　　　　　　2

　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　4　　1(1)　　　　　1

　　　　　　　　　　　　　　　　　　　　　　　1　　　2

　　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　12

　　　　　　　　　　　　　　　　　　　3

　　　　　1

(1)　　　　　　　　　1(1)

　　　　　　　　　　　　　　　　　　1　　1　　　　　1

11(2)

3

　0

　1

(1)

3

　1

　1

　0

　12

　3

　1

(2)

0

　3

　　　　1　　　　　50)　　　　　　　　　3(l)

0(2)9

1　　2

(1)1　　　　　　　　　　　　　　　　3

　　　　　　　　　　　　　　　　　　　　2(|)

　l　　　i

　　　　　　　　　　　　　　　2

　　　　　　　　　　　　　　　3(|)　　　1(1)

(1)1　　　　　　　　　　　　　　　　10)

1(1)　1

　　　　　　　　　　　　　　　　　　　　　　　2

9(2)

9(2)

3

　0

　0

0)

0

(1)

1

　2

12)

0

(2)

(I)

2

Tota1 412)　5　　0　　5　　3(2)　18　　4　　　7　　　1 47(5) 1515}13　　0　5(|)　0　5(|)　0　1014}　2 50(H)

Notes:(　)shows　lhe　injuries　of　MAIS　3-6

Table　4λCar　driver　injufed　body　regions　and　injury　sources　in　car4o4ruck　frontal　collisions.

Belled　driver　(No　injury　=I) Unbeltcd　driver(Noinjury=1)

lnjury　sourct Head　Face　Neck　Chesl　Abdo　Spine　Arm　Leg　un,

　　　　　　　　　　　　men　　　　　　　　　　　　knowr

‘n)talHead　Face　Ncck　Chest　Abdo　Spine　Arm　L£g　un,

　　　　　　　　　　　mcn　　　　　　　　　　　　known

Tola1

Stccring　assembly

indscreen

A　P111a｢

oor

nstrumenl　panel

ront　bumper

ront　panel

No　conlact

lndirect

lass

nlrusion

nknown

　　　10)

　1

　　　　　　　　　　　　　　　　　　　　　　　　1

　　　　　　　　　　　　　　　　　　　　　　　　　1

(1)

　　　　　　　　　　　　　　　　1(|)

　　　　1

　　　　　　　　　　　　　　　　　　　　}

1(I)

1

　0

　1

　1

　0

(I)

0

(I)

0

　0

　0

　　　　　　　　　5(2)

(l)　1

　　　　　　　　　　　　　　　　　1(1)

　　　　　　　　　　　　　　　　　　　　IO)

(1)

　　　　　　　　　　　　　　　】

　　　　1

(I)　　　　　2(2)　　　　　　　　1(1)

　　　　　　　　　1　　　　　　　　　　　　　　1

5(2)

3(1)

(1)

0

(1)

】0)
0

　0

　1

　1

(4)

2

R)tal 2(1)　1　　0　　0　　0　　1(1)　4　　2　　0 6(3) 4(3)　2　　0　8(4)　0　　1　　1U)3(2)　0 19UO)

Notes:( )shows　the　injuries　of　MAIS　3-6
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Typical　accident　of　a　large　tmck　and　a　car　is　investigated　as　a　case　study　of　underride　of　the　car･　The

truck(10　840　kg)collided　with　a　stationary　car　(1460　kg)at　the　velocity　of　105　km/h.　The　overlap

ratio　of　the　truck　was　so　sma11　(12%)that　the　tmck　frame　did　not　contact　the　car　and　overrode　the　car.

Though　the　direct　damage　of　the　truck　was　apparentμhe　induced　damage　could　not　be　observed

because　the　stiffness　of　the　truck　in　the　lateral　direction　is　sma11　(direct　damage　is　the　deformation　area

by　contact　with　the　crashed　objects　and　induced　damage　is　that　caused　by　direct　damage).The

maximum　intrusion　of　the　car　was　35　cm　at　the　instrument　panel･　ln　order　to　prevent　underride　of　the

car,　the　stiffness　in　the　lateral　direction　of　the　truck　should　be　increased　to　enhance　the　energy

absorption　into　the　truck　frame.

　　Due　to　this　large　intrusion　into　the　compartmentμhe　driver　in　the　car　sustained　lung　injuries

(AIS　4),femur　fracture　(AIS　3),face　laeeration　(AIS　I)and　upper　extremity　abrasion　(AIS　1).0n　the

other　hand,　the　driver　in　the　truck　sustained　no　injury,

'-〈{?.≒y{-≒7.･･
　　　-J'`･､'-jM　.

　　　y･　-ヽT･1………･･

Figure　4,11/vehide　damages　from　car-to-truck　collision･

4.3.MATHEMATICAL　SIMULATION

ln　order　to　examine　the　effect　of　the　underrun　guard　on　the　injury　risks　to　the　driver　of　a　mini　car,

conision　of　a　mini　car　with　the　truck　was　simulated　by　using　MADYMO,　The　mini　caf　model　is　the

same　one　as　used　in　Section　2j,　The　truck　model　is　developed　in　a　similar　way　to　the　mini　car　model,

The　total　mass　of　the　truck　is　put　at　8　tons　because　the　greatest　number　of　truck　registrations　are　in　thjs

class,　The　crash　configuration　in　the　simulation　is　a　full　frontal　collision　as　shown　in　Figufe　4･12･　The

mini　car　collides　at　50　or　60　km/h　with　a　stationary　truck,
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Figure　4,　1　2,　M[ADYMO　simulalion　nlodel　of　truck　and　car　collision

　　The　force'deformation　characleristics　used　in　the　simulation　are　shown　in　Figure　44　3.　The　front

underrun　guard　stiffness　of　the　truck　is　defined　to　have　a　constant　collapse　force　level　(n,　This　force

was　simulated　at　vafious　levels　ranging　from　30　to　250　kN･　The　maximum　deformation　of　the

undeITun　guard　is　400　mm　due　to　the　structural　limitations　of　the　truck･　The　mini　car　stiffness　is

approximated　to　be　linear　(500　kN/m)for　simplification　of　the　simulation.
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Figule　4･13･　Force‘deformation　characteristics　used　in　the　simula{ion･

　　The　maximum　deformation　of　the　underrun　guard　of　the　truck　and　the　front　structure　of　the　mini

car　are　shown　in　Figure　4,14.　The　total　deformation　of　both　vehicles　generally　decrease　with　increase

in　collapse　force　level　(F)･.At　50　km/h,　when　the　collapse　force　level　(n　is　less　than　130　kNμhe

underrun　guard　deforms　entirely　(400　mm);at　more　than　130　kN,　it　does　not　deform　entirely,　The

deformation　of　the　mini　car　leads　to　a　minimum　at　a　collapse　force　level　of　130　kN.　This　result　shows

that　when　all　of　the　deformation　zone　of　the　underrun　guard　is　crushed,　the　deformation　of　the　mini　car

can　be　the　lowest,　At　60　km/h,　this　optimal　force　level　increases　to　170　kN,

　　Figure　4.15　shows　the　relationship　between　th･e　collapse　force　level　and　the　peak　deceleration　of　the

mjni　car　at　the　center　of　gravity,　At　50　km/h,　when　the　collapse　force　leveHs　more　than　l30　kN,　the

peak　deceleration　of　the　min〕i　car　increases･　When　the　collapse　force　level　is　less　than　130　klN,　the

deceleration　of　the　mini　car　is　also　higher　than　that　at　130　kN｡　This　is　due　to　contact　with　the　stiff

struclure　after　entire　deformation　of　the　underrun　guard･　This　phenomenon　can　be　explained　from　the

time　history　of　the　deceleration　as　shown　in　Figure　4･16･　With　a　collapse　force　level　of　l00　kN,　there
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are　two　peaks　on　the　deceleration　curve,　The　latter　peak　is　higher　than　the　former　due　to　contact　with

the　stiff　structure　of　the　truck,　When　the　collapse　force　level　is　160　kN,　the　whole　deceleration　level

becomes　high･　From　the　results　of　Figure　4,14　and　Figure　4･15jt　can　be　conduded　that　the　collapse

force　level　that　minimizes　the　deformation　of　the　mini　car　can　also　minimize　the　deceleration｡　This　can

be　the　optimal　force　level　for　the　deformation　and　deceleration　of　the　mini　car,　The　optimal　force　level

is　higher　for　60　km/h　than　for　50　km/h.
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　　The　injury　parameters　of　the　dLriver　in　the　mini　car　were　also　examined　by　the　collapse　force　level

of　the　undem】n　guard　of　the　truck　(Figure　4.17),A11　injury　parameters　are　minimal　at　conapse　force

levels　that　differ　at　each　velocity･　The　HIC　and　the　chest　acceleration　(3ms)become　minimal　near　the

optimal　force　level･　The　chest　denection　and　the　femur　axial　n)･rce　jso　become　minimal　at　this　force

level･　This　can　be　explained　from　the　smallest　deformation　of　the　mini　car　at　the　optimal　force　level･　lf

we　compare　the　femur　force　in　case　of　50　and　60　km/h,　the　undermn　guard　at　50　km/h　is　more

effective　than　at　60　km/h.　This　result　shows　that　the　underrun　guafd　of　the　truck　can　reduce　the

number　of　minor　injuries　to　the　femur　as　well　as　severe　iiuries,　Furthermore,　the　underrun　guard　of

the　truck　combined　with　the　optimum　restraint　system　of　a　caf　can　reduce　the　number　of　injuries･
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4.4.DISCUSSION

0

Figure　4,17Jnjury　paramelers　of　driver　in　lhe　mini　car

The　aggressivity　of　trucks　caused　by　mass　and　the　geometry　differences　was　evaluated　by　focusing　on

the　Japan　traffic　situations　by　using　accident　data.　The　underrun　guard　of　trucks　was　examined　on　the

basisof　a　mathematical　simulation｡

　　ln　a　car-to-truck　collision,　tmck　mass　has　a　large　effect　on　the　injury　severity　of　the　driver　in　the

car,　When　the　truck　mass　is　more　than　5　tons,　this　injury　risk　does　not　change　much.
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　　As　shown　in　Section　4.2,　the　aggressivity　of　large　truck　was　estimated　to　be　very　high　in　terms　of

the　vehicle　itself　and　human　factors,　This　situation　has　not　changed　since　1989.　0�y　the　self-

protection　of　passenger　cars　has　been　improved.　ln　Japan,　the　high　aggressivity　of　tmcks　and　the　poor

self-protection　of　mini　cars　should　be　considered　to　obtain　the　total　compatibility　in　vehicle4o‘vehide

co111sions.

　　ln　many　car-to-truck　collisionsμhe　frame　of　the　trucks　does　not　make　contact　with　a　car　because

the　overlap　ratio　of　the　truck　is　less　than　1/3,　Cars　underride　the　truck　due　to　the　stimless　and　height

difference　of　the　bumpers.　The　intrusion　into　the　compartment　of　a　car　due　to　underride　is　one　of　the

causes　of　injury　to　the　driver　in　the　car,

　　ln　ordcr　to　improve　truck　aggressivity,　the　underrun　guard　was　examined　using　MADYMO･　The

stiffness　effect　analysis　of　the　underrun　guard　showed　that　there　is　an　optimal　force　level　that　can

minimise　the　deceleration　and　deformation　of　the　colliding　car.　ln　this　optimal　force　leveljnjury　risks

to　the　driver　in　the　car　also　become　minimaL　lt　should　be　noted　that　this　optimum　force　level　depends

on　the　crash　velocity･　The　effective　underrun　guard　should　be　investigated　in　order　to　reduce　the　injury

risk　to　the　driver　in　cars　with　various　sizes　and　for　a　wide　range　of　velocity.

　　Japan　Automobile　Manufactures　Association　(JAMA)has　guidelines　on　crash　safety　of　trucks　and

buses･　The　trucks　and　buses　of　GVW　less　than　20　tons　are　tested　by　a　fu11　rigid　barrier　crash,　This

crash　test　aims　at　self-protection　of　the　truck,　and　so　the　injury　parameters　of　the　dummy　in　the　truck

are　measur�,Such　a　full　rigid　barrier　test　w111　1ead　to　a　stiff　front　structure　of　the　truck,　Bumper

height　and　inhomogeneous　lateral　stiffness　of　the　truck　that　cause　underride　of　cars　will　not　be

improved･　Therefore,　thjs　guideline　wilHead　to　more　incompatible　tmcks･　ln　Japan,　more　drivers　are

killed　in　caMo4ruck　collision　than　truck-to-truck　collision,　Therefore,　it　is　not　the　improvement　in　the

self-protection　but　the　improvement　in　the　partner-protection　of　trucks　by　the　underrun　guard　that　wiII

reduce　the　total　number　of　fatalities｡
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5.CAR-PEDESTRIAN　IMPACT

5.t　lNTRODUCTION

The　concept　of　compatibility　can　be　extended　to　the　vehicle-pedestrian　impacts　since　the　crash

parlners　in　these　cases　are　very　different　from　one　another･　Similarly　to　the　compatibility　between　cars,

the　incompatibility　of　the　mass,　stiffness　and　geometry　(shaPe)between　a　human　and　a　vehicle　induces

serious　injury　to　the　pedestrian.

　　The　current　modem　cars　are　different　in　shape　from　those　of　10　years　old･　Many　culTent　cars　have　a

short　hood　length　with　a　rounded　wedge　shape,　Consequently,　the　injury　types　of　the　pedestrian　have

become　different･　The　vehide　neet　has　also　changed:　the　number　of　sedans　is　decreasing　whereas　that

of　new　types　of　vehicles　such　as　the　mini　van　is　increasing,

　　ln　this　study,　the　compatibility　between　vehides　and　pedestrians　is　investigat�･The　innuences　of

the　vehicle　shapes　on　the　pedestrian　inj　uries　are　examined　by　accident　analysis　and　mathematical

simulations,　The　injury　risks　to　pedestrians　are　compared　for　two　different　car　shapes　such　as　the

bonnet-type　car　and　the　van,　The　human　head　is　the　most　critical　body　part　injured　in　pedestrian

accidents,　As　the　pedestrian　head　contacts　with　various　parts　of　the　cars　depending　on　the　vehicle

shape　and　pedestrian　height,　the　headform　impact　tests　are　conducted　to　clarify　the　head　injury　risk.

　　First,the　accident　analyses　will　be　conducted　and　injury　risks　for　two　contrary　vehide　shapes　such

as　the　bonnet-type　car　and　the　van　will　be　examined　in　Section　5･2･　Second,　a　pedestrian　model　are

developed　and　applied　to　vehide'pedestrian　impact　in　order　to　clarify　the　innuence　of　those　vehicle

shapes　on　the　pedestrian　behavior　and　injury　parameters　(Section　5.3).The　results　of　these　simulations

are　compared　with　those　of　accident　analysesJn　Section　5･4,　the　headform　impact　tests　are　conducted

and　the　injuTy　risks　to　the　head　are　evaluated　for　various　areas　of　the　front　of　the　car　induding　the

windscreen　and　the　A　pillar,　Finany　Section　5･5　discusses　the　results　of　the　car゛pedestrian　impacts.

5.2.ACCIDENT　ANALYSIS

We　investigate　the　vehide-pedestrian　impacts　using　the　current　accident　data.　The　ma･cro　and　micro

accident　databases　of　ITARDA　are　used　for　this　analysis.　The　macro　accident　data　is　based　on　police

reports　which　offer　the　largest　numbers　of　data　from　the　whole　of　Japan.　0n　the　other　hand,　the　micro

accident　data　is　based　on　the　in-depth　investigation　of　limited　number　of　accidents　collected　by

ITARDA/Using　both　types　of　dataj�ormation　on　current　pedestrian　accidents　can　be　obtainedJn

this　study,　the　innuence　of　vehide　shapes　on　the　causes　and　pattems　of　pedestrian　injuries　is　also

examined.
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5.2yl,　Macro　Data　Analysis

The　probability　of　fatal　injury　to　Pedestrians　of　different　ages　was　compared　for　1　988　and　l997　as

shown　in　Figure　･1.　The　probability　of　fatal　injury　slightly　decreases　from　1988　to　1997.　nking

account　of　the　decrease　in　the　traveling　velocity　from　1997　to　1988jt　can　be　concluded　that　the

pedestrian　safety　has　not　been　improved　much.　Figure　i　l　also　indicates　that　the　injury　risk　to　the

pedestrian　increases　strongly　with　age.　From　1997　to　1988,　the　number　of　pedestrian　fatalities

decreased　from　2967　to　2643Jxmong　them,　the　number　of　pedestrian　fatalities　aged　65　or　more

increased　from　1381　to　1566.　Due　to　the　increase　of　the　ratio　of　elderly　people　in　Japan,　the　protection

of　pedestrians,　particularly　for　elderly　peoplejs　becoming　important,
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The　compatibmty　of　cars　with　pedestrians　is　related　to　the　mass,　stiffness　and　geometry　of　the　car.　lt

has　been　reported　that　the　vehicle　mass　will　have　no　effect　on　the　pedestrian　injury　since　the　vehide　is

much　heavier　than　pedestrian　[Evans　1991b].

　　ln　order　to　confirm　this　assumption,　we　examine　the　relationship　between　car　mass　and　pedestrian

fatality　rate　for　a　bonnet-type　car.　Figure　5,2　shows　the　pedestrian　fatality　rate　and　car　mass　classified

by　travelling　velocity.　As　the　car　velocity　has　a　large　effe,,ct　on　the　pedestrian　injury,　the　p�estrian

fatality　rate　increases　with　car　velocity.　Whereas,　over　the　same　range　of　car　velocity,　the　fatality　rate

is　almost　constant　when　the　car　mass　is　less　than　1400　kg･　The　mass　of　the　car　is　much　lalger　than

those　of　pedestrian･　Thusjn　this　range　ofcar　mass,　the　fatality　rate　of　the　pedestrians　is　not　affected

by　car　mass･　However,when　the　car　mass　is　greater　than　1400　kg,　the　fatality　rate　increases.　This　is

because　SUv　occupies　large　portion　of　heavy　cars.　lt　can　be　concluded　that　not･　the　mass　but　the

geometry　and　stimless　incompatibility　of　the　SUv　causes　the　high　fatality　rate　among　pedestrians.
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From　1992　to　19916,　14761　pedestrians　were　k111ed　in　tramc　accidents.　Among　them,　1041　(7,1%)

pedestrian　fatalities　were　struck　by　mini　cars,　6646(45,0%)by　bonnet-type　cars,　3628(24,5%)by

vans　and　965　(6･5%)by　large-sized　vehicles･　ln　order　to　examine　the　inj　ury　risks　of　the　injury　regions

by　vehicle　dass,　the　number　of　the　fatalities　and　the　severe　injuries　per　1000　accidents　were　analyzed

(Figure　5.3).0nly　the　most　severely　injured　body　region　was　considered.　vehides　were　divided　by

classes;　mjni　car,　small　sedan,　medium　sedan,　large　sedan,　sporls　and　specjalty　car,　wagol,.　van　and

SUV.　ln　order　to　reduce　the　influence　of　the　impact　velocity　and　the　variation　of　pedestrian　height,　the

accident　data　was　limited　so　that　the　level　of　travelling　velocity　was　less　than　40　km/h　and　the

pedestrian　age　was　13　years　old　or　older.　Using　this　method,　the　innuences　of　vehide　shapes　on　the

pedestrian　injuries　can　be　clarified.

　　lt　is　observed　from　Figure　5,3　that　the　head　js　a　dominant　body　region　jn　fataljtjes　lor　all　car　classes,

The　number　of　fatalities　due　to　head　and　chest　injuries　is　about　double　for　van　than　for　bonnet‘type

cars(mini,　sma11,　mediumjarge　sedan,　sports　&specialty　and　wagon).ln　a　serious　injury,　the　number

of　head　and　chest　inju〕res　which　can　be　a　cause　of　death　is　larger　for　a　van　than　for　a　bonnet'type　car.

Therefore,　the　front　shape　of　a　van　seems　to　be　more　aggressive　f6r　a　ped･estrian　than　that　of　a　bonnet‘

type　car･　Whereas,　the　shape　of　a　bonnet‘type　car　is　aggressjve　in　relation　to　pedestrian　legs　because

the　number　of　serious　leg　injuries　is　large　in　crashes　with　this　type　of　car.　Though　leg　injuries　are　not

so　important　in　terms　of　threat　to　life,　they　often　result　in　long　term　disab111ty･　Thus,　the　leg　protcction

should　be　considered　for　the　bonnet-type　car･

　　The　risk　of　head　iiury　to　a　pedestrian　when　struck　by　a　mini　car　is　higheHhan　for　other　bonnet“

type　cars･　The　SUv　has　hjgh　aggressjvity　in　relaljon　to　the　hcad　and　chest　of　the　Pedestrian　due　to　the

height　of　the　hood　edge　and　bumper　and　the　high　stihess　of　the　vehide　body,　As　the　body　front　shape

affects　the　distribution　of　injured　body　regions　of　the　pedestrian,　modifjcation　of　the　shape　of　the　car

front　can　be　effective　in　increasing　the　compatjbiljty　between　cars　and　pedestrians｡
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　Figure　5jE　Distribulion　of　pedestrian　injuries　per　thousand　accidents　by　body　legion,　car　shape　and　injury

severity　for　the　travelling　velocily　s　40　km/h　and　pedeslrian　aged　13　or　moreyrhe　front　sile　of　lhe　car　impacted

　　　　　　　　　　　　　　　　　　on　pedestrian　(1994-1996),

5.2.2.　Micro　Data　Anヽalysis

lb　get　a　better　understanding　of　injury　causes　and　types,　another　data　set,　the　micro　data,　are　used　for

analysis･　This　micro　accident　data　of　pedestrian　(1993‘1997)are　collected　by　the　ITARDA　[ITARDA,

TSNRI,　Nagoya　university　1999al,　which　consists　of　in-dePth　investigations　of　a　limjted　numbers　of

accident　in　Rukuba　areaJn　this　database,　the　number　of　selected　pedestrian　accidents　is　104.

7Mμacae/θdZyαz�μ?&Mr･ηjzl/ary

The　injury　of　pedestrians　becomes　more　severe　asthe　impact　velocity　of　the　vehicle　increases,　The

cumulative　distributions　of　the　impact　velocity　for　bonnet-type　cafs　and　vans　were　examined　for　injury

severity(MAIS　I,2,　0r　MAIS　3-6)･This　is　shown　in　Figure　5･43Vhen　struck　by　the　bonnet“type　cars,

the　impact　velocity　at　a　cumulative　frequency　of　50%is　about　40　km/h　for　the　severe　injury　(MAIS　3-

6),while　this　velocity　is　about　25　km/h　for　the　minor　injuly　(MAIS　I,　2),ln　the　case　of　a　van,　on　the
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other　hand,　the　velocity　ofsevere　inj　ury　is　25　km/h,　and　that　for　the　minor　inj　ury　is　l5　km/h,

resPectively.　The　impact　velocity　of　the　50%cumulative　frequency　of　vans　is　much　lower　than　that　of

bonnet-type　ca.rs　for　both　injury　severities,　According　to　these　results,　it　is　confirmed　that　the

pedestrian　injury　is　likely　to　be　severe　when　struck　by　a　van,　even　though　the　impact　velocity　is　lower

than　that　of　bonnet-type　cars,
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The　head　contact　positions　were　examined　for　a　bonnet-type　car　andvan｡This　analysis　may　show　the

effects　of　various　vehide　front　shapes　on　the　head　impact　positions　and　on　the　potential　head　injury

risk　to　the　pedestrian.　The　head　injuries　sustained　by　the　contact　with　vehide　body　were　counted

whereas　those　in　contact　with　the　ground　were　omitted.

　　There　were　69　cases　of　pedestrian　accidents　with　bonnet4ype　cars　excluding　the　SUv　in　the　micro

data.　Among　them　we　chose　17　accidentsjn　which　the　head　injuries　occurred　by　dlrect　contact　with

vehicle　body　and　the　head　contact　positions　were　apparent･　Head　contact　positions　are　shown　in　Figure

5.5　with　indication　of　the　pedestrian　height　and　the　injury　severity･　The　most　frequent　head　contact

positions　are　the　lower　part　of　the　windscreen　and　its　vicinity;　the　windscreen　frame,　cowl　and　A　p111ar･

Thus,　to　protect　pedestrians,　the　aggressivity　of　those　areas　should　be　considered,　ln　additionμhe

accidents　often　occurred　on　the　left　side　of　the　cars｡

　　Furthermore,　there　were　18　pedestrian　accidents　with　vans･　Six　accidents　among　them　where　the

head　contact　position　is　clear　are　shown　in　Figure　5･5.　There　were　four　fatalities　where　the　head　hit　the

windscreen　frame　and　A　pillar,　For　short　pedestrians　whose　height　was　less　than　150　cm,　the　heads　hit

the　front　panel　because　their　heads　did　not　reach　the　windscreen.　From　Figure　5･5,　the　frequency　of　the

head　contact　with　the　stiff　parts　such　as　the　front　panel　and　the　windscreen　frame　in　the　accidents　with

a　van　is　higher　than　that　of　a　bonnet4ype　car,　ln　other　words,　the　micro　data　analysis　confirmed　that

there　was　a　high　risk　of　sustaining　head　injuries　in　accidents　with　those　vehides･
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When　a　pedestrian　is　struck　by　a　vehicle,　the　pedestrian　wraps　around　the　front　of　the　vehicle･　The

location　of　the　head　impact　is　approximately　estimated　by　the　wrap　around　distance　(WAD),which　is

the　length　measured　along　the　vehicle　profile　from　the　ground　to　the　head　contact　point　(Figure　5.6)･

The　WAD　gives　us　important　information　about　vehicle　body　parts　where　the　head　makes　impact･

Figure　･6.　Wrap　around　distnce　(WAD)

　The　WAD　has　a　close　relation　with　standing　height　of　the　pedestrian･　Figure　5･7　shows　the　relation

between　the　pedestrian　height　and　the　WAD　of　two　vehicle　types;　a　bonnet-type　car　and　a　van.　The

WAD　increases　with　the　pedestrian　height.　The　MAD　is　larger　than　the　pedestrian　height　when　th･e

pedestrian　is　involved　in　an　accident　with　a　bonnet-type　car･　However　in　the　case　of　a　van,　the　WAD

approximately　equals　the　pedestrian　height.　Thereforejf　the　pedestrian　height　is　availableμhe　head

contact　position　can　be　estimated　easily　in　accidents　with　a　van　and　we　can　predict　the　zones　where　it

is　necessary　to　take　countemleasures　and　to　perform　tests　for　the　pedestrian　protection･
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As　discussed　above,　head　injury　severity　varies　with　imPact　location　of　the　vehicle･　The　causes　of

injury(including　the　ground)in　accidents　with　bonnet-type　cars　are　shown　in　Figure　5,8j　and　those

with　vans　afe　shown　in　Figure　5,9,

　　Head　injuries　occurred　due　to　the　impact　against　the　vehjcle　body　in　accidents　with　bonnet4ype

cars　in　9　eases　(50%)with　severe　and　htal　injuries　(AIS　3-6),and　in　22　eases　(54%)with　nlinor

injuries(AIS　1,　2)･The　windscreen　frame　and　A　pillar　have　a　high　potential　to　cause　severe　head
●　●　　　　/〃〃J4→yゝ　ゞS　●●　　　　●　●　　　.4　　S　　　●　y｡･〃.s4ゝ　　　t　S　　y●　　●　　　y/=s.4ゝ　　･　　y4　　　4　　　　●　　　　●　･　　φ　　　　.

injury(17%)followed　by　the　hood　(11%)and　the　fender　(6%),As　for　the　minor　injuries,　the

windscreen　occupied　the　highest　frequency　(32%)among　the　injury　causes　of　all　the　vehicle　parts.

There　are　three　cases　where　the　windscreen　caused　serious　injuries　to　the　head,　however,　the　impact

location　was　dose　to　the　windscreen　frame,　The　A　p111ar,　hood　and　fender　lead　to　severe　injury　to　the

head,　Thus,　for　a　reduction　of　head　injury　severity,　vehide　body　parts　such　as　the　A　pillar,　hood　and

fender,　should　be　considered　to　enhance　the　pedestrian　protection.　0n　the　other　hand,　the　ground

caused　severe　injury　to　the　head　in　17%of　the　cases,　and　may　be　one　of　the　head　contact　locations

with　a　high　frequency,　ln　the　case　of　minor　injuries,　the　ground　was　the　most　frequent　cause　of　injury

(41%)｡Countermeasures　for　head　injuries　due　to　the　ground　are　dimcult　to　take,which　renects　the

limitation　of　Pedestrian　protection　only　from　the　design　of　car　body･

　ln　the　case　of　the　van,　due　to　the　head　impact　on　the　vehide,　10　ases　(83%)sustained　serious　and

fatal　inj　ury,　and　8　cases　(38%)had　minor　inj　uries,　The　front　pane1　(42%)and　windscreen　ftame　(17%)

were　the　main　injury　causes　for　the　severe　and　fatal　injuries.　ln　the　case　of　the　minor　injuriesμhe

windscreen　shows　the　highest　frequency　of　the　injury　cause.　Furthermore,　there　were　two　cases　(17%)

of　serious　and　fatal　injuries　and　five　cases　(38%)of　minor　injury　due　to　contact　with　the　gfound,　For

vans,　the　front　panel　should　be　considered　to　improve　pedestrian　protection.

101



｣
Q
β
S
々
Z

U
£
E
a
Z

6
　
5
4
4
　
9
j
{
/
`
　
1

0

″
S
J
　
4
4
j
　
?
`

1

0

』
2
{
£
4

t
『
O
O
}
{
{

k
u
{
》
{
'
μ
{

g
Q
Q
1
1
‘
i

Q
E
6
&

{
`
Q
S
u
l
i
`
i

lnjury　cause

AIS　3-6

a
Q
S
M
『
)
j
`
μ

{
{
'
{
i
‘

a
q
j
j
}
`

}
O
S
&
E
a
t
{

g
{
g
9
″
､

g
c
3
S
C

a
S
o
a
μ
a
p
､
a
Q
£
○

｣
Q
£
{
{
S
Z

0
　
　
5

`
Z
　
　
I

10

　5

　0

g
{
{
£
4

7
0
0
}
{

』
u
{
)
c
μ
{

Figure　5.8･　Causes　of　head　injury　(bonnel-type　car)

』
Q
I
'
`
『
i

Q
S
{
£

c
Q
2
M
『
)
1
`
μ

injury　cause

　AIS　3-6

{
i
o
s
{
{
s
y
'
1
←
○

　
　
1
J
　
`
.
/
`

U
£
E
g
Z

5
　
4
9

1

0

g
a
g
o
`
C

Figure　5.9･　Causesof　head　injury　(van)

a
u
2
Q
j
j
､
i

a
S
2

a
q
'
E
β
`

{
u
S
&
}
R
'
々
{

g
{
{
S
4

a
u
2
u
l
a
{
､
i

Q
a
s
a

g
a
u
l
s
4

lnjury　cause

　AIS　I,2

｣
Q
a
E
p
¢

Q
E
s
‥
Q

S
Q
U
j
j
､
9

ILnjury　cause

　AIS　1,2

g
c
a
R
C

t
c
a
a
Q

c
a
c
a
4
c
p
`
a
1
}
○

S
'
'
o
S
{
a
p
4
`
1
}
○

　various　types　of　head　injuries　occur　in　the　accidents.　Figure　5･10　shows　the　dis�bution　of　head

injury　dassified　by　the　injury　causes,　the　injury　types　and　the　injury　severity　(AIS　3-6　and　AIS　I,2),

　Brain　injury　is　a　main　cause　of　the　severe　and　the　fatal　head　injufies　(AIS　3‘6).0n　the　other　hand,

for　the　minor　injuries　(AIS　I,　2)μhe　percentages　of　bruises　and　lacerations　are　high･　Especially,　in

contact　with　the　windscreen,　the　pedestrian　is　likely　to　sustain　bruise　and　laceration　unless　impact

locations　are　near　the　windscreen　frame,　Skull　fractules　occur　frequently　when　a　pedestian's　head

contacts　with　a　stiff　part　such　as　an　A　pillar,　windscreen　frame　or　the　ground.
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Case　sra々

Some　typical　accidents　where　pedestrians　sustained　injury　to　the　head　in　contact　with　different　areas　of

the　car　body　were　examined･　Three　accidents　presented　are　with　bonnet-type　cars,　and　impact

locations　were　the　windscreen,　the　lower　area　of　the　windscreen　a,nd　the　A　pillar　respectively･

　　hl　the　accidents　shown　in　Figure　5』1,　a　pedestrian　(male,　46　years　old,　height　unknown)was　hit　by

a　bonnet-type　car　with　an　impact　velocity　of　20　km/h,　The　head　contacted　the　windscreen.　As　the

deformation　of　the　windscreen,　made　of　laminated　glass,　was　large　(60　mm)there　was　only　minor

injury　to　the　head　(AIS　I,　headache　or　dizziness).The　kinetic　energy　of　the　head　was　absorbed　by　the

large　deformation　of　the　windscreen･

　　A　pedestrian　(female,　64　years　old,　height　152　cm)was　struck　by　a　bonnet‘type　car　at　an　impact

velocity　of　35　km/h.　The　head　hit　the　windscreen　close　to　the　windscreen　frame　(Figure　5,12),The

area　of　spider　webbed　marking　is　smaller　to　that　when　the　contact　is　in　the　center　of　the　windscreen　as

shown　in　Figure　5.　1　L　ln　this　accident,　the　deformation　of　the　windscreen　(laminated　glass)was　sma11

(10　mm)and　the　energy　absorption　of　the　car　at　impact　was　small･　Therefore,　the　pedestrian　sustained

the　serious　injury　of　subarachnoid　hemorrhage　(AIS　3),oculomotor　nerve　NFS　(AIS　2)and　laceration

(AIS　1).By　comparing　the　results　of　Figure　5.　1　1　with　Figure　5　.12jt　was　observed　that　the　windscreen

has　different　force-deformation　charact�stics,which　cause　various　injury　pattems　to　the　head｡

　　ln　the　accident　shown　in　Figure　5　･　1　3,　a　pedestrian　(male,　31　years　old,　height　162　cm)was　hit　by　a

bonnet-type　car　at　an　impact　velocity　of　55　km/h･　The　head　made　contact　with　the　A　pihr　and　the

windscreen,and　the　deformation　of　the　A　pillar　was　small　(5mm)･The　pedestrjan　sustained　diffuse

axonal　injuly　(AIS　5),epidural　hematoma　(AIS　4)and　skull　fractures　(AIS　2),

　　From　the　results　of　these　accidentsjt　is　dear　that　the　injury　pattems　of　the　head　depends　on　the

stiffTness　of　the　contacted　parts　of　the　car｡　The　head　injury　risk　is　】ow　when　contact　is　with　the

windscreen,however,even　if　contact　wlll　be　the　windscreen,when　the　region　is　dose　to　the　fiame　or

A　pillar,　serious　injuries　to　the　head　can　occur･
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Figure　5j　L　Head　conlacl　with　driver　side　windscreen･

Figure　5,　12･　Head　conlacl　with　lower　area　of　windscTeen･　Both　lhe　windscreen　and　cowl　top　were　deformed.

Figure　5,13,　Deformation　of　A　p111ar　by　head　impact,　Both　the　windscreen　and　A　p1Ilar　hjHhe　head,
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Figure　5,　1　4,　Pedestrian　model　(JE60),

5.3.MATHEMATICAL　SIMULATION

Accident　analysis　in　previous　section　indicated　that　the　vehicle　shape　has　lal‘ge　influences　on　the

Pedestrian　injury　risk,　Thus,　mathematical　simulations　were　performed　and　injury　mechanisms　are

discussed　for　thlee　types　of　vehides　such　as　the　mini　car,　the　medium　car　and　the　van,

5,3yl　,Model　Development

The　pedestrian　model　used　in　the　mathematical　simulations　is　based　on　the　human-body　model　which

was　developed　by　Yang　et　al･　(1997),This　is　a　multi-body　simulation　model　which　consists　of

ellipsoids　and　joints･　Similarly　to　the　original　mode1,　joint　characteristics　ale　based　on　the　human　body,

and　contact　interactions　between　human　body　and　car　were　obtained　from　experiments　[lshikawa　et,　al

1993b],Figure　1　14　shows　this　modeL

　　ln　Japan,　many　elderly　peoPle　with　heights　ranging　from　140　cm　to　165　cm　are　involved　in

pedestrian　accidents　[Yoshida　et　aL　1998L　This　height　is　lower　than　that　of　the　AM50　(American　Male

50　percentile,　175　cm,　75　kg),which　is　commonly　referred　in　the　field　of　the　crash　safety･　Therefore,　a

pedestrian　model　has　been　developed　by　focusing　on　an　average　Japanese　male　aged　60　to　69　whose

standing　height　is　161.3　cm　and　weight　is　59,0　kg　[Management　and　Coordination　Agency　of　Japan

1997].The　sizes,　masses　and　inertia　of　the　body　segments　of　the　pedcstrian　modcl　are　calculated　using

GEBOD(Generator　of　Body　Data),This　model　is　ealled　JE60　in　this　study,　The　model　consists　of　21

e111psoids,　2　planes　and　12　spring-damper　elements.　This　pedestrian　model　was　validated　using

cadaver　tests　from　the　literature　[lshikawa　et　aL　1993b]｡

　　The　vehicle　models　consist　of　the　bumper,　hood　edge,　hood　and　windscreen･　The　bumPer,　hood

edge　and　hood　are　represented　by　ellipsoids,　and　the　windscreen　by　a　plane.　The　impact　velocity　in　the

simulation　is　40　km/h｡
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5.3.2.Simulation　Results

The　pedestrian　shows　various　kinematics　in　impact　with　different　vehicle　shapesi　as　shown　in　Figures

5,15,5,16　and　5,17･　When　a　pedestrian　is　struck　by　a　mini　car　or　a　medium　sedan,　the　bumper　hits　the

leg　and　the　hood　edge　hits　the　thigh,　and　then　the　upper　torso　of　the　pedestrian　rotates　toward　the　hood

of　the　car,　The　pedestrian's　head　contacts　the　lower　region　of　the　windscreen　at　118　ms　when　hit　by　a

mini　car,　and　the　hood　rear　area　at　97　ms　when　hit　by　medium　car.　With　a　van,　the　whole　body　of　the

Pedestrian　is　struck　by　the　vehicle　front　almost　at　the　same　time.The　chest　contacts　the　upper　part　of

the　front　panel,　the　head　contacts　the　lower　part　of　the　windscreen　at　41　ms,　and　then　the　whole

pedestrian　body　is　projected　ahead　of　the　vehide,

　　lt　was　found　that　the　pedestrian　kjnematics,　when　struck　by　a　vehicle,　consist　of　the　translational

and　rotational　movement　of　the　pedestrian･　ln　the　case　of　a　bonnet　type　car　such　as　a　mini　car　and　a

medium　sedan,　the　pedestrian　upper　body　rotates　and　this　rotational　movement　is　dominant.　Whereas

with　a　van,　the　translational　movement　is　dominant,　and　the　pedestrian　is　pushed　in　front　of　the　vehicle

as　shown　in　Figure　5･17･

Oms

Oms

‘
･
･
ー
ー
･
'
⊃

　　50　ms　　　　　　　　75　ms

Figure　5j5,　Pedestrian　kinemalics　(mini　car,　JE60)

50　ms 100　ms

Figure　5,16･　Pedeslrian　kinematics　(medium　carjE60)･
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Figure　■17.Pedeslrian　kjnemalics(van,JE60)

60　ms

　　The　head　impact　velocity　as　well　as　the　force-deformation　characteristics　of　impacl　location　affect

the　head　injury　risk･　The　heads　resultant　velocity　relative　to　the　vehide　is　shown　in　Figure　5,18.

Becausethe　translational　movement　is　dominant　in　pedestrian　kinematics　in　a　van　impact,　the　head

resultant　velocity　relative　to　the　vehide　decreases　consistently　after　the　impact.　The　head　contacts　the

vehide　at　a　velocity　of　9,6　m/s　that　is　lower　than　initial　velocityJn　the　case　of　the　bonnet4ype　car　and

the　minl-car,　both　innuences　of　transiational　and　rolational　movement　are　iarge,

　　ln　the　first　phase,　the　head　resultant　velocity　increases　due　to　the　rotational　movement　onhe　upper

bodyμhen　it　decreases　due　to　the　translational　movement　of　the　whole　body.　The　head　resultant

velocity　in　contact　with　a　car　is　12.0　�s　for　a　minl{ar　and　9,6　m/s　for　a　medium　sedan.The　head

resultant　velocity　of　the　bonnet-type　car　and　the　mini　car　is　higher　than　that　of　the　van,.　Based　upon　the

mathematical　simulationsjt　is　found　that　the　head　resultant　velocity　depends　on　the　shape　of　vehides.
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Figure　5,18,　Head　resuhnt　velocity　to　lhe　vehic】e(JE60)

　　The　pedestrian　injury　parameters　such　as　the　HIC･　acceleration　of　the　chest･　pelvis　and　upper　leg

(maximum　acceleration　of　duration　time　3　ms)　are　shown　in　Figure　5j9.　For　the　jmpact　with　the　van,

the　HIC　level　is　the　hjghest　because　the　head　makes　contact　with　the　windscreen　frame　which　is　a　stiff
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structure.　This　result　of　high　HIC　level　in　the　simulation　is　consistent　with　that　of　the　accident　analysis

that　the　injury　risk　is　high　when　impacted　by　a　van.　0n　the　other　hand,　the　HIC　level　is　lower　in　the

impact　with　the　mini　car　because　the　head　makes　contact　with　the　windscreen　which　is　less　stiff.

　　The　threshold　of　the　severe　chest　injury　is　60g　for　the　chest　acceleration.　As　observed　in　Figure

5.19,the　chest　accelerations　in　all　simulations　are　less　than　60g･　However,　the　chest　acceleration　on

impact　with　the　van　is　twice　as　high　as　that　with　other　vehide　types.　This　result　agrees　with　that　of　the

accident　analysis　that　the　chcst　injury　risk　is　higher　when　struck　by　a　van･　The　pelvis　acceleration　on

impact　with　thevanis　the　highest,　though　this　level　is　lower　than　the　injury　threshold　(80g),The

acceleration　of　the　upper　leg　when　struck　by　a　bonnet-type　car　is　higher　than　that　when　struck　by　a　van.

This　result　is　also　consistent　with　that　of　the　accident　analysis　that　the　leg　injury　risk　is　higher　when

struck　by　a　bonnet-type　car･

　　【n　summary,　the　risk　of　head　injury　depends　on　the　impact　velocity　of　the　head　and　the　stMness　of

the　vehide　structure　where　head　made　contact.　Furthermore,　the　head　impact　velocity　and　position　of

the　vehicle　are　affected　by　the　vehide　shape　because　the　pedestrian　kinematics　depend　on　it.　The

results　of　the　accident　analysis　that　the　bonnet4ype　car　induces　high　injury　risk　to　the　leg　and　the　van

induce　high　injury　risk　to　the　head　and　chest,　agree　with　those　from　the　mathematical　simulations.

　　Fundamentally,　these　simulations　are　able　to　predict　the　head　contact　position　and　the　injury　risk　to

the　pedestrian･　However,　these　simulations　could　not　confirm　the　high　injury　risk　to　the　head　of　the

pedestrian　when　struck　by　a　mini　car.　As　the　head　can　contact　with　various　locations　of　the　carjt　is

necessary　to　evaluate　the　head　injury　risks　in　the　case　of　impact　onto　these　areas.
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5.4.HEAD　IMPACT　TEST

5･4.1　･　Headform　lmpact　Test　Methodolo9y

The　head　injury　risk　depends　on　the　stiffnes,sof　the　vehicle　as　well　as　on　the　impact　velocity　of　the

head･　The　pedestrian　head　impacts　various　locations　of　the　vehide　with　different　stiffness.　Theref6re,

the　headform　impact　tests　were　carried　ouHo　evaluate　the　injury　risk　to　the　pedestrian　head　for　impact

on　the　car　frontal　areas･　The　adult　headform　impactor　prescribed　in　the　proposed　EEVC　pedestrian　lest

procedure[EEVC　1994]was　used　(Figure　5･20)･The　outeHayer　of　the　adult　headform　impactor　is

composed　of　a　skin　and　sphere,　and　the　mass　is　4.8　kg.　The　acceleration　is　measured　at　its　center　of

gravity.　The　impact　velocity　is　40　km/h　and　the　impact　angle　is　65°　from　the　horizontal　planeJn　order

to　clarify　the　injury　risk　to･　the　head　due　to　dif&rent　body　regions　of　the　car,　various　impact　positions

such　as　the　hood　top　(WAD　is　1500　or　more),cowl,　fender　and　the　lower　area　of　the　windscreen　were

impacted,　ln　the　afea　of　the　windscreenμhe　impact　positions　were　varied　by　the　dislance　from　the

windscreen　frame　and　A　pillar･　Th,e　Head　lnjury　Criteria　(HIC　36　ms),acceleration“time　histories　and

force-deformation　characteristics　are　measured　at　each　area　of　the　car.

　　The　velocity　has　a　large　effect　on　the　injury　risk　to　the　pedestrian.　The　results　of　simulation　showed

that　the　pedestrian　head　hit　the　windscreen　of　the　mini　car　at　a　higher　velocity　than　the　medium　sedan

where　the　head　hit　the　hood　(see　Figure　5･18)･Therefore,　we　performed　the　impact　tests　onto　the　hood

and　windscreen　at　different　impact　velocities　of　30,　40　and　50　km/h,　and　the　HIC　values　are　compared.

　　The　same　types　of　sub-compact　cars　(nyota　Collora　AE91)were　used　in　the　tests.　The　windscreen

of　this　car　is　of　laminated　safety　glass,　which　consists　of　three　layers;　i･e･　an　outer　glass　layer,　a

PolywinyI　Butyral　(PVB)interlayer　and　an　inner　glass　layer.　The　thicknessof　the　outer　and　inner　glass

is　2.3　mm,　respectively,　and　that　of　the　interlayer　is　O.76　mm,　which　is　the　most　commonly　used

specifications　for　the　windscreen.　The　headform　impact　tests　onto　the　windscreen　is　shown　in　Figure

121.

Rin9　damp
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Figure　5,20　Adu】t　head　impae{or[EEVC　1994]
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Figure　5･2L　Head　impact　lesl　on　lhe　windscreen･

5.4.2.Test　Results

&7μacl　/θcarfθμaz�/,1μΓyr£a

The　impact　locations　and　the　test　results　are　shown　in　Figure　5.22　and　Table　5.1,　respectively･　The　36

impact　tests　were　calTried　out　on　the　hood,　fender,　cowl,　windscreen,　windscreen　frame　and　A　p111ar.　ln

the　hood,　cowl　and　fender　area　that　is　Prescribed　in　the　EU　test　method,　the　HICs　for　only　two

locations(experimenta1　No,　3　and　4　in　Figure　5,22)are　less　than　the　injuly　threshold　(HIC　1000).The

rear　hood　and　hood/fender　areas　produce　high　HICs.　Th･e　HICs　are　extremely　high　and　greater　than

5000　in　the　locations　of　the　hood　hinge,　the　hood　at　the　hood　stopper,　the　comer　of　the　windscreen

hme　and　the　bottom　of　the　A　pillar･

WAD　1600

WAD　1500

HIC

OO-500

0500-1000

▲1000-2000

●2000-3000

■3000-5000

★5000-

Figure　5.22.　Dislributions　of　HIC　and　imPacl　location　by　lhe　impact　posilion　lor　the　lested　car　(40　km/h)･
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No･　　　lm､pact　location　　　　　　　　HIC No･　　lmpac{Jo{ation　　　　　　　HIC No.　lmPact　location　　　　　　　　HIC

I　　　　Hood　　　　　　　　　　　　　　4071

　　　Ho{)d　　　　　　　　　l131

3　　　Hood　　　　　　　　　　795

4　　　Hood　　　　　　　　　805

5　　　Hood　　　　　　　　　1105

6　　　Hood　　　　　　　　　1984

7　　　Hood(hinge)　　　　　6663

8　　　Hood　　　　　　　　　l548

9　　　Hood　　　　　　　　　i064

0　　Hood　　　　　　　　　　2003

1　　Hood(wiPer　pivol)　　　4706

2　　Hood(hood　stopper)　　7770

13　　　Fender　　　　　　　　　　　1489

14　　　Hood/Fender　　　　　　　　　2934

15　　Hood/Fender　　　　　　4143

6　　　Hood/Cbwl　　　　　　　　　　2435

7　　　Cowl　　　　　　　　　　　　　　1733

18　　　Cowl(wiper　pivot)　　　　　2256

19　　　Cowl　　　　　　　　　　　　　　2875

0　　Windscreen　frame/A　Pillar　6892

21　　Windscreen　framc　　　　3228

2　　Windscreen　　　　　　　2270

3　　Windscreen　　　　　　　2284

24　　Windscreen　　　　　　　2126

25　Windscreen　　　　　　　　947

26　　Windscreen(cenler)　　　　　　426

27　WindscRen　　　　　　　　2236

28　Windscreen　　　　　　　　　710

9　WindscRen　　　　　　　　5133

30　Windscreen　　　　　　　　2730

3　1　　Windscrcen　　　　　　　　　850

32　Windscreen/A　pillar　　　　2990

33　　Windscreen　　　　　　　　2232

34　　Windscrecn　　　　　　　　　45　1

35　　A　Pillar　　　　　　　　　　　5240

36　　Apil】ar　　　　　　　　　　　4158

　　The　calr　body　shows　various　force-deformation　characteristics　when　hit　by　the　headform,　Figurc

5,23　shows　the　force-deformation　characteristics　of　the　main　locations　of　the　carJn　the　hood　region,

the　force　has　a　peak　at　deformation　of　25　mm,　and　after　the　hood　reinforcement　separates　from　the

hood,　the　force　shows　a　plateau.　However,　the　hood　at　the　hinge　and　the　hood　stopper　leads　to　the　high

force　levels　of　20　kN.　ln　the　cowl　area,　the　force　increases　consistently,　whereas　at　the　wiper　pivot,　the

force　is　high　due　to　the　deformation　of　the　wiper　pivot　axis･　The　A　pillar　has　a　constant　force　level　due

to　the　collapse　of　its　box　shape,　but　its　force　levels　are　high　enough　to　cause　serious　inj　uries　to　the

head｡

　　ln　addition　to　the　baseline　force-deformation　characteristics　of　each　car　body　structure,　it　was

found　that　the　local　high　stimless　of　the　hood　hinge,　hood　stopper　and　wiper　pivot　had　a　large　effect　on

the　force-deformation　characteristics　and　the　HIC　in　headform　impacts･
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Figure　5,23･　Force“def61rmation　characterislics　of　the　car　from　headform　impact　tests　(40　km/h)･

　　　　　　　　　　　　　　　　　　　　　　　　　111



Ξ

j

15

S
　
　
5

(
z
[
t
8
』
2

　　Deformal㎞(mm)

Lower　windscreen　frame

Ξ

j

4

15

m
　
　
5

(
z
4
)
u
u
`
2

　　　　　　　Deformalion{mm)

　　　　　　　　　NVindscrecn

(50　mm　from　lower　windscrecn　flame)

　　　　　　　　　　　　　　　　　　　　　　　　　Ddnution(mm)　　　　　　　　　　　　　　　　　Defomation(mm)

　　　　　　　　　　　　　　　　　　　　　　　　　XVindscreen

　　　　　　　　　　　　　　　　(150　mmfrom　lower　windscreen　frame)　　　　　　　　Wi“dscreen(center)

Figure　5,24.　Force-deformation　characleristics　of　the　windscreen　from　headform　impacHests　(40　km/h)･

　　The　force-deformation　characteristics　were　compared　at　the　lower　windscreen　frame,　50,　150　mm

above　the　lower　windscreen　frame,　and　at　the　windscreen　center　(Figure　5.24).ln　the　windscreen　area

which　is　50　mm　above　the　lower　windscreen　frame,　the　force　shows　the　inertial　spike　of　about　7,5　kN

in　the　initial　phase　when　the　glass　breaks.　After　that,　the　force　increases,　and　the　force-deformation

curve　is　similar　to　that　of　the　windscreen　frame.　For　the　impact　on　the　center　of　the　windscreen,　the

initial　spike　of　the　glass　breaking　is　followed　by　a　low　plateau　force　of　about　3　kN.　This　plateau　force

level　is　due　to　s.tretching　of　the　PVB　interlayer　of　the　HPR　glass.　ln　this　area,　the　effect　of　the　stiffness

of　the　lower　windscreen　frame　on　the　force-characteristics　is　smaH.　These　results　show　that　the　force-

deformation　characteristics　of　the　windscreen　are　mainly　affected　by　those　of　windscreen　frame,

　　The　bonded　width　of　the　windscreen　and　lower　windscreen　frame　is　larger　than　that　of　the　A　piHar.

This　difference　of　the　boundary　conditions　between　the　windscreen　frame　and　the　A　pillar　affects　the

HIC　value　in　the　windscreen　area.　Figure　5,25　shows　the　relation　between　the　HIC　and　the　distance

from　the　windscreen　boundary　for　three　paths.

　　The　HIC　value　has　a　n!aximum　at　the　windscreen　boundary　for　all　paths,　and　it　decreases　with

distance　from　the　boundary.　The　inclination　of　decrease　of　the　HIC　varies　with　each　boundary.　The

HIC　value　decreases　graduaily　with　the　distance　from　the　lower　windscreen　frame　and　it　reaches　less

than　1000　at　a　location　of　190　mm　above　the　lower　windscreen　frame｡　This　can　be　attributable　to　that

the　bonded　width　is　large　around　the　lower　windscreen　frame,　lt　is　also　due　to　the　fact　that　the　oblique

impact　angle　and　the　interaction　force　experienced　by　the　impactor　with　the　windScreen　franle　are

large,　Whereas　for　the　A　pillarμhe　HIC　decreases　abruptly･　As　the　windscreen　bonded　area　to　the　A

pillar　is　smaIIμhe　deformation　of　the　windscreen　becomes　large　in　such　a　way　that　the　windscreen

boundary　of　the　A　pillar　works　like　a　hinged　joint･　The　comer　of　the　windscreen　boundary　is　so　stiff

that　the　HIC　in　the　windscreen　around　this　comer　leads　to　high　value.　The　HIC　of　path　C　has　a　similar
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tendency　to　that　of　path　A　when　the　distance　from　the　lower　windscreen　frame　is　over　l00　mm,　which

means　that　the　innuence　of　the　boundary　by　the　A　pillar　is　small　in　this　region･
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　Figure　125.　The　relalion　belween　the　HIC　and　lhe　dislance　from　lhe　windscreen　boundary　for　the　tesied　car

　(40　km/h)yrhe　path　A　is　from　the　lower　windscreen　frame,　lhe　pa{h　B　is　from　the　A　pihr,　and　the　palh　C　is
from　the　comer　of　the　windscreen.For　path　Cjhe　lateral　axis　indicates　the　distance　from　the　lower　windscreen

　　　　　　　　　　　　　　　　　　　　　　　　　　frame.

　　The　HIC　near　the　windscreen　boundary　depends　on　the　stiffness　of　the　boundary　structures･　A

contour　map　on　the　windscreen　is　drawn　based　on　the　test　results　(Figure　126)･The　region　where　the

HIC　value　is　below　the　injury　threshold　(1000)occupies　a　large　Proportion　in　the　windscreen･

　3000
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Figure　126.　The　HIC　in　the　windscreen　region　in　lhe　headform　impacHesls　for　the　tesled　car　(40　km/h)

　　lf　we　determine　the　head　impact　test　procedure　for　the　windscreen,　it　is　sufficient　to　test　near　the

boundafy　of　the　windscreen,　and　the　center　area　of　windscreen　need　not　be　tested｡　This　is　because　the

HIC　has　a　maximum　at　the　boundary　of　the　windscreen.　lt　is　necessary　to　take　into　consideration　that

the　HIC　has　a　highest　value　at　the　lower　comer　of　windscreen　boundary･
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　　The　HIC　is　greater　than　the　injury　threshold　(HIC　1000)in　the　area　of　the　windscreen　where　the

distance　from　the　lower　windscreen　frame　is　less　than　190　mm,　Therefore,　it　is　important　to　design　the

rear　area　of　the　hood　to　prevent　head　contact　with　the　lower　windscreen　area･　The　A　p111ar　is　so　stiff

that　the　HIC　in　contact　with　the　windscreen　around　the　A　pillar　becomes　high.　lt　is　difficult　to　change

the　stiffness　of　the　A　pillar,　thus　one　solution　may　be　that　the　location　of　the　A　pillar　be　changed　to　the

side　so　that　the　head　can　not　make　contact　with　this　structure　while　takjng　the　visibiljty　of　the　driver

into　consideration｡

797αcr　w/ac々α�･μzyrM:

ln　order　to　clarjfy　the　effects　of　impact　velocityμhe　relation　between　impact　velocity　and　the　HICs

were　examined　for　the　hood　and　the　center　of　the　windscreen　by　the　impact　tests,　The　results　are

shown　in　Figure　5.27･　The　hood　produces　linear　increase　of　the　HIC　with　increasing　impact　velocity,

and　the　HIC　value　exceeds　1000　at　50　km/h.　Although　the　impact　velocity　is　50　km/h　on　the

windscreen,　the　interlayer　of　the　windscreen　is　tom　(there　was　no　penetration　of　the　headR)rm),which

results　in　a　HIC　value　less　than　jnjury　thfeshold･　The　fragments　of　the　broken　glass　become　larger　with

higher　impact　velocity,

　　The　head　of　the　pedestrian　hits　the　windscreen　at　a　higher　velocity　than　on　the　hood　because　the

pedcstrian　head　rotates　toward　the　car　and　contacts　the　windscreen　during　this　rotation.　As　the　HIC　for

contact　with　the　windscreen　is　still　less　than　the　injury　threshold　even　at　the　impact　velocity　of　50

km/h,jt　is　considered　that　in　ar-pedestrian　jmpacts　the　iniury　risk　to　the　head　is　low　in　the　center　of

the　windscreen｡
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Figure　5,27,　The　effect　onhe　impact　velocity　on　the　HIC　for　the　tested　caE
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5λ3.HIC　and　Dynamic　Deformation

The　deformation　necessaly　to　keep　the　HIC　below　1000　is　important　in　order　that　a　car　may　be

designed　to　reduce　the　likelihood　of　pedestrian　head　injuries,　MacLaughlin　et　al.　(1990)found　in

headform　impacHests　onto　the　hood　top　(37　km/h)that　the　HIC　is　related　to　the　dynamic　deformation,

Their　study　was　conamed　only　with　the　hood　top,　and　this　relation　has　not　been　analyzed

theoretically,　ln　the　followingμhis　relationwas　exarnined　based　on　theoretical　analysis　as　wen　as

impacHests　for　the　windscreen　and　the　hood　top･

77zeθgrjc,7/μZC

Here　we　examine　the　relation　between　the　HIC　and　dynamic　deformation　based　on　the　approximation

of　the　acceleration　curve,　Let　the　deceleration-time　history　of　the　headform　a(t)[m/s2]be

approximated　based　on　the　curve　of　second　degree　of　time　r　(see　Figure　128):

　　　　o)=-az(r-2zo)　　　　　　　　　　　　　　　　　　　　　　(4j)

whereαis　coefficient　for　curve　fitting,　and　ro　is　the　time　when　the　deceleration　becomes　a　maximum･

(
%
E
)
a
o
'
}
S
{
8
Q
(
]

0 ZI　rO　r2

　Tlme(s)

a(0--αΓ(z-2zo)

2ro

Figure　■28.　The　model　of　headform　decelelation･

The　velocity　of　the　headform　impactor　F(0[m/sDs　given　by

φ)=vo+∫αΓ'(r'-　2zo)&

=F

μ
}
3

j
A

α

(4.2)

where　yo　is　initial　velocity.　The　velocity　becomes　zero　when　l゛　ro,　Thus　using　Eq,　(4.2),the　codjcient

‘2　is　expressed　using　yo　and　zo　as　follows:

α= h
x

lntegration　of　E(1,(42)yields　the　displacement　of　the　imPactor　x(/)[m]:
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x(z)=v+〔u-yE
The　displacement　has　a　maximum　4　[ml　when　z　=4)
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(4,5)

According　to　its　definition　(see　Eq,　(2.14)),the　HIC　is　calculated　using　deceleration　as　follows:

HIC=　max
　　　　01ZI　Sr2　s2ZO |Z2

1
-

‾ZI≒&E5(r2‾zl) (4-6)

where　g　is　the　acceleration　ofμavity(゜9.81　m/s2).By　introducing　the　variable　t　°　r　-zo　,　the　HIC　can

be　computed　as　follows:

HIC=max
　　　　Osll･ZO

　
1
}
4↑ y
?
-
y
≒
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J

(4,7)

(4.8)
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By　using　Eqs　(43),(4,5)and(4.8),the　relation　between　the　HIC　and　dynamic　deformation　is　obtained

aS:

　　　　Hlc=2゛931゛552≒‾2y:XJI‘5=O.001882　Q　XJI{　　　　　　　　　　　　　　　　　　　　　　　　　　　　(4,9)

We　call　this　calculated　value　the　r/leθgrica/　jWC　The　theoreticaI　HIC　increases　markedly　with

velocity(vo),and　decreases　with　dynamic　deformation　(4),The　HIC　value　is　below　1000　if

　　　　xj　･　O,0934　m　　　　　　　　　　　　　　　　　　　　　　(4､10)

Based　on　this　analysis,　a　dynamic　deformation　of　93,4　mm　can　make　the　HIC　value　less　than　the

inj　ury　threshold,

£9eμ777,Mz�μ6�a

The　HIC　results　obtained　from　the　headform　impact　test　onto　the　car　body　(exduding　the　windscreen)

and　windscreen　are　shown　as　a　function　of　dynamic　deformation　in　Figure　5,29,　The　HIC　correlates

wd　with　the　dynamic　deformation　of　the　car　body　and　windscreen,　The　HIC　of　the　windscreen　is

larger　than　that　of　the　car　body,　This　tendency　is　apparent　for　HIC　values　below　3000.　1t　can　be

considered　that　the　high　HIC　of　the　windscreen　is　due　to　the　inertial　spike　of　the　acceleration　in　the

initial　phase.　Figure　5･29　also　shows　that　the　theoretica1　HIC　calculated　using　Eq･　(4･8)agrees　with　the

headfomltest　results｡
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　　The　approximation　curves　were　calculated　for　the　windscreen　and　the　car　body　and　are　shown　in

Figure　■29.　Based　on　these　approximation　curves,　a　HIC　value　of　l000　is　associated　with　a　dynam]ic

deformation　value　of　76　mm　for　the　car　body,　and　89　mm　for　the　windscreen,　respectively.　ln　order　to

reduce　the　HIC　below　1000,　dynamic　deR)rmations　greater　than　those　values　are　necessary･
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Figure　5･29.　HICversusdynamic　deformation　in　headform　impacHests　for　tested　car　(40　km/h)･

5.5.DISCUSSION

The　injury　risks　to　the　pedestrian　were　examined　based　on　the　accident　analyses,　simulations　and

impacHests.　From　the　accident　analysis　using　macro　datajt　was　shown　that　the　shapes　of　the　vehide

have　a　large　innuence　oninjury　risk　of　the　pedestrian.　When　the　pedestrians　are　struck　by　bonnet-type

cars,　the　pedestrians　tend　to　have　serious　injuries　to　their　legsJn　impact　against　vans,　the　pedestrians

are　at　high　risk　to　serious　and　fatal　injury　to　the　heads　and　thoraxes,　The　probabjlity　of　severe　injurics

to　the　pedestrian　is　higher　for　a　van　than　for　a　bonnet4ype　car･

　　Accident　analysis　using　micro　data　indicated　that　when　the　pedestrians　are　struck　by　bonnet-type

cars,severe　head　injuries　are　caused　by　the　A　pnlar,　the　windscreen　close　to　the　frame　and　the　hood･

Stiff　structures　such　as　the　windscreen　frame　and　the　A　pillar　have　a　high　potential　to　cause　serious

injury　to　the　head　which　can　cause　skull　fracture　in　additjon　to　brain　injuryJn　van“pedestrian　jmpacts9

the　windscreen　frame　and　front　panel　can　induce　severe　head　injuries･　The　energy　absorption

characteristics　of　these　structures　should　be　examined　for　reduction　of　severe　head　injuries.　lt　was　also

confirmed　from　the　micro　data　that　the　probability　of　severe　iiuries　to　the　pedestrian　is　higher　tor　a
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van　than　for　a　bonnet-type　car.　0ne　reason　for　this　high　injury　risk　is　that　the　pedestrian　head　is　apt　to

hit　the　stiff　structures　like　the　windscreen　frame　and　the　frame　in　the　front　panel　in　impact　against　a

van.

　　From　the　mathematical　simulationsjt　was　elucidated　that　the　pedestrian　behavior　is　innuenced　by

the　vehicle　shape.　Consequently,　the　impact　locations　and　velocities　of　the　pedestrian's　body　vary.　The

injury　risks　are　compared　for　two　opposite　vehicle　shapes　of　a　bonnet4ype　car　and　a　van｡　The

acceleration　of　the　upper　leg　is　high　in　bonnet-type　car　impacts,　while　that　of　the　chest　and　HIC　is　high

in　van　impacts.　These　results　agreed　with　accident　analysis　for　body　regions　likely　to　be　injured　by

these　vehicle　types,

　　Based　on　the　micro　accident　data,　the　impact　locations　of　the　pedestrian　head　have　been　found　to

have　shifted　from　the　car　front　towards　the　windscreen　area　because　of　the　short　and　steep　bonnets　of

the　modem　cars･　Therefore,　the　headform　impact　tests　were　also　carried　out　for　various　locations　of

the　car　induding　the　windscreen,　The　cowl,　rear　hood,　hood/fender　and　A　pillar　produced　high　HIC

values.　The　HICs　were　extremely　high　at　the　hood　hinge　and　hood　stopper.　The　windscreen　center

produces　low　HiC　even　at　a　high　velocity　of　50　km/h,　whereas　the　HIC　value　becomes　high　for　the

windscreen　dose　to　the　frame.　Thus,　for　reduction　of　the　likelihood　and　the　severity　of　the　head　injury,

it　can　be　effective　to　design　a　car　so　that　the　pedestrian　head　contacts　the　windscreen　center　region　in

the　case　of　an　accident｡

　　The　dynamic　deformation　required　for　a　HIC　value　below　1000　is　76　mm　for　the　car　body,　and　89

mm　for　the　windscreen･　Howeverjt　wlH　be　dimcult　to　ensure　this　deformation　for　stiff　parts　of　the　car

such　as　the　A　p111ar,　cowl　and　windscreen　boundary.　0ne　feasible　solution　wiH　be　to　designa　carbody

so　that　the　pedestrian　head　does　not　contact　these　regions　on　impact.　For　example,　it　is　possible　that

the　cowl　and　windscreen　frame　be　covered　by　the　hood　panel,　and　the　A　pillar　is　located　to　the　side

and　rear　compared　with　the　current　car,

　　Accident　analysis　using　macro　data　indicated　that　in　impact　with　a　mini　car,　the　head　injury　risk　to

me　pedestrian　is　high　(see　Figure　5,3).This　high　injury　risk　to　the　head　could　not　be　reproduced　by　the

mathematical　simulation　because　the　head　made　contact　with　windscreen,　The　headform　impact　tests

showed　that　the　HIC　values　are　high　near　the　windscreen　boundary.　As　the　mini　car　has　a　sma11

windscreen　area,　the　pedestrian　has　a　high　risk　of　contact　onto　the　windscreen　boundafy.　ln　particulaf,

the　head　of　shorter　pedestrians　can　make　contact　with　the　lower　windscreen　region.　This　could　be　the

reason　for　high　injury　risk　to　the　pedestrian　head　in　accidents　with　mini　cars,
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6.CONCLUSIONS　AND　REMARKS

6t　GENERAL　DISCUSSION

We　will　now　carry　out　a　general　discussion　on　the　total　compatibiiity　based　on　the　results　obtained　in

this　study,

　　SelFprotection　of　thecarhas　been　considered　to　be　most　important　in　injury　control　strategies,　md

it　has　saved　many　lives･　However,　since　seatbelts　and　airbags　have　been　installed　in　carsjt　wiil　be

difficult　to　make　significant　imprOvement　Of　self“plrOteCtiOn･　On　the　Other　hand,　partner-prOteCtiOn　iS　a

new　concept　for　an　injury　control　strategy　and　hs　great　potential　to　reduce　thc　total　number　of

fatalities･　Therefore,　compatibility　should　be　one　of　the　injury　control　strategies,　From　Chapter　4,

comparison　of　the　accident　data　between　1989　and　1997　shows　that,　though　the　level　of　seIFprotection

of　the　passenger　has　improved,　partner‘protection　remains　at　the　same　level･　This　concept　of　partner“

protection　can　be　applied　not　only　in　car4o‘ca,r　collisions　but　also　in　car4o4『uck　collisions　and

pedestrian　impacts,

　　Due　to　the　different　neet　of　vehicles,　the　compatibility　situation　varies　from　country　to　country.　ln

the　US,　the　aggressivity　of　the　LTv　is　the　most　important.　However,　according　to　the　results　of

Chapters　2　and　3,　the　low　self-protection　of　the　mini　car　and　high　a,ggressivily　of　the　truck　is　the　most

significant　problem　in　Japan･　Therefore,　different　strategies　are　necessary　for　compatibility　in　each

country,

　　ln　Japan,　mini　cals　occupy　about　14%of　the　passenger　car　market,　and　this　ratio　is　increasingJf　aII

drivers　of　mini-passenger　cars　were　to　trade　their　current　cars　for　small　cars　weighing　701‘800　kg,　the

number　of　drivers　seriously　and　fatally　injured　in　car-to-car　frontal　conision　accidents　would　fall　by

108　from　2,645　per　year,　based　on　a　calculation　in　Section　2j　using　the　numerical　distribution　of

passenger　cars.　Considering　the　economical　side　of　the　problemsjt　seems　to　be　reasonable　that　mini

cars　should　be　made　safer　and　compatible　with　large　cars　rather　than　repladng　them　with　small　or

medium　cars｡

　　ln　two-vehide　collisions,　mass　difference　has　the　largest　effect　on　the　compatibility,　however,

modification　of　stiffness　and　restraint　system　can　reduce　this　incompatibility･　The　size　of　cars　also

affects　the　injury　risk　to　the　dfiver　due　to　comPartment　intrusion･　Geometry　incompatibility　can　make

the　improvement　of　the　stiffness　and　restraint　system　invalid･　Thus,　the　geometry　incompatibjlity　is

also　a　basic　factor　for　consideration｡

　　There　may　be　two　methods　for　improving　the　compatibility　of　the　minj　car　according　to　the

simulation　presented　in　Chapter　2.　The　first　method　is　to　stiffen　the　minj　car　along　with　an　optimized

restraint　system･　Though　this　stiff　mini　car　accomplishes　a　hjgh　level　of　seIFprotection,　some　side

effects　should　be　considered　when　introducing　such　a　can　Due　to　the　high　acceleration　of　this　type　of　a
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car,　the　injury　risk　to　the　driver　will　be　higher　when　the　cars　are　involved　inacoHisions　beyond　the

concept　of　the　design,　i.e･　out-of-position　occupants,　unbelted　drivers　and　elderly　drivers･　As　was

pointed　out　in　Section　2,3jn　the　case　where　the　airbag　does　not　deploy,　like　a　low　velocity　crash　or

oblique　crash,　the　driver　in　this　stM　mini　car　is　at　higher　risk　to　injury　than　an　ordinary　mini　car.　The

aggressivity　of　this　stiff　mini　car　should　also　be　considered.　The　injury　risk　to　the　pedestrian　can　be

high.　Based　on　the　headform　impactjt　was　found　that　the　dynamic　deformation　of　89　mm　is　necessary

fOr　the　head　injury　riSk　tO　be　leSS　than　the　injury　threShOld.　Even　for　a　mini　Caf,　this　CruSh　SplaCe　Can　be

fitted　under　the　hood.　Designing　a　car　with　a　large　windscreen　area　can　also　reduce　the　injury　risk　to

the　pedestrian.

　　The　second　method　is　to　improve　the　partner“protection　of　the　large　car　which　comdes　with　a　mini

car.　A　large　car　should　become　less-stiff　in　order　to　enhance　the　partner-protection.　This　situation　wi11

reduce　the　driver　injury　risk　in　a　large　car　for　a　single　car　crash　to　within　the　range　of　crash　severity

where　the　compartment　intrusion　is　smaII.　Howeverjn　severe　crashes　where　the　intrusion　becomes

large,　the　injury　risk　to　the　legs　of　the　driver　in　a　large　car　can　be　high.This　injury　risk　can　be

controlled　more　easily　than　that　of　the　mini　car,

　　The　partner-protection　of　the　road　environment　should　be　modified　to　protect　the　drivers　in　mini

cars　as　well　as　large　carsJt　is　effective　for　the　reduction　of　the　driver　injury　risk　in　a　single　car　crash　if

the　rOadSide　ObjeCtS　abSOrb　SUffiCient　energy　tO　plrevent　COmpartment　intrUSiOn　intO　the　Car.　NOt　Only

should　the　guardrail　be　installed　around　stiff　slender　objects　such　as　bridge　structures　and　walls,　but

also　the　energy　absorption　of　the　guardrail　has　to　be　improved　because　guardrails　are　not　optimized　for

this　purpose･

　　Since　the　current　test　procedures　of　crashes　into　a　fixed　barrier　are　designed　to　evaluate　the　self-

protection　of　the　car,　we　found　in　Chapter　3　that　they　cannot　evaluate　the　compatibility　of　the　car,　even

if　the　impact　velocity　is　varied.　ln　order　to　evaluate　the　compatibility　performance　correctly,　it　is

necessary　that　the　MDB　crash　test　procedure　is　introduced･　Based　on　this　test　procedure,　thesdy　and

plartner-protection　of　the　vehide　should　be　evaluated.　lf　the　performances　of　self-　and　partner-

protection　is　within　a　certain　range,　the　vehicles　with　extremely　low　selfsprotection　or　high

aggressivity　win　be　eliminated,

　　Although　vehicle　mass　has　little　effect　in　the　crash　test　into　a　fixed　barrier,　the　simulation　and　test

results　in　Chapter　3　showed　that　it　has　a　large　effect　o･n　the　injury　parameters　of　the　driver　dummy　in

the　MDB　crash　test.　Therefore,　this　test　procedure　has　the　possibinty　to　change　the　size　of　cars　in　the

car　population,　especially　when　the　injury　risks　to　the　drivers　in　mini　cafs　are　passed　on　to　users　via

the　NCAP　tests.　Accordinglyjt　is　important　to　decide　the　levels　of　self　and　partner-protection　in　this

test　procedure･　The　limits　of　the　minimum　and　maximum　sizes　of　the　cars　depend　on　these　levels･　One

strategy　is　to　fix　the　levels　of　self　and　partner-protection　based　on　the　average　car　like　a　medium　sedan･

As　the　number　of　the　average　cars　is　the　largest,　modifications　w111　be　necessary　mainly　for　mini　and

lafge　carsyro　get　the　same　levels　of　self-　and　partner-protection　as　the　average　car,　a　mii　ca〕r　can　be

stiffened　and　incorporate　an　optimum　restraint　system　and　the　stiffnessof　the　large　car　can　be　reduced･

　　　　　　　　　　　　　　　　　　　　　　　　120



As　this　level　w‾ill　be　decided　on　the　culTent　average　car,　the　size　of　mini　cars　w111　be　larg･er　and　that　of

large　cars　will　be　smaller.

　　Another　strategy　is　to　decide　the　compatibility　ievels　based　on　the　mini　cars,　SmaII,　medium　and

large　cars　should　indude　crush　space　for　a　mini　car･　However,　for　a　car　designed　based　on　this　s.trategy,

it　will　be　dimcult　to　ensure　selflprotection　in　a　crash　with　a　tmck.　hl　this　strategyjt　is　necessary　to

separate　the　traffic　now　between　cars　and　trucks　which　is　not　realistic･　Considering　the　total　cost　and

benefits,it　will　be　reasonable　to　designcarsbased　on　the　flrst　strategy　where　all　cars　have　a　similar

level　of　self‘　and　partner-protection　to　that　of　the　current　average　car.

　　As　was　described　in　Chapter　4,　since　the　outcome　of　caf4ruck　collisions　afe　sometimes　so　severe

and　there　are　a　large　number　of　deaths　in　these　collisions,　the　improvement　of　truck　aggressivity　may

be　most　effective　for　reducing　the　total　number　of　fatalities･　The　aggressivity　of　the　truck　also　has　to

be　reduced　not　only　for　the　mini　car　but　also　for　the　less-stiff　large　car　that　was　found　to　be　more

compatible　with　the　mini　caE　However,　JAMA　introduced　the　guidelines　on　full　rigid　barrier　crash

tests　for　the　truck｡　which　may　lead　to　stiffer　front　structures　of　the　truck｡　Only　selFprotection　of　the

truck　is　considered　in　that　guideline,　therefore,the　geometry　of　the　truck　will　not　be　improved･　This

kind　of　crash　test　wi11　1ead　to　a　low　level　of　parlner-protection,　The　total　compatibility　can　not　be

accomplished　u�ess　all　the　vehides　are　designed　considering　the　comPatibility　of　the　average　car.

　　ln　designing　a　compatible　vehideμhe　pedestrian　protection　also　has　to　be　consjdered･　Pedestrian

kinematics　are　affected　by　vehicle　shape,　and　the　injury　risk　is　also　affected　by　vehic】e　shape　as　weII

as　the　vehide　stiffness.　As　the　HIC　values　in　contact　with　the　windscreen　are　low　excePt　close　to　the

frame,　designing　a　car　so　that　the　pedestrian　head　hits　thisareawill　be　effective　for　reducing　the　injury

severity　of　the　pedestrian･　Thus,　a　wide　windscreen　area　is　recommended･　This　kind　of　designcanalso

be　useful　for　protection　of　cyclists.

　　ln　the　traffic　situation　in　Japan,　compatibility　can　be　improved　significantly　by　introducing　stiff

mini　cars　with　optimum　restraint　systems,　large　cars　and　trucks　with　low　aggressivity･　and　vehicies

with　pedestrian　protection･

6.2.CONCLUSIONS

There　have　been　many　research　projects　which　investigate　vehicle　compatibility.　However,　they　were

based　only　on　one　method　such　as　accident　analysis　or　computer　simulation･　Accident　analysis　makes

the　current　situation　clear.　From　computer　simulation,　it　is　possible　to　examine　the　injury　risk,　injury

mechanism　and　its　countermeasures､lnorder　to　examine　and　understand　the　vehicle　compatibjljty,

both　accident　analysis　and　computer　simulation　should　be　performed.

　This　thesis　discussed　the　totj　compatibility　of　cars,　trucks　and　pedestrian　for　varjous　crash

configurations　by　using　accident　analyses,　experiment　and　computer　simulationsJt　was　found　from

121



accident　data　that　in　Japanese　tramc,　the　mini　car　and　the　truck　have　the　most　significant　problems　of

compatibility･

　　Mathematical　models　to　evaluate　the　vehicle　compatibility　in　car-to-car,　car-to-truck　and　car-to-

pedestrian　impacts　were　developed.　By　using　these　models,　the　injury　risk　to　the　driver　could　be

clarified　in　various　crash　configurations　where　the　influences　of　acceleration　and　intrusion　afe　large.

The　injury　risk　to　the　pedestrian　was　also　investigated　using　mathematical　simulations,

　　The　main　results　of　each　chapter　can　be　summarized　as　follows:

　　ln　Chapter　1,　the　literature　of　vehide　compatibility　was　reviewed,　The　vehicle　compatibnity　should

be　investigated　in　each　country　since　the　vehide　compatibility　is　related　to　vehicle　size　and

population･

　　ln　Chapter　2,　by　the　use　of　the　accident　dataμhe　aspects　of　car　compatibility　in　Japan　were

discussed　for　car-to-car　frontal,　side　and　single-car　collisions･　By　using　computer　simulationsjt　was

found　that　a　high　injury　risk　to　the　driver　in　a　mini　car　was　related　to　its　high　acceleration　and　large

intrusion,and　furthermore　countermeasures　to　improve　the　compatibility　of　a　mini　car　were　proposed,

The　results　of　the　analyses　are　summarized　as　follows:

(1)From　accident　analysis,　the　absolute　injury　rate　of　the　driver　in　car-to-car　frontal　collisions　was

　　　formulated　using　the　average　mass　of　the　car,　A　car　with　a　mass　of　1150　kg　is　the　most

　　　compatible　among　the　current　car　population　in　Japan･　This　compatible　car　mass　coincides　with

　　　the　average　mass　of　cars,

(2)ln　car-to-car　frontal　and　side　collisions,　the　SUv　and　the　mini　caf　are　the　least　compatible　car

　　　types　with　high　and　low　aggressivity　to　other　cars,　respectively･　The　medium　sedan　and　the

　　　wagon　are　considered　compatible　cars　in　car-to{ar　frontal　and　side　collisions.

(3)A　mathematical　model　that　can　evaluate　the　effect　of　acceleration-　and　intmsion-related　injury

　　　parameters　of　the　driver　was　developed.　This　model　was　found　to　be　useful　to　evaluate　the

　　　compatibility　of　the　car･

(4)Simulations　to　investigate　the　safety　of　the　driver　in　a　mini　car　were　performed　by　using

　　　MADYMO　for　crashes　into　a　rigid　barrier　and　into　a　large　car･　The　crash　test　of　a　mini　car　into　a

　　　rigid　barrier　was　found　to　be　insufficient　to　assure　the　safety　in　a　crash　into　a　large　car･　This　is

　　　because　in　a　crash　into･　a　rigid　barrier　the　acceleration　greatly　innuences　the　risk　of　injury　to　the

　　　driver　of　a　mini　car,　wh･ereas　in　a　crash　with　a　large　car　the　effect　of　intrusion　as　well　as

　　　acceleration　is　large,

(5)The　countermeasures　lor　the　safety　of　the　mini　caf　in　car-to-car　frontal　collisions　were　suggested

　　based　on　MADYMO　simulations.　Firstly,　the　combination　of　the　restraint　systems　in　conjunction

　　with　high　stiffness　of　the　mini　car　provides　good　protection　for　the　driver　in　either　crashes　into　a

　　rigid　bafrier　or　into　a　large　car.　Secondly,　when　a　large　car　has　additional　crush　space,　lt　is
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　　effective　for　reduction　of　the　injury　risk　to　the　driver　in　the　mini　car　in　both　cases　where　a　mini

　　car　is　stiff　and　less-stif

(6)The　guardrail　is　the　most　compatible　fixed　object　struck　by　a　single　car･　lt　can　reduce　the　fatality

　　rate　on　the　prefecture　roads　by　about　60%,lf　the　other　fixed　objects　in　the　road　environment　are

　　equipped　with　a　guardra11,　many　drivers'　lives　could　be　saved｡

ln　Chapter　3,　crash　test　procedures　to　evaluate　the　compatibility　of　the　car　in　car-to{ar　frontal　crashes

were　examined　from　accident　analysis,　computer　simulations　and　crash　testsヽThe　results　are

summarized　as　follows:

(7)Based　on　the　accident　data,　the　overlap　ratio　of　40%of　thecarand　impact　angie　of　O　degrees　are

　　recommended　to　evaluate　the　risk　of　serious　injuries　to　the　driver　in　car-to,car　frontal　collisions　in

　　Japan,

(8)According　to　the　data　of　the　NCAP　testjt　was　conflrmed　that　a　fu11　rigid　barrier　crash　test　and　an

　　offset　deformable　crash　test　can　evaluate　the　different　features　of　crashworthiness.　The

　　acceleration゛『elated　injury　parameters　in　the　full　rigid　bafrier　crash　test　are　proportional　to　those

　　in　the　offset　deformable　crash　test,　whereas　the　intrusion‘related　injury　parameters　are　in

　　inversely　proportionaL

(9)From　the　MADYMO　simulations,　it　was　found　that　the　single-crash　car　test,　such　as　the　full　and

　　offset　barrier　crash,　can　not　evaluate　the　injury　risk　to　the　driver　in　caMo‘car　coliisions,　even

　　though　the　impact　velocity　is　changed　according　to　car　mass,　0nly　the　MDB　crash　test　procedures

　　will　be　able　to　reproduce　the　injury　risk　of　the　driver　in　car-to-car　collisions.

(10)The　MDB　crash　test　was　carried　out　by　using　a　small　cal　at　a　velocity　of　112　kln/h･　Both

　　acceleration　and　intrusion-related　inj　ury　parameters　of　a　drivcr　in　the　small　car　become　large.

　　These　values　are　higher　than　those　in　a　fu11　rigid　barrier　crash　and　an　ODB　crash　tests　using　the

　　same　type　of　car･

h1　Chapter　4,　the　aggressivity　of　the　truck　caused　by　thenlass　and　the　geometry　difference　was

evaluated　for　Japan　traffic　situationsylTi)reduce　the　aggressivity　of　the　truck,　the　front　underrun　guard

of　the　truck　wasexamined　using　a　mathematical　simulation.　The　condusions　are　as　follows:

(11)ln　a　car-to-truck　collision,when　the　truck　mass　is　less　than　5　tons,　the　injury　risk　of　the　driver　in

　　passenger　cars　increases　with　the　truck　mass.　When　the　truck　mass　is　more　than　5　tons･　this　injury

　　risk　does　not　change　much･

(12)The　aggressivity　of　the　large　truck　was　estimated　to　be　very　hjgh　in　terms　of　the　vehicle　itself　and

　　the　human　factors｡This　situation　has　not　changed　since　1989.　0nly　self-protection　of　passenger

　　carshas　been　improvedJn　Japan,　the　high　aggressivity　of　the　truck　and　the　poor　sdlprotection

　　of　the　minicarshould　be　considered　in　seeking　to　obtajn　the　total　compatibility　in　vehicle‘to“

　　vehide　collisions.
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(13)ln　many　car-to4mck　collisions,　the　frame　of　the　truck　does　not　make　contact　with　the　car　because

　　　the　overlap　ratio　of　the　truck　is　less　than　1/3.　The　cars　are　apt　to　underide　the　truck　due　to　the

　　　stiffness　and　the　height　difference　of　the　bumper,

(14)ln　order　to　improve　truck　aggressivity,　the　effect　of　the　underrun　guard　was　examined　by　using　a

　　　simulation.　Stiffness　effect　analysis　of　the　underrun　guard　showed　that　there　is　an　optimal　force

　　　level　that　can　mjnimjse　the　deceleratjon,　deformation　and　injury　risks　to　the　driver　of　the　mini　car,

　　　lt　should　be　noted　that　this　optimum　force　level　depends　on　the　crash　velocity･

ln　Chapter　6,　the　compatjbility　between　vehjcle　and　pedestrian　was　examined　based　on　the　accident

analyses,　simulations　and　impact　tests.

(15)From　accident　analysisjt　was　found　that　when　the　pedestrians　are　struck　by　bonnet-type　cars,　the

　　　pedestrians　tend　to　sustain　serious　injuries　to　their　legsJn　impact　with　vans　the　pedestrians　are　at

　　　high　risks　of　serious　and　fatal　injury　to　their　head　and　thorax･　The　probability　of　severe　injuries　to

　　　the　pedestrian　is　higher　for　a　van　than　for　a　bonnet-type　car.　This　is　because　in　van-pedestrian

　　　impacts,　the　head　of　the　pedestrian　hits　a　stiff　location　such　as　the　windshield　frame　and　A　pillar,

(16)Accident　analysis　showed　that　the　impact　locations　of　the　pedestrian　head　are　now　shifted　from

　　　the　car　bonnet　to　the　windscreen　area,　The　windscreen　does　not　cause　serious　injury　to　the

　　　pedestrians　head.　The　stiff　structures　such　as　the　windshield　frame　and　A　p111ar　have　a　high

　　　potential　to　caus･e　serious　head　injury･

(17)The　mathematical　simulation　showed　that　the　acceleration　of　the　upper　leg　was　found　to　be　high

　　　in　a　bonnet“type　car　impact,　while　that　of　the　chest　and　the　HIC　is　high　in　a　van　impact･　These

　　　results　are　consistent　with　accident　analysis　for　body　regions　likely　to　be　injured　by　these　vehide

　　　types.

(18)Based　on　the　results　of　th,e　headform　impact　tests,　the　HIC　value　was　found　to　be　high　at　the　hood

　　　hinge,　hood　stopper　and　A　pillar.　The　distribution　of　the　HIC　value　in　the　windscreen　was

　　　obtained　from　this　test.

(19)The　relation　between　the　HIC　and　dynamic　deformation　was　formulated　based　on　the

　　　approximation　of　the　acceleration　curve.　This　result　was　confirmed　by　impact　tests.　ln　order　to

　　　reduce　the　HIC　below　1000,　dynamic　deformations　greater　than　89　mm　are　necessary　for　the

　　　windscreen　and　greater　than　76　mm　for　the　car　body･

(20)For　reduction　of　the　likelihood　and　the　severity　of　the　head　injuryjt　is　effective　to　design　a　car　so

　　　that　the　pedestrian　head　make　contact　with　the　windscreen　center　region.

　　This　thesis　clarified　the　importance　of　partner-protection　as　well　as　self-protection　for　compatibility･

lncreasing　the　number　of　compatible　vehides　in　Japan　seems　to　be　the　most　effective　strategy　for

signjficant　reduction　of　traffic　htalities　and　injuries　in　the　future･
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