'
v

Q

US.Department
of Transportation

National Highway
Traffic Safety
Administration

DOTHS 806 693

Lo
KHTSA

February 1985
Technical Report

AN EVALUATION OF WINDSHIELD GLAZING AND

INSTALLATION METHODS FOR PASSENGILER CARS

This document is available to the public from the National Technical Information Service, Springfield, Virginia 22161.



Technical Report Documentation Page

1. Report No. 2. Government Accession No. 3. Recipient's Coatalog No.

DOT HS-806 693

4. Title and Subtitle 5. Report Date
An Evaluation of Windshield Glazing and Installation February 1985
Methods for Passenger Cars 6. Performing Organization Code

8. Performing Organization Report No.

7. Author's)

Charles J. Kahane, Ph.D.

9. Performing Organization Name and Address 10. Work Unit No. (TRAIS)
Office of Program Evaluation

National Highway Traffic Safety Administration 11. Controct or Geant No.

Washington, D.C. 20590

, 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address

Department of Transportation NHTSA Technical Report
National Highway Traffic Safety Administration
Washington, D.C. 20590 14, Sponsoring Agency Code

15. Supplementary Notes

An agency staff review of two existing Federal regulations performed in response to
Executive Order 12291.

16. Abstruct

Federal Motor Vehicle Safety Standard 205 sets requirements for the penetration
resistance of windshields upon impact while Standard 212 regulates windshield
retention in crashes. The High Penetration Resistant (HPR) windshield, developed
during the 1960's, was designed to crumple and deform at speeds where earlier
windshields would have been penetrated by head impacts. Adhesive bonding provided
a tighter windshield installation method than earlier rubber gasket designs. The
objectives of this agency staff evaluation are to determine if HPR windshields and
adhesive bonding achieved their performance objectives in highway crashes and to
measure their casualty-reducing benefits, side effects and costs. The study is
based on statistical analyses of National Crash Severity Study, New York, Texas,
Multidisciplinary Accident Investigation and Fatal Accident Reporting System data.
It was found that:

o HPR glazing doubled the impact velocity needed for the occupant's head to
penetrate the windshield, preventing 39,000 serious lacerations and 8,000 facial
fractures per year.,

o Adhesive bonding halved windshield bond separation and occupant ejection
through the windshield portal, saving 105 lives per year.

o HPR glazing did not increase the risk of concussions and adhesive bonding
did not increase the injuries of persons who were not ejected.

o HPR glazing added $6 (in 1982 dollars) to the lifetime cost of owning and
operating a car, but adhesive bonding saved $15 per car.

17. Key Words 18, Distribution Statement

windshield; glazing; windshield mounting;|Document is available to the public
crashworthiness; accident analysis; through the National Technical Information
evaluation; statistical analysis; Service, Springfield, Virginia 22161

cost effectiveness; ejection;

head injuries

19. Security Classif. (of this report) 20, Security Classif, (of this page) 2). No. of Pages | 22. Price
Unclassified Unclassified 278

Form DOT F 1700.7 (8-72) Reproduction of completed puge authorized



TABLE OF CONTENTS

ACknOWledgmentS.................-.........-....--......-.......o.---.--.-....XV

Summary.olooolvc.o-loo.o.o.-o.too‘octoooloooocooc00.0‘!.00.0.000.00.0...oooxvii

1. INTRDDUCTIDN AND BACKGROUND.-.no.ao.oo-ooooco.ooc-oo-.-.oo-oo-ooocooooo--1

1.1
1.2
1.3
1.4
1.5

1.6

Evaluation of Federal Motor Vehicle Safety Standards................1

Evaluation Of Standards 205 and 212....-...'..I.l...’...............1

windshield injury meChanismS....................-.-...-.‘-..........5

High Penetration Resistant windshields..ceceeesescecsscessesnsosanssd

Windshield installation methodS.ceseeeeecsosscossscssscscccssseceesll

Evaluation objectives and limitationS..seeescesseescsssncssscesaessl?

2. EARLIER STUDIES OF WINDSHIELD GLAZING AND MOUNTING..¢eeececeececsennseasel3

2.1

2‘2

2.3

Laboratory studies of HPR windshieldS....eceeeveesoenssscasocsanssel3

2.1.1
2.1.2

2.1.3

PatriCk and Daniel (1964).--.-.--....----.......-......-.--.24
Rieser and MiChaelS (1965)OIO0....ll..'OOOO..I'..OOO.....Illza

Widman (1965)"....'.OCC‘OOOOOOIOCQCl.."...0...'..00!0..0.026

Laboratory studies of windshield mounting techniquesS...eeeseessesse26

2.2.1
2.2.2
2.2.3

2.2.4

Rodloff and Breitenbuerger (1967).ceccesevocscsscnsssscesesdl]
Patrick (1968).....‘..'.‘.....-..'..'-..I...........‘.......28
Trosien and Patrick (1970) B 8 5 @ O DB O S P G A 0D IO O DO OGS 000N e e .29

Seiffert, Hildebrandt and Nitzsche (1972)...cieicveicnnnesss32

Analyses of highway accident dat@....cesvessssescessrenssesscncseesdd

2.3.1
2.3.2
2‘3.3

2.3.4

Fargo (1968)..I;....ll...'....‘......l....ll...'.‘..0000000033
Discussion of Fargo's resultS..cceeeccececsscscecccsccscnseeldl
Huelke et al (1968) * 0 000 0 s O‘l 0 8 0 0 89 0500 S LSS SN EEREI PSS IEESCE DN .40

AnderSOﬂ (1972)..0.0n.-ooooooo.to.c.0..0co..-.onooo-oo-olon|40

2.4 Summary...a.olnontnuulooic.-tolon.Oo.o'Qool.-ol'.oonoo-.o-non.'co-041

iii



3. DATA AND ANALYSIS TECHNIQUES FOR EVALUATING WINDSHIELDS..eeveevoancaossasd3

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

Data needs and guidelineS..seseeveevtesecesesoscsscssnsersonsenssssdtd
National Crash Severity StuUdy..c.eeeeceevesescosvocssososanncnansasd?
New York State data (1974)..ciieiieinrecnnssnesccsssracnnsossnsensed3d
Texas data (1972-74) ceeeiierasnssisosscssssssasencsssesassssnssnesadbd
Fatal Accident Reporting System (1975-82)....cceteevsacsncessonsnesd?d
Multidisciplinary Accident Investigation....ceeesseeescessssnseassestl
Other vehicle modifications that could bias windshield analyses....62
Year-by-year analysis approach.....cceeeeceeescssscesossaassssnenssbb
Regression analysis approach.....,.................................69
3.9.1 "INJury" analySeS...eeecessessscesscssccsscasssonsssasensassb?

3.9.2 "Engineering" analySeS..eceseecscscesscsscessssssscrssascscnasll

4. THE EFFECT OF THE HIGH PENETRATION RESISTANT WINDSHIELD ON INJURY

RISK.-........--.-...--o.oo-.o.oo-oo..o.-oooc.u.o-co-o-ol-non'o.oo-c.'-77

4.1

4.2

4.3

NC5S data on windshield contact injurieS..eecessessscoscosorncensesal?

4.1.1 Serious lacerations and other injuries associated with
windshield penetration....ccvecessescsscssaosenssanncsonsss/B

4.1.2 Minor lacerationS...seeecesceesscenvecsccncscssensancnsssnseB0
4.1.3 Blunt impact trauma....cceeeeeeesenensesocressssssoscosnsnsesBl
4.1.4 Overall reduction of windshield-related injuries............86
4.1.5 Serious facial lacerations due to any contact

source-~results analogous to New York State data..........90
NCSS data on windshield penetration in accidents.....eevvveeceeesesdd
4.2.1° Windshield penetration velocities...eveeeeeensnocncncseeess 95
4,2.2 Windshield penetration and the risk of serious

lacerationS.eesesesseecssocrssesncsssescsosscssossnnsneeasd?
New York State data on head injuUrieS.eeecieessnssescssvancassaaesslll

4.3.1 Serious lacerations and other injuries associated
with windshield penetration...cc.ceveeescescccacccensasesas 103

iv



4.4

4.5

4.6

4.3.2 Minor 1acerationNS..ccecccesvescscecssscocossssscscccsasssessllF
4.3.3 Blunt impact trauma.l.'..l.l'..‘.l...'l'..'.l..000000000000113

4.3.4 Interaction with windshield mounting method....evceeeeenese113

Texas data on overall injury rateS..ceecsceseccesscsscsssesascessssllb
4.4.1 Contingency table 8nalySeS...cesesscacssescsssscenscnsesnnsllb

4-4.2 RegreSSion analyses..ooolocl.o.aloo-o..-o.ooo.a130051050000119

AnalySES of FARS data. LR L B B B LB B B B B B B BN BN BN BE B RN BN NN RN BN R B R BYRE NN N R R RN R BN ] .122
4.5.1 Contingency table analyseS..eeseeececenssscesscccsssssessssll3
4.5.2 Regression analysis. 0 5 0000060 00 00064003000 F 8O0 eODN S NESSPOEINEES .123

Summary: "best" estimates of effectiveness and their
Confidence boundsl..‘l...l‘....ll...ll..ll"..Il...."'...l’..l.127

5. THE EFFECT OF WINDSHIELD INSTALLATION METHOD ON WINDSHIELD
SEPARATION AND UCCUPANT EJECTIUN....‘.........ll.'l....l.ll'."‘.'.I..133

5.1

5.2

NCSS data on windshield bond separation.eescescsccsessscsssscnssees134

5.1.1 Overall effect of adhesive bonding on windshield
Separation......l....ll...l'l'00..l..ll..‘....l..'.......134

5.1.2 O0Overall effect of Standard 212 on windshield separation....138

5.1.3 Overall effect of polyurethane sealant on
Windshield Separation.l.l.‘.'.‘.........Il...l.ll.......l141

5.1.4 Amount of windshield separation as a function of Delta V...143
5.1.5 Probability of severe windshield separation as

a function of Delta Viieeeeoceoeerssenennesoannessnsosnssl4B
NCSS and MDAI data on ejection through the windshield portal......154
5.2.1 Effect of adhesive bonding on the risk of ejection.........154
5.2.2 Effect of Standard 212 on ejection in German CarS...sseees¢159
5.2.3 Injury sources of ejectees.ciieiesssesesscsccsssseasnsenssalbl
5.2.4 Ejection portals by crash mode..ccesessscescessssscssnsesasl6d

5.2.5 Complete vs. partial ejection..eecevsescoccecastessecnssees168



6.

7.

5.3

5.4

FARS data On ejeCtiOn‘l'.....I.l.l.........l.niﬁl...i.ie..".l..i.169
5.3.1 Effect of adhesive bonding..ecceceevesoveeccsnsssonsanaseesl’D
5.3.2 Effect of Standard 212 in VolKksSwWagens....cveesecescesasaaassl?d

Summary: "best" estimates of effectiveness and their
confidence boUNdS.,ceeeeeosveseececssscarsassonssssccnosacsssseeelld

THE EFFECT OF WINDSHIELD INSTALLATION METHOD ON THE INJURY RISK OF
OCCUPANTS WHO ARE NOT EJECTED...eeeeeevnossosnasssassncnvnscsososssonsel8)

6'1

6.2

6.3

6.4

6.4

COSTS

7.1

NCSS data on windshield penetration in accidents....eeveesceneese.186
New York State data on head injUri€S..eeveeseescceessesasssassaeaasldl
6.2.1 Adhesive bonding in cars with HPR windshields....c.eeeeeess.192
6.2.2 Adhesive bonding in cars with pre-HPR windshields..........196
6.2.3 Effect of Standard 212 in Volkswagens....eesececsssenesssso200
NCSS data on windshield contact injUrieS...ceesecccosossoscecrsseos2l3
6.3.7 NONMINOT INJULieS:cuascncesaecenssssssnrssssacnssccscensaseslll
6.3.2 MiNOr INJUTiESeeaversssascsscsssscossscoonssssanssssssacssseall7
Texas data on overall INJUry TFateS..eeeeeresvosanencecansassassass207
6.4.1 Adhesive bonding in cars with HPR windshields.....es00v0e..210
6.4.2 Adhesive bonding in cars with pre-HPR windshields...svs....210
6.4.3 Regression analysis FOr dOMESLIC CATS.vrrerernerneenrnannss 21l
6.4.4 Effect of Standard 212 in VolKSWaQENS..cevesecovasssensesesllb

Summary.......-......-o.......c-..--e...o..--...-.-......s........218

AND BENEFITS..‘O.C...Ii......l..-l...'.'.l..'.‘..l.lll..‘!....i...221
COStS.-a.e....o-...-.a..-......---o¢o=-.o....s-e...........aa...-.zzz

7.1!1 HPR WindShieldS.-.....-o.--..co-a-...w.-.a.................222

7.1.2 Windshield installation methods....cseevscocvveessevosocsvoslll

vi



7.2

7.3

7.4

The number of windshield-related injuries and the
benefits OF HPR glaZingo'cﬁoooooaoo-oo-o-.on.-ooa-oo000000-00000225

7.2.1 Number of injuries per year if HPR had not been
implemented.ll.l..‘l..l..l..l.'..'l.l...‘.....l...‘l..ll..226

7‘2.2 Benefits of HPR.I...Q.........‘...".I.....l..'..l'00000000231
7.2.3 Confidence bounds.l.ll.ll....'.l.0....0......0;.0..00000000232
The number of ejectees through the windshield portal and the

benefits of tighter windshield bonding...eceeesessenessnnsseeess23b

7.3.17 Number of ejectees per year if adhesive bonding and
Standard 212 had not been implemented....ceseeveevccecsscsscessss23b

7.3.2 Benefits and their confidence bouNdS..ecseestssecccssoaeseal3B

COSt-BfFBCtiVGneSSo..oo-..o.o..-..-oo..-....-oo-o----o----.o...-..243

ReferenceSooo.cooo.oo.ooo.o.lo-oloo;ttuallOololuo.nQo.n.oooooo.tocoonoo...00245

Appendix A:
Appendix B:
Appendix C:
Appendix D:

Appendix E:

Programs
Programs
Programs

Programs

Programs

*Unpublished computer

and printouts for NCSS analyses.l.l..'.'.........I.....*

and printouts for New York analyses....................*

and printouts for Texas analyses.......................*

and printouts for FARS analyses........................*

and printouts For MDAI analyses......I..'...'........l.*

printouts

vii



Table

1-1

4~1

4-2

4-4

4-5

4-6

4-7

4-8

4-9

4-10

4-11

4-12

4-13

4-14

LIST OF TABLES
Introduction dates for adhesive windshield bonding..........13

Serious lacerations due to windshield contact, by
type of glazing (NCSS).ieeeeerervoecroacsanasensorsssssnssssl9

Nonminor injuries of the eyes, nose or mouth due to
windshield contact, by type of glazing (NCSS).eeveensveasssa81

Nonminor facial fractures due to windshield contact,
by type Of glazing (NCSS)."'.I..I.l..'...."“"...l‘10000082

Minor lacerations due to windshield contact, by
type of glazing (NCSS)uuiiseeessvecessocsssossssnssssnosnss B4

Concussions due to windshield contact, by type of
glazing (NCSS)I.Q...!.....0..0‘....0...0""...l‘..'..'..lt085

Minor blunt-impact head injuries due to windshield
contact, by type of glazing (NCSS).eeeieenveseracanssenseassB?

Whiplash injuries of persons whose head hit the
windshield, by type of glazing (NCSS)...eseseescssersesees..88

Persons hospitalized by windshield-related injuries,
by type of glazing (NCSS).iseeeueerenescssssssessessasoasasseB9

Nonminor (AIS > 2) windshield-related injuries, by
type of‘ glazing (NCSS).....'.‘......'..........l...'.....'..91

Persons transported to emergency rooms for treatment
of windshield-related injuries, by type of glazing (NCSS)...92

Minor windshield-related injuries, by type of glazing

(NCSS).-...-..-....-o---'.-o.o.-...ou...-.-o-..........-...-93

Serious facial lacerations due to any contact source,
front-seat occupants in frontal crashes, by type of
glazing (Ncss)'...l!".l"l.IC...C.l.'.‘.lﬂ'.'.l..l'.000000094

Windshield penetration by type of glazing and Delta V,
front-seat occupants in frontal crashes with windshield
contact injuries (NCSS).ueeereeerososascssccsssscnssascesses?b

Serious lacerations by type of glazing, penetration, and
Delta V, front-seat occupants injured by windshield contact
in frontal crashes (NCSS)..veevcessnsvcosssssnsssensesessss100

Serious lacerations due to windshield contact by type of

glazing and penetration, all front-seat occupants in frontal
crashes, domestic cars of model years 1961-70 (NCSS).......102

viii



4-16

4-18

4-19

4-20

4-21

4-22

4-23

4-24

4-25

4-26

4-27

5-1

5-3

Head injuries with severe bleeding, front-seat occupants
in frontal crashes, by type of glazing (New York State,

1974)..-0..0.-0.-0..00---cl.oo'oo.uoolo.o.oo..ooool'.loncoo10a

Head injuries with severe bleeding, by seat position,
front-seat occupants in frontal crashes, by type of
glazing (New York State, 1974)..cevevsesesrecsccassncssessesl06

Head injuries with severe bleeding, by manufacturer,
front-seat occupants in frontal crashes, by type of
glazing (New York State’ 1974)l.l.Q....-..l...Q....I.CUODIQ'IOB

Facial fractures, front-seat occupants in frontal crashes,
by type of glazing (New York State, 1974)c..ieccesscesscessl10

Head injuries with minor bleeding, front-seat occupants in
frontal crashes, by type of glazing (New York State,

1974)'.....l...l........l....-.'l.....‘.ll.'...l...l..QO..'111

Concussions, front-seat occupants in frontal crashes, by
type of glazing (New York State, 1974)cceievecrccrcscseessslld

Minor blunt-impact head injuries, front-seat occupants in
frontal crashes, by type of glazing (New York State,

1974).II.l.ll‘.....ll‘.....l.'l!O.O..l..ll..l....'...'.‘..'115

Head injuries with severe bleeding, by type of glazing and
windshield installation method, front-seat occupants in
frontal crashes (New York State, 1974)..cececececcccsccncasll?

Level A injury rates, drivers in frontal crashes, by
type Of glazing (Texas’ 1972—74)..0.l..00".!0.0!.0!...0..0118

Level B or C injuries, drivers in frontal crashes, by
type of glazing (Texas, 1972-74).eeeeccrccsocscsccsccosssssl20

FARS 1975-82: front-seat occupant fatalities by type of
glazing and principal impact point.....ceveevevecnccceseses124

FARS 1975-82: front-seat passenger fatalities by type of
glazing and principal impact point....eeeecececescescscessal25

Amount of windshield bond separation, adhesive bonding
vs. rubber gaskets, domestic cars in frontal impacts

(NCSS)..OI.....'.lI.Il'...l.'...ll.........C..QQ......I.".135

Amount of windshield bond separation, adhesive bonding
vs. rubber gaskets, by manufacturer, frontal impacts
(NCSS)........II.Ql.'.Dll.'...'l..'........O.-....lC.'l.0.‘137

Amount of windshield bond separation, before vs. after

Standard 212, by country of manufacture and installation
method, frontal impacts (NCSS).ceesseesscccnassocossnsnnsesal3?

ix



5-4

5-5

5-6

5-7

5-8

5-9

5-14

6-1

Amount of windshield bond separation, polyurethane sealant
vs, butyl tape, GM and AMC cars in frontal impacts
(Ncss)litbittil...l..l..li‘ll.."'l..’.'l"ll.l....l..l....142

Windshield bond separation as a function of Delta V, by
windshield installation method and Standard 212 compliance,
domestic and German cars in frontal impacts (NCSS regression
TESULES) tuvuisenennesaseoneneseonsssssncesnssnsosanosasasaneldd

Separation of more than half the windshield bond, by
windshield installation method and Standard 212 compliance,
domestic and German cars in frontal impacts (NCSS).........149

Separation of more than half of the windshield bond, as a
function of Delta V and windshield installation method,
frontal impacts (NCSS regression resultS).eeeseeseeeseesess153

Occupant ejection through the windshield portal, by
windshield installation method (NCSS and MDAI data)........155

Occupant ejection: windshield portal relative to other
portals, by windshield installation method (NCSS and
MDAI data)......-.'l.’...Ill'.‘l.l'."l.l.ll'.llll'.l....‘..157

Injury sources of ejectees..ivireievsersensocsscnesenseasss162

Occupant ejection portals by crash mode (NCSS and
MDAI data).‘.....l'l‘.ll........O...I...l.'.'-...l.-‘.l...'165

Occupant ejection portals by crash mode and windshield
installation method (NCSS and MDAI data, combined).........167

FARS 1975-82: ejected vs. nonejected front-seat occupant
fatalities, by windshield installation method, post-1964
domestic cars with front or top damage....ccevevccenencaess171

FARS 1975-82: ejected vs. nonejected front-seat occupant
fatalities in frontal crashes and rollovers, per million
exposure years, adhesive bonding versus rubber gaskets,
post-1964 domestiC CArS..eseescssvesesrcrcsestoensacassnsesll3

FARS 1975-82: ejected and nonejected front-seat occupant
fatalities in Volkswagens with frontal or top damage, by
Standard 212 Compliance................-.---..b...........-176

FARS 1975-82: ejected and nonejected front-seat occupant
fatalities in Volkswagens with frontal or top damage, per
million exposure years, by Standard 212 compliance.........178

Windshield penetration by windshield installation method

and type of glazing, front-seat occupants in frontal

crashes with windshield contact injuries (unweighted

NCSS data)eeuseeseroescsssscosecsosassssssosnosasnssassesssel88



6-2

6-3

6-5

6-6

6-7

6-12

7-1

7-3

7-4

Windshield penetration by windshield installation method,
Delta V and type of glazing, front-seat occupants in
frontal crashes with windshield contact injuries (NCSS)....190

Head injury rates by windshield installation method and
injury type, domestic cars with HPR windshields,
front-seat occupants in frontal crashes (New York State,

'1974).'..ll‘l-0'.....1..0'.0.....0I...l...l..l...D..l..'...193

Head injury rates by windshield installation method and-
injury type, domestic cars with pre-HPR windshields,
front-seat occupants in frontal crashes (New York State,

1974) e veeinevenesnenseaasnsssesnsans T X

Head injury rates in Volkswagens by Standard 212 compliance
and injury type, front-seat occupants in frontal crashes
(New York State, 1974) ..eeecceeececcncconansasscsnsaseesesalll

Persons hospitalized by windshield-related injuries, by
windshield installation method, domestic cars (NCSS).......205

Nonminor (AIS > 2) windshield-related injuries, by
windshield installation method, domestic cars (NCSS).......206

Persons transported to emergency rooms for treatment of
windshield-related injuries, by windshield installation
method, domestic cars (NCSS).eeeeeececranncesosoanseeseesss208

Minor windshield-related injuries, by windshield installation
method, domestic Cars (NCSS)..'.'..'ll"..‘.'."‘l".......209

Driver injury rates in frontal crashes, by windshield
installation method, domestic cars with HPR windshields
(Texas’ 1972—74)0000....Q'.lll.l......llo.l...t.ll.nnli...l211

Driver injury rates in frontal crashes, by windshield
installation method, domestic cars with pre-HPR

WindShieldS (TEXGS, 1972—74)--|..ooon-00..--o-coc:o--ouo.~0213
Driver injury rates in frontal crashes, by Standard 212

compliance, Volkswagens with HPR windshields and
energy-absorbing steering columns (Texas, 1972-74)..ce0e0..217

Average number of injuries per injured occupant, by
severity 1evel (NCSS)..uueeeneeoesseescssnoaonsscacanssasedllB

Number of windshield-related injuries per year, if HPR
glazing had not been implemented, by injury type...........230

Annual benefits of HPR windshieldS.eceeceeevessssasnareseaell

Annual benefits of tighter windshield installation
techniqueS.OOOI.'....‘.......‘.I‘.l.'.....l’l...l.ll..l..‘.239

xi



LIST OF FIGURES

Figure 4-1 Likelihood of windshield penetration by type of
glazing and Delta V, front-seat occupants in frontal
crashes with windshield contact injuries (NCSS
probabilities and logistic regression CULVES)..eesecesecee.s.98

5-1 Windshield bond separation as a function of Delta V,
by windshield installation method and Standard 212
compliance, domestic and German cars in frontal impacts
(NCSS regression TesUltS).eeeeesecoseccescsssssaseosscsesesslld

5-~2 Separation of more than half the windshield bond, as a

function of Delta V and windshield installation method,
frontal impacts (NCSS logistic regression CULVES)..eesseeses151

xii



LIST OF ABBREVIATIONS

ACIR Automotive Crash Injury Research

AIS Abbreviated Injury Scale

AMC American Motors Corporation

ANSI American National Standards Institute

df degrees of freedom

FARS Fatal Accident Reporting System

GM General Motors

HPR High Penetration Resistant

MDAI Multidisciplinary Accident Investigation
mph miles per hour

MY | Model Year

NAGS National Auto Glass Specifications, Inc.
NCSS National Crash Severity Study

NHTSA National Highway Traffic Safety Administration

NYSICS New York State Injury Coding System

PPG Pittsburgh Plate Glass Industries

psi pounds per square inch

SAE Society of Automotive Engineers

SAS Statistical Analysis System

TAD Traffic Accident Data project accident severity scale
VIN Vehicle Identification Number

VW Volkswagen

x1iii



ACKNOWLEDGMENTS

I am grateful to Mike Pometto of the Silver Spring Glass Company (Silver
Spring, Maryland), a car enthusiast, who shared with me his files on
windshield installation specifications for cars dating back to model year
1932. Bob Gardner (NHTSA), Ernie Grush (Ford), Dietmar Haenchen
(Volkswagen), Vic Herliczek (Libby-Owens-Ford), C. M. Kennedy (Chrysler),
Bob Krauss (NHTSA), Carl McConnell (MVMA), Mike McKale (GM), Kermit Morgan
(AMC) and Larry Patrick (consulting engineer) also provided information on

windshield glazing and installation methods.
Carl Clark, Ed Jettner and Steve Oesch reviewed the manuscript and suggested
some additional analyses. Bob Blodgett and Jerome Kossar also helped me

with data sources and suggestions for analyses.

Alleyne Monkman typed the report.

Xv



SUMMARY

Since 1960, there have been major changes in the design of wind-
shields for passenger cars and in the techniques whereby windshields are

installed in cars.

In 1965, the domestic manufacturers installed High Penetration
Resistant (HPR) windshields, on an experimental basis, in a few models and
in 1966, HPR became standard equipment in all domestic cars. Before HPR,
the plastic interlayer of safety glazing used in windshields was easily torn
by broken glass, permitting the occupant's head to tear through and
penetrate the windshield in low-speed crashes. Windshield penetration was
believed to be the cause of most of the disfiguring or disabling head
injuries associated with windshield contact. Rodloff, Patrick, Rieser and
other researchers found techniques to obtain a looser glass-plastic bond in
safety glazing, allowing the glass to crumple away rather than tear the
plastic. The new manufacturing techniques, in combination with a thicker
plastic layer, became known as the "HPR windshield," which was found to
double the speed needed for the windshield to be penetrated in laboratory
impact tests. Federal Motor Vehicle Safety Standard 205, which took effect
on January 1, 1968, incorporated American National Standards Institute's
safety codes which the motor vehicle industry had already imposed upon
themselves to assure. that all motor vehicles have windshields as

penetration-resistant as HPR.
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Before 1963, windshields were installed in a car by means of a
rubber gasket. In 1963, butyl tape was used to adhesively bond the wind-
shield to the frame on a small test fleet of General Motors cars. Adhesive
bonding became standard on a few GM models in 1964. The domestic manufac-
turers gradually shifted from rubber gaskets to adhesive bonding (initially
butyl tape and later, in some cases, polyurethane sealant) after 1964, but
rubber gaskets remained on some domestic models until 1978. The objectives
of adhesive bonding were not explicitly stated, but two may be inferred: to
provide a tighter bond between windshield and car, preventing the windshield
from becoming dislodged in a crash, denying occupants an avenue for ejection
through the gap between windshield and frame; to reduce manufacturing cost
by eliminating the rubber gasket. On January 1, 1970, in the middle of the
transition from rubber gaskets to adhesive bonding, Federal Motor Vehicle
Safety Standard 212 took effect for passenger cars. Standard 212 limits the
amount of windshield bond separation allowed in a 30 mph barrier crash and
has the explicit objective of preventing occupant ejection through the
windshield portal. But the relationship of Standard 212 to adhesive bonding
is not clear, since, as stated above, rubber gaskets continued to be used in
some models well after 1970, It is possible that a 1976 modification in the
temperature range for Standard 212 testing may also have accelerated the

shift to adhesive bonding.

Foreign cars, as a matter of fact, continued to use mostly rubber
gaskets throughout the 1970's. But Volkswagen, which had virtually a
"pop-out™ windshield before 1970, did install clips between the gasket and
the frame in response to Standard 212. It is possible that other German

manufacturers also implemented similar devices at about that time.
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Executive Order 12291 (February 1981) requires agencies to eval-
uate their existing major regulations, including any rule whose annual
effect on the economy is $100 million ar more. The objectives of an
evaluation are to determine the actual benefits--lives saved, injuries
prevented, damage avoided--and costs of safety equipment installed in pro-
duction vehicles in connection with a standard and to assess

cost-effectiveness.

This report is an evaluation of HPR windshields for passenger
cars, adhesive bonding of the windshields of domestic cars and the changes
in the installation of Volkswagen and other German windshields made in
response to Standard 212. (HPR glazing and adhesive bonding were also
implemented in vehicles other than passenger cars, but that will be

evaluated at a later date.)

The report does not evaluate the effects of the shift from lami-
nated to tempered side windows which took place in about 1960--there were
far too few cases on NHTSA accident files of occupants who were injured by
contact with side windows in cars of the 1960 era. It also does not evalu-
ate glass-plastic glazing concepts such as Securiflex because they have not
yet (October 1984) been implemented in large numbers on cars sold in the
United States. NHTSA evaluations of existing safety devices, as stated
above, are based on the actual operating experience of production vehicles:
something not yet available in sufficient quantity for glass-plastic
glazing. It should be noted however, that laboratory tests show that
glass~-plastic glazing may have great potential for reducing minor facial

lacerations (a great many of which still remain, even after HPR) and
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occupant ejection through side windows. If the concept is implemented on a
large number of production vehicles, NHTSA will certainly evaluate their

on~the-road experience.

HPR windshields have already been informally evaluated. The
dramatic reduction in the demand for facial plastic surgery following the
introduction of HPR made it clear to the safety community that HPR has been,
perhaps, more successful than any other standard. The effectiveness of HPR
has been shown in a number of laboratory studies and statistical accident
analyses. It remains for this evaluation to give specific estimates of the
numbers and types of injuries prevented by HPR, to compare laboratory and
highway accident performance, and to investigate the possibility of negative
side effects such as blunt impact trauma or secondary benefits such as a

reduction of minor injuries.

Windshield installation methods, by contrast, have been a contro-
versial subject since the mid-1960's. On the one hand, no study to date
appears to have shown whether or not tighter bonding methods achieved
Standard 212's goal of reducing occupant ejection. 0On the other hand,
studies by Fargo (accident analysis of pre-HPR cars) and Rodloff and
Breitenbuerger (drop tests with HPR glazing) warn that tight bonding has
serious negative side effects for persons who are not ejected: lacerations,
blunt impact trauma and a reduced windshield penetration velocity. But
Patrick's and Trosien's sled tests with dummies found little or no side
effect. Who is right? Thus, the evaluation must analyze the effect of

installation method on ejection and on persons who are not ejected. Both
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analyses must be performed separately for domestic cars (effect of adhesive
bonding) and German cars (effect of Standard 212); the analysis of persons

who are not ejected, separately for pre-HPR and post-HPR cars.

The strategy of this evaluation was to perform parallel statis-
tical "injury" and "engineering" analyses of accident data. In the case of
HPR, the "injury" analysis of the reduction of various types of head trauma
was paralleled by an "engineering" analysis of the velocities at which heads
penetrate windshields in highway accidents. The objectives were to give an
engiﬁeering explanation of why injuries were reduced and to compare hardware
performance in accidents to the laboratory. In the study of the effect of
windshield installation method on ejection, the "injury" analysis of occu-~
pant ejection rates was accompanied by an "engineering" analysis of
windshield retention in crashes. The analysis of the side effects of
windshield installation method on occupants who were not ejectea again

compared types of head injuries and penetration velocities.

The "engineering" analyses were based on National Crash Severity
Study (NCSS) data. The "injury" analyses, in each case, were based on at
least 3 files: effect of HPR on injury rates--NCSS, New York State, Texas
and Fatal Accident Reporting System (FARS); effect of installation method on
ejection-~NCSS, Multidisciplinary Accident Investigation (MDAI) and FARS;
effect of installation method on injury rates--New York State, NCSS and
Texas. New York data were especially useful because they identified the
body region and type of injury over a large sample of accidents. When large
data files were used (FARS, New York, Texas), the analysis of German cars
was limited to Volkswagen, where it is relatively clear that clips were

installed very close to the beginning of the 1970 model year. For the
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smaller data files (NCSS, MDAI), the other German makes are included to
increase the available sample size, even though it is not as well known when
ané if similar modifications were made. Thus, tﬁroughout the report,
results on "German cars" are the ones based on NCSS and/or MDAI; those on
"Volkswagen" are based on the other files. Practically speaking, though,

the distinction is of minor importance since Volkswagen accounted for over

85 percent of the German cars sold here during 1965-74.

The cost of the vehicle modifications was estimated by analyzing

the components of vehicles produced before and after the modification.

The most important conclusions of this evaluation are that HPR
glazing dramatically reduced the number and severity of facial lacerations
and fractures while doubling the impact velocity needed to penetrate the
windshield in crashes. Adhesive bonding saved lives because it halved wind-
shield separation in crashes and occupant ejection through the windshield
portal; the clips installed in the rubber gaskets of Volkswagens in response
to Standard 212 had the same effect. In cars with HPR windshields, the
installation method had little or no side effect on the injuries of persons
who were not ejected. Because each of these conclusions is supported by
analyses of multiple data files, which are remarkably consistent with one

another and with the "engineering" analyses, they may be stated confidently.

In two areas, conclusions are drawn less firmly. One concerns the
proportion of ejectees through the windshield portal who were killed by
injuries sustained while they were still inside the passenger compartment.

This proportion is estimated with reasonable precision from NCSS and MDAI
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data. It is then assumed to equal the proportion of persons, saved from
ejection by adhesive bonding, who would have died anyway from interior
contacts. The FARS data, unfortunately, were unsuited for an independent
verification of this plausable aésumption. Thus, in this case, "evidence
from multiple data files" is lacking. The other area is the effect of
adhesive bonding on injury risk in cars with pre-HPR windshields. New York
data show significant negative effects but NCSS and Texas data show none.
Thus, while the evaluation clearly shows no side effects with today's
windshields, it is unable to resolve the controversy about adhesive bonding
in cars with pre-HPR windshields--fortunately, the question has become moot

because so few of them remain on the road.

The principal findings and conclusions of the study are the

following:

Principal Findings

Effect of HPR glazing on windshield penetration by occupants

o When an occupant's head strikes a safety-glass windshield and
tears and penetrates the plastic interlayer, the risk of serious lacerations
or fractures to the face, scalp, eyes, nose or mouth is 3 times greater than

when the impact merely breaks the glass but leaves the plastic layer intact.

o HPR glazing reduced the likelihood of an occupant penetrating
the windshield in frontal crashes by 78 percent, relative to pre-HPR

glazing.
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o With pre-HPR glazing, there was a 50 percent probability that
an unbelted occupant would penetrate the windshield in a frontal crash with
a Delta V of 14 miles per hour. With HPR glazing, the likelihood of

penetration does not reach 50 percent until Delta V is 31 miles per hour.

Injury-reducing effectiveness of HPR

o The reduction of serious head injuries involving windshield

contact, by injury type, was:

Reduction for HPR (%

Best Estimate Confidence Bounds

AIS 2-4 lacerations 74 65 to 83
AIS 2-4 eye, nose or mouth injuries 72 58 to 86
AIS 2-4 fractures 56 27 to B85

Those are the types of injuries most characteristically associated with

penetration of the windshield.

o HPR glazing also reduced minor lacerations due to contacting

the windshield by 25 percent (confidence bounds: 5 to 45 percent).
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0 HPR windshields had little or no observed effect on injuries

characteristic of blunt impact trauma: concussions, contusions and

complaints of pain.

o Fatality risk in crashes was not significantly changed by HPR.

Effect of windshield installation method on windshield retention in
crashes

o All American manufacturers shifted from installing windshields
with a rubber gasket to an adhesive bonding process at some time between
1963 and 1979, depending on the car's make and model. That resulted in an
immediate 35 percent reduction and a long-term 50 percent reduction in the
proportion of the windshield that became separated from the frame in a
frontal crash. The long-term reduction is greater because some of the
adhesive bondings initially used by General Motors were looser than their

later practice.

o Volkswagen (and, possibly, other German manufacturers)
responded to Standard 212 by clipping their rubber gasket to the frame,
rather than shifting to adhesive bonding. The clips reduced windshield
separation by 51 percent. Nevertheless, the statistics on windshield
separation in accidents suggest that post-Standard 212 windshield
installations in Volkswagens were looser than pre-Standard 212 rubber

gaskets in American cars.
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o In a frontal crash with a Delta V of 30 miles per hour, the

average amount of windshield separation, by installation method, was:

Separation (%

American cars - rubber gaskets 22
American cars - adhesive banding 15
German cars - pre-Standard 212 gaskets 59
German éars - post-Standard 212 gaskets 39

Standard 212 allows 25 percent bond separation in a staged 30 mph barrier

impact.

o Polyurethane sealant and butyl tape--two alternative adhesive
bonding methods--provided about the same windshield retention in crashes,

for cars of the 1970's.

Effect of windshield installation method on occupant ejection

o In American cars whose windshields were installed by rubber
gaskets, 15 percent of the occupant ejections (complete or partial) took
place through- the windshield portal; in pre-Standard 212 Volkswagens, 17
percent. (Persons who merely penetrate the windshield's plastic interlayer
with part of their heads are not normally coded as "partially ejected" by

NHTSA accident investigators.)
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o Adhesive bonding reduced the risk qf ejection through the
windshield portal by 50 percent in American cars (cdﬁfidence bounds: 34 to
66 percent). The clips installed in Volkswagens in response to Standard 212
had the same effect. Reductions of complete and partial ejection were

similar.

o0 On the other hand, only 30 percent of the persons who were
ejected through the windshield portal received their most serious injuries
as a consequence of the ejection--i.e., from objects exterior to the
passenger compartment. As a result, adhesive bonding saves 15 p?rcent (50%
of 30%) of the deaths and serious injuries of windshield ejectees (confi-
dence bounds: 7 to 22 percent). Standard 212 had the same effect in

Volkswagens.

Effect of windshield installation method on windshield penetration by

occhants

o There was no evidence that tighter bonding increased the risk
of an occupant penetrating the windshield. In fact, the following nonsigni-

ficant reductions were observed:
Adhesive bonding vs. rubber gasket in American cars: 1 percent

Adhesive bonding vs. rubber gasket in American pre-HPR cars: 7 percent

Post-Standard 212 gasket vs. pre-Standard in German HPR cars: 19 percent
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Effect of windshield installation method on the injuries of persons who are

not ejected

o In American cars with HPR windshields, the installation method
(rubber gaskets or adhesive bonding) had little or no effect on the likeli-

hood of any type of head injury.

o In Volkswagens with HPR windshields, Standard 212 likewise had

little or no effect.

o In American cars with pre-HPR windshields, the following

statistically significant increases of head injury risk were associated with

adhesive bonding in New York State data:

Increase for Adhesive Bonding (%)
(Cars with Pre-HPR Windshields)

"Severe bleeding" (i.e., nonminor

lacerations) 20
Concussions 50
Contusions and complaints of pain 20

The Texas data do not show any increase, however, in overall injury rates.
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Cost of HPR glazing

o The incremental costs per car (in 1982 dollars) for HPR
glazing, relative to pre-HPR, based on analyses of vehicle components, are

the following:
Initial purchase price increase $4.45
Lifetime fuel consumption due to
1.05 pound weight increase 1.05
TOTAL COST PER CAR $5.50
o The annual cost of HPR glazing in the United States (based on 10

million cars sold) is $55 million.

Cost savings due to adhesive bonding

o Adhesive bonding was a less costly way to install a windshield
than rubber gaskets. The cost savings per car (in 1982 dollars), based on

analyses of vehicle components, are the following:
Initial purchase price reduction $11.50
Lifetime fuel savings due to

3.98 pound weight reduction 3.98

TOTAL SAVINGS PER CAR $15.48



o The annual savings due to adhesive bonding in the United States

(based on 7.5 million domestic cars sold) is $116 million.

Annual benefits of HPR glazing

o The annual benefits, when all cars in the United States have

HPR glazing, will be:

Reduction of Head Injuries with Best Estimate Confidence Bounds
AIS 2-4 laceration or avulsion 39,000 25,000 - 53,000
AIS 2-4 fracture 8,000 1,000 - 18,000
AIS 2-4 (any type) 47,000 31,000 - 62,000
AIS 2-4 eye, nose or mouth injury 19,000 9,700 - 29,000
AIS 1 laceration 142,000 22,000 - 315,000

Annual benefits of adhesively bonded windshields in American cars

o When all domestic cars in the United States will have wind-
shields installed by adhesive bonding, it will save 105 lives per year
(confidence bounds: 35 to 175) and 160 nonfatal AIS 3-5 (serious)

casualties.
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Annual benefits of Standard 212 for Volkswagens

o When all Volkswagens registered in the United States meet

Standard 212, it will save 7 lives and 11 AIS 3-5 casualties per year.

Cost-~effectiveness

o Since HPR windshields save 47,000 AIS 2-4 injuries and cost $55
million, they eliminate 850 AIS 2-4 injuries per million dollars of cost

(confidence bounds: 560 to 1130).

o Adhesive bonding saves lives while reducing the cost of a car.
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Conclusions

HPR Windshields

o HPR glazing greatly reduced the risk of serious lacerations of
the face, scalp and mouth, fractures of the facial bones and nose and

occular avulsions.

o The HPR windshield achieved its objective of steeply increasing
the impact velocity needed for an occupant's head to tear qnd penetrate
through the windshield's plastic interlayer. That explains HPR's success in
mitigating the types of serious injuries listed above, because all of them

are characteristically associated with penetrated windshields.

o The penetration velocities of windshields, both HPR and pre-
HPR, in highway accidents were almost identical to those observed in
laboratory tests. In short, HPR fully delivered in real crashes what it

promised in the laboratory.

o Also, as predicted from laboratory testing, HPR had no negative
side effects, such as increasing the risk of injuries associated with blunt
impact trauma (concussions, contusions and complaints of pain). It had

little or no effect on fatalities.

o The accident data indicate that HPR has also reduced minor
lacerations significantly. Those injuries are typically associated with
windshields that are cracked but not penetrated. Their reduction confirms

heretofore anecdotal evidence that the HPR interlayer, in addition to
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resisting penetration, causes glass to crack into smaller, less injurious
pieces. Nevertheless, the majority of minor lacerations still remains even

after HPR.

o About half of the much smaller number of serious injuries which
still occur after HPR are concussions--blunt impact trauma. The other half
are lacerations and fractures: two-thirds of them did not involve wind-
shield penetration and only the remaining third occurred at speeds too high
for HPR to prevent penetration. In other words, what was once the most
characteristic windshield-related serious injury has been larggly elimi-

nated.

o HPR glazing is a highly cost-effective safety device. HPR
eliminated about 80 percent of penetration-related serious lacerations. No
other safety device evaluated by NHTSA to date (October 1984) has come that

close to eliminating the injury mechanism it was targeted to mitigate.

Windshield installation methods

o The risk of (complete or partial) occupant ejection through the
windshield portal was significantly reduced when domestic manufacturers
began to install windshields by adhesive bonding rather than rubber gaskets.
A similar reduction was accomplished when Volkswagen began to clip its

rubber gaskets to the car's windshield frame, in response to Standard 212.
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o Unlike the situation that prevails with other ejection portals,‘
the majority of persons ejected through the windshield portal received their
most serious injuries before they left the passenger compartment--and would
still have received them even if their ejection had been prevented. This
attenuates the life-saving potential of tighter windshield installation
methods; nevertheless adhesive bonding and Volkswagen's clipping of the

gasket significantly reduced fatalities and serious injuries.

o Virtually all ejections through the windshield portal occur
after the windshield has been partially or completely dislodged from its
frame. Adhesive bonding and Volkswagen's clipping prevented ejection
because they reduced the amount of windshield separation from the frame--in

fact, the reductions in ejection and bond separation were nearly identical.

o Butyl tape and polyurethane sealant--two alternative adhesive
bonding techniques--provide approximately equal windshield retention in

crashes.

o The types of rubber gasket installations found in American cars
could have or did pass Standard 212. The domestic manufacturer's shift from
rubber gaskets to adhesive bonding was not necessitated by Standard 212 but
was prompted by other factors, such as additional safety or cost savings. By
contrast, the rubber gaskets of pre-Standard 212 Volkswagens were much
closer to a "pop-out" design; the gaskets were clipped to the frame at the
time that Standard 212 took effect. Even the post-standard Volkswagen
windshields were more loosely installed than those of pre-standard American

cars.
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o In cars with HPR windshields, the shift to adhesive bonding
clearly did not have any negative side effects such as reducing windshield
penetration velocity or increasing the risk of any type of injury to occu-
pants who are not ejected. Neither did the shift to clipped rubber gaskets

in Volkswagens.

o The accident data strongly confirm Patrick's and Trosien's sled
tests with dummies and full windshield assemblies, which also showed no side
effects. They do not support Rodloff and Breitenbuerger's drop tests of
headforms onto less-than-fullsize glazing samples, which showed that tight
bonding defeated a substantial proportion of HPR's gain in penetration
velocity. It must be concluded that the drop tests simulated the
interaction of the windshield and the frame in crashes less realistically

than the sled tests.

o The accident data of this report show that Fargo's analysis of
ACIR accident data, which was based on pre~HPR windshields and found
significant negative side effects for adhesive bonding, cannot be carried

over to HPR windshields.

o0 In cars with pre-HPR windshields, one of the accident files
analyzed in this report associated significant increases in lacerations,
concussions and minor blunt-impact trauma with adhesive bonding, supporting
Fargo's results. But analyses of two other accident files did not confirm
that association. The question of whether adhesive bonding had negative
side effects in pre-HPR cars remains unresolved; it has, however, become

moot because few pre-1966 cars remain on the road.
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o The shift from rubber gaskets to adhesive bonding reduced the

cost of purchasing and operating a car.

o Since adhesive bonding (in cars with HPR windshields) provided

significant benefits without negative side effects while reducing cost, it

is certainly a cost-effective safety improvement.
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CHAPTER 1

INTRODUCTION AND BACKGROUND

1.1 Evaluation of Federal Motor Vehicle Safety Standards

Executive Order 12291, dated February 17, 1981, requires
Federal agencies to perform evaluations of their existing requlations,
including those rules which result in an annual effect on the economy of
$100 million or more [10]. The evaluation shall determine the actual
costs and actual benefits of the existing rule.

The National Highway Traffic Safety Administration began to
evaluate its existing Federal Motor Vehicle Safety Standards in 1975.
Its goals have been to monitor the actual benefits and costs of safety
equipment installed in production vehicles in response to standards and,
more generally, to assess whether a standard has met the specifications
of the National Traffic and Motor Vehicle Safety Act of 1966 [36]:
practicability, meet the need for motor vehicle safety, protect against
"unreasonable" risk of accidents, deaths or injuries, provide objective

criteria. The agency has published 8 comprehensive evaluations to date.

1.2 Evaluation of Standards 205 and 212

Federal Motor Vehicle Safety Standard 205 specifies require-
ments for glazing materials for use in motor vehicles and motor vehicle
equipment. It took effect on January 1, 1968 [51. The standard,
however, primarily incorporates the United States of America Standards
Institute's (now known as ANSI) Safety Code 726.1 dated July 15, 1966

[45]. The 1966 version of Safety Code 7Z26.1 differs from the 1950



version (which contains a number of strength, durability and transpar-
ency tests for all types of automotive glass) in that it also incorp-
orates SAE Standard J938, "Drop Test for Evaluating Laminated Safety
Glass for Use in Automotive Windshields," dated October 1965 and
developed under the auspices of the SAE Glazing Committee [37]. The
drop test, which applies only to the windshield, specifies that a
5-pound steel ball dropped from a 12-foot height must not penetrate a
sample of windshield glazing on more than 2 out of 10 tests. The SAE
standard coincided with the introduction of High Penetration Resistant
(HPR) windshields in all domestic passenger cars in model year 1966. The
12 foot drop height allows the ball to be accelerated to approximately
19 miles per hour--too slow to break through HPR glazing but enough to
penetrate pre-1966 windshields (see Section 2.1). Other automotive
glass components--side windows, backlight--were not as significantly
affected, generally having been constructed of tempered glass since
1960. In other words, Standard 205 is based largely on earlier SAE and
ANSI standards; the installation of HPR windshields was the primary
vehicle modification aésociated with those standards.

The purpose of Standard 205 "is to reduce injuries resulting
from impact to glazing surfaces, to ensure a necessary degree of trans-
parency and to minimize the possibility of occupants being thrown
through the vehicle windows in collisions." The "standard applies to
glazing materials for use in passenger cars, multipurpose passenger
vehicles, trucks, buses, motorcycles, slide-in campers and pickup covers

designed to carry persons while in motion [5]."



-

Standard 212 establishes windshield retention requirements for
motor vehicles during crashes [6]. It took effect on January 1, 1970,
for passenger cars and on September 1, 1978, for most light trucks, vans
and multipurpose vehicles. The standard requires that not less than 75
percent of a vehicle's windshield periphery remain bonded to the frame
after a 30 mph frontal bérrier crash test (or 50 percent of the periph-
ery if a car is equipped with passive restraints).

The vehicle modification in domestic passenger cars that
would appear most closely related to Standard 212 has been the gradual
shift from mounting windshields within a rubber gasket to attaching them
directly to the frame with an adhesive substance. The shift took place
in domestic cars during 1963-78. Obviously, the shift was not abso-
lutely necessary to meet the standard: rubber gaskets continued to be
used in some makes and models until 1978, 8 years after the standard's
effective date. Other factors, such as the lower cost of adhesive
bonding or development of improved adhesives may also have influenced
the phasing out of rubber gaskets,

An additional conjecture concerning the eventual demise of
rubber gaskets during the late 1970's may be found in the Federal
Register notice of August 30, 1976 (41 FR 36493) in which the tests for
Standard 212 were modified to include a temperature range from 15 to 110
degrees Fahrenheit. This change was made because it was found that the
retention capability of windshield moldings varies significantly with
temperature of the mounting material. After the change, manufacturers
may have selected a form of chemical bonding which is relatively

insensitive to temperature.
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But Volkswagen (and possibly other German manufacturers) did
not shift from rubber gaskets to adhesive bonding. Instead, they
clipped the windshield to the metal frame in response to Standard 212
[14].

The stated purpose of Standard 212 "is to reduce crash
injuries and fatalities by providing for retention of the vehicle wind-
shield during a crash, thereby utilizing fully the penetration-resis-
tance and injury-avoidance properties of the windshield glazing material
and preventing the ejection of occupants from the vehicle [6]." Above
all, the objective is to prevent occupant ejection through the portal
that is opened if the windshield were to become separated from the
vehicle.

Why evaluate Standards 205 and 2127 More specifically, why
evaluate the HPR windshield, adhesive bonding and Volkswagen's clippéd
rubber gaskets, the three major vehicle modifications associated with
the standards? First, because the windshield is an extremely important
source of occupant injuries; the pre-HPR windshield may have ranked
first or second among vehicle components as a source of
moderate-to-severe injuries [2], [35]. Many of the injuries left
victims permanently disfigured. Second, only one comprehensive
statistical analysis of windshield modifications has been published--by
R. B. Fargo in 1968 [9]--and some of its findings were controversial.
Many new accident data files have become available since then; As for
the HPR windsﬁield, while case-by-case accident analysis and laboratory
testing has clearly shown it to be effective, its actual benefits and
limitations have not been adequately quantified. Much less is known
about windshield bonding. There is no accident analysis which shows

that tighter bonding achieved its primary objective of remuﬂng



ejection. Fargo's accident data indicated that adhesive bonding had a
side effect of substantially increasing the injury risk of occupants of
cars with pre-HPR windshields who were not ejected--an alarming
conclusion that was supported by European engineers, disputed by
Americans and never adequately tested with later accident data on cars

with HPR windshields.

1.3 Windshield injury mechanisms

Windows of ordinary plate glass have little ability to absorb
impact energy. They easily shatter into large sharp-edged or jagged
pieces that can severely lacerate the skin of a person striking them.
Since 1927, domestic manufacturers have used laminated safety glass for
windshields [9], p. 2. The windshield consists of a thin layer of
plastic sandwiched between two layers of plate or, later, float glass.
Upon impact, the glass layers break into numerous small pieces which are
supposed to adhere to the plastic and not expose sharp or jagged edges
to the impacting occupant. The plastic layer, unlike the gléss, is
deformable and can absorb some energy and resist penetration by the
occupant's head.

Unfortunately, the pre-HPR safety glass did not perform as
desired except in low speed impacts. The glass and plastic layers were
too rigidly attached to one another. As a result, when the glass broke
on impact, it often tore the plastic sheet at the points of breakage
exposing long, sharp glass edges. The plastic layer was also too thin
to absorb much energy and, aggravated by the tendency of the glass to
tear the plastic, rather easily allowed penetration of the windshield by

the impacting occupant.



"Nonminor" facial and scalp lacerations are characteristic of
pre-HPR windshields and typically result from contacting exposed glass
edges. Lacerations are far more common on the head or face than on
other body regions because the occupant's head is more likely than other
body parts to strike the windshield in a frontal collision. Front-seat
passengers are more vulnerable than drivers because the steering
assembly sometimes prevents drivers from contacting the windshield. In
various editions of the Abbreviated Injury Scale (AIS), "nonminor"
lacerations--those with AIS = 2--have been defined as those which cause
disfigurement [49], extend into the subcutaneous tissue [1], or require
more than first aid or simple closure [1]. In the Restraint Systems
Evaluation Project, lacerations over 3 inches long were apparently also
coded AIS 2 {7]. A laceration involving major nerves or blood vessels
is coded AIS 3 (severe-nondangerous). If the HPR windshield had not
been installed in passenger cars, there would be approximately 53,000
AIS 2-3 lacerations each year. They accounted for over 10 percent of
all passenger car occupant injuries in that severity range.

Another injury pattern characteristic of pre-HPR windshields
occurs when the head partially penetrates the windshield and rebounds
toward the car interior. On the rebound, the sharp, jagged perimeter of
the hole in the windshield can gouge into the occupant's eyes, mouth or
nose, resulting in occular avulsion (AIS 2-3), deep lacerations of the
lips or tonque (AIS 2), or compound, displaced or open nasal fractures
(AIS 2). Withoﬁt the HPR windshield, there would be 26,000 of these each

year,



The edges of a broken windshield can exert enough concentrated
force to fracture some of the relative delicate facial bones or even the
skull [41]. Without the HPR windshield, there would be 14,000 of these
AIS 2-3 injuries each year.

When impact speeds are lower and the windshield cracks without
breaking or tearing the plastic layer, minor lacerations or abrasions
(AIS 1) can occur from small slivers of glass that break off the wind-
shield or from the cracks in the windshield surface. About 569,000 of
them occur annually.

Blunt impacts of the occupant's head with an unbroken wind-
shield can cause minor injuries such as contusions, headaches and
soreness (362,000 per year).

At higher force levels, more serious blunt trauma such as
concussions or skull fractures may occur. But windshields--both pre-and
- post-HPR--are usually broken before force builds up to quite dangerous
levels (i.e., Head Injury Criterion of 1000 or more). For occupants of
average vulnerability to injury, it is rare even for force to build up
to a level sufficient to produce a concussion (see Section 2.1). As a
result, there are only 21,000 concussions per year and most of them are
at the least severe (AIS 2) level.

Neck injury may occur when the head contacts the windshield.
If the torso is still moving forward at that time, the head is displaced
rearward relative to the torso, possibly hyperextending the neck, re-
sulting in a whiplash injury not unlike what typically happens in rear
impacts. About 76,000 necks are injured annually in conjunction with
heads contacting the windshield. Of course, it is unknown how many of
those whiplash-type injuries are "caused" by the head contact with the

windshield., All but 1,600 of the whiplashes are minor (AIS 1).



Occupants can be wholly or partially ejected through the
windshield portal and, subsequently, be seriously injUred by abjects
outside the passenger compartment. Ejection can happen three ways. All
of them are rare, but the most common is for the windshield to become
partially or completely separated from the frame as a result of severe
exterior damage to the vehicle which distorts the frame. The occupant
is ejected through the open space where the windshield had been,
possibly increasing the gap by his own impact. Less frequently, the
occupant's impact alone may dislodge the windshield from the frame. Very
rarely, the occupant's impact may break a hole in the windshield large
enough to be ejected through even though the bonding to the frame is
intact [27]. About 700 persons would be ejected through the windshield
and killed each year if adhesive bonding had not been implemented in
domestic cars and 50 would be ejected and killed in Volkswagens if their
rubber gaskets had not been clipped in response to Standard 212.
(Throughout this report, following the practice of NHTSA accident
investigators, "partial ejection" does not include cases of persons who
merely penetrated the plastic interlayer of the windshield with part of
their heads. A partial ejectee's body has to come to rest outside the
vehicle, to a large extent, or has to have made contact with external
objects during the collision.)

Fatal injuries due to contact with the windshield (no
ejection) are rare because, as noted above, the windshield glass usually
breaks at a nondangerous force level. Huelke and Gikas' in-depth
investigations of 177 occupant fatalities of the pre-HPR era only

attributed 2 fatalities to windshield contact [16]. In NCSS,



investigators found 16 persons with fatal windshield contact among the
943 occupant fatalities. In Dr. Huelke's opinion, many of the fatal or
gserious injuries "attributed" to windshields on less~than-in-depth files
such as NCSS are misclassified because the windshield damage is obvious
while the actual fatal contact with surrounding structures (header,
A-pillar) is much more difficult to detect [16]. Similarly, Hermann
and Garrett reported that all six fatal head injuries attributed to
windshield contact by their investigators were actually found, upon
further examination, to have involved simultaneous contact with the
header, instrument panel or other structures [15]. It would appear that
at most 1 percent of fatalities, or 250 deaths per year, can be
attributed to windshield contacts of occupants who are not ejected.

The estimates of the numbers of injuries shown here are de-

rived in Sections 7.2 and 7.3.

1.4 High Penetration Resistant windshields

Before model year 1966, the standard windshield for domestic
passenger cars consisted of an 0.015 inch polyvinyl butyral interlayer
between two 0.125 inch layers of plate glass. The bond between plastic
and glass was too rigid, causing broken glass to tear the plastic. Dummy
heads penetrated the windshield in 13 mph impact tests [41].

In the early 1960's, G. Rodloff discovered in Germany that a
looser bond between the plastic and glass layers could be obtained by
increasing the moisture content of the polyvinyl butyral [43], This set
the stage for the development of improved windshields. "The lower
adhesion of the glass to interlayer permits the interlayer to flex away

from the glass pane rather than to shear at glass pane fracture [9]." It



permits the plastic to bulge upon impact and absorb energy. An unde-
sirable property of moisture levels over 1 percent, however, was that
windshields became cloudy with age [42].

American corporations experimented with adhesion properties
and moisture levels of polyvinyl butyral and found 0.5-0.6 percent
moisture optimal in that it provides a loose bond with the glass while
maintaining windshield transparency. Monsanto and DuPont produced poly-
vinyl butyral with loose adhesion properties and moisture content con-
trolled at that level. The new plastic was called "High Penetration
Resistant (HPR) interlayer [52]."

Next, Pittsburgh Plate Glass Industries [42] and the Ford
Motor Company [41] produced experimental windshields, varying the
thickness of the plastic and glass layers. They felt that an 0.03 inch
HPR interlayer between 0.125 plate glass layers provided the best com-
bination: penetration resistance up to 22-29 miles per hour, which was
double the speed for existing windshields; blunt impact forces on dummy
heads were well below dangerous levels during laboratory tests. (The
experiments are described in more detail in Section 2.1.)

This combination became known as the "HPR windshield." It was
installed in all domestic passenger cars in model year 1966 and in the
Ford Thunderbird in 1965 [13]. It has remained basically unchanged
since then, although there have been minor variations in the thickness
of the glass layers, with a tendency toward thinner glass (.105 - .115
inches) in downsized, post-1976 cars.

What are the potential benefits and limitations of HPR wind-
shields? Since they bulge rather than tear, occupants will be less
exposed to long, sharp glass edges, which should result in a significant

reduction of AIS 2-3 lacerations and facial fractures. Eye, nose and

~10-



mouth injuries due to partial penetration and subsequent retraction of
the head should also be reduced. Of course, complete elimination of
these injuries cannot be expected because the windshield can still be
penetrated at high speeds (Delta V above 25-30 mph) or even at moderate
speeds on very hot or cold days [48].

It is uncertain if HPR windshields would have an effect on
concussions. A reduction of occupant exposures to long glass edges
might alleviate concussions; but the improvement in penetration resis-
tance could increase blunt impact loads on the head--hopefully not too
much, though, because the HPR windshield is designed to bulge before a
dangerous force level is reached. It is not evident that minor lacera-
tions and abrasions would decrease, because they mostly result from
windshield contacts with glass breakage but no penetration of the inter-
layer. But there might be some benefit because HPR glass cracks into
finer pieces than the earlier windshields. It is unreasonable to expect
much effect on minor blunt trauma such as headaches, contusions or
induced whiplash. Finally HPR windshields may reduce the types of
ejections in which the occupant breaks through the glass while the peri-
phery of the windshield remains attached to the frame; since this mode

of ejection is rare, the overall reduction may be too small to measure.

1.5 Windshield installation methods

Prior to 1963, windshields were sealed inside a rubber gasket
or molding which, in turn, was attached and sealed to the frame. It was
a relatively loose attachment, both in the sense that the rubber gasket
had some give to it in a low speed impact to the windshield and that the
gasket could be partly or completely torn away from the car in a more

severe impact.
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Currently, windshields of domestic cars are directly bonded to
the frame by an adhesive substance such as butyl rubber tape or a poly-
sulfide, thiokol or polyurethane sealant. It is a more rigid attachment
than the rubber gasket method, hopefully enhancing retention of the
windshield in crashes and reducing the risk of ejection.

Adhesive bonding of the windshield was first applied to pro-
duction vehicles on a trial basis on some of the 1963 Buick Specials and
Oldsmobile F-85's, It became standard on all GM intermediates in model
year 1964 and on all domestic cars by 1979. Many foreign models still
used rubber gaskets as of 1979. Table 1~1 lists implementation dates
for adhesive bonding by make, model and manufacturer. It is based on 5
publications by National Auto Glass Specifications, Inc., [3], [32],
[33], [34], [38] corroborated by the author's observations of cars in
numerous parking lots.

It is important to note that rubber gasket installations con-
tinued well past the 1/1/70 effective date of Standard 212, especially
at Ford, Chrysler and most of the foreign manufacturers. When Ford
discontinued its compact Falcon and introduced the Maverick in 1970, it
actually switched back from adhesive bonding to rubber. The rubber
gasket method used in domestic and Japanese cars is by no means a
"pop-out™ windshield. It can meet the Standard 212 compliance test
(which allows up to 25 percent bond separation in a 30 mph barrier
impact), as evidenced by continued use of this method in production cars
after 1970. Also, tests by Trosien and Patrick indicated that even
pre-1970 domestic cars with rubber gaskets could meet Standard 212 [50].
On the other hand, the rubber gaskets used in Volkswagens before 1970
was a much looser installation. The windshield had to be clipped to the

metal frame in response to Standard 212.
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TABLE 1-1

INTRODUCTION DATES FOR ADHESIVE
WINDSHIELD BONDING (1960-79)
(Source: National Auto Glass Specifications, Inc.

[3], [32], [33]1, [34], [38])

Size Model Year/
Corporation Class Model Date Introduced
General Motors Full-size
(B and C body) 1965
Intermediate
(A, A special) Chevelle, Tempest 1964*
F-85, Buick Special 1963/64™**
Compact Nova, etc. 1968
Corvair only 1965
Sports Corvette 1968
All others *
Ford Full-size Ford, Mercury 1965
Lincoln (except Mark) 1966
Intermediate 1966
Compact Falcon (through 69) 1966
Maverick, Comet
(70-77) x>
Fairmont, Zephyr 1978*
Subcompact Pinto, Bobcat mid 1978
Specialty Mustang, Cougar 1969
Luxury Specialty Thunderbird 1967
All others *
Chrysler Full-size 1969
Intermediate 1971
Compact Valiant, Dart
(through 76) **
Aspen, Volare 1976
Specialty : Barracuda 1970
Charger (through
1970 only) **
Challenger 1970
All others *

*Always used adhesive bonding
Always used rubber gasket
¥**pdhesive bonding on some cars in 63; all cars starting in 64
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TABLE 1-1 (Continued)

Size
Corporation Class
AMC Full-size
Intermediate
Compact .
All others
Audi
BMW

Capri (German)
Colt

Datsun

Fiesta

Honda

Mazda
Mercedes/Benz
Subaru

Toyota

Volkswagen

Volvo (1970-79 only)

*Always used adhesive bonding
**Always used rubber gasket

Model

American
(through 69)
Gremlin, Hornet

210
710
All others

Corolla
Corona
Celica

14~

Model Year/
Date Introduced

1967
1967

*%
1970*

*

1978

¥

*%

Varies

KX
*

Unknown

*¥%

*¥%

%
*¥

*%
**

1978

*%



Since rubber gaskets could and did meet Standard 212, why did
domestic manufacturers largely switch to adhesive bonding? Partly
because adhesive bonding was felt to be even more effective than
existing rubber gaskets in retaining the windshield. Also, it appears
that adhesive bonding is a less costly installation method and offers a
small weight savings (see Section 7.1).

If adhesive bonding enhances windshield retention and costs
less, why did so many manufacturers persist in using rubber gaskets?
Partly out of concern over reports that adhesive bonding significantly
increases the injury risk of persons who are not ejected from the
vehicle. This was the conclusion of the principal statistical study of
windshield contact injuries [9] and it is a view widely held in Europe
[44]. A major objective of this evaluation is to perform new analyses
of the effect of bonding on the injuries of occupants who are not
ejected. Also, it is possible that the rubber gasket may have
advantages in terms of durability (the windshield is less likely to
break loose from repeated travel over rough roads [4]), ease of repair,
and in sealing out rain, wind or noise. In fact, the gasket is
sometimes called a "weatherstrip" [13].

A secondary change in windshield mounting methods for domestic
cars occurred when GM switched from butyl rubber type to a polyurethane
sealant for the 1973 model year [29]; AMC switched in 1974 [31]. The
newer method is believed to provide an even tighter bond than the tape
[29]; this hypothesis will be tested in analyzing the NCSS data in
Section 5.1. |

Foreign manufacturers generally did not shift to adhesive
bonding and continued to use rubber gaskets during the 1970's. Their

persistent preference for rubber gaskets may date back to the era when
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especially hazardous, tempered glass windshields were allowed in many
countries: it was more desirable for the windshield to pop out of its
frame than to stay in place and injure the occupant [14]. It was
reinforced by Rodloff and Breitenbuerger's research which suggested
that, even with HPR glazing, a "controlled pop-out windshield" was
needed [44]. Some of the rubber gaskets (e.g., in Japanese cars) were
relatively tight and needed little or no modification in response to
Standard 212. But the gasket on the pre-Standard 212 Volkswagen (and,
possibly, some other German cars) was much looser than the types of
gaskets used, for example, on American cars. Near the effective date of
Standard 212, VW began to install continuous plastic clips between the
rubber gasket and the pinchweld flange which constitutes the
windshield's frame. That provided VW with a bonding method for its
exports to the United States which met Standard 212 while retaining the
rubber gasket method which they preferred and allowed them the option of
continuing to use looser gaskets in cars sold outside the United States
When the analyses of this report were based on large data
files (FARS, New York, Texas), the sample of German cars was limited to
Volkswagen, where it is relatively clear that clips were installed very
close to the beginning of the 1970 model year. For the smaller data
files (NCSS, MDAI), the other German makes are included to increase the
availéble sample size, even though it is not as well known when and if
similar modifications were made. Thus, throughout the report, results on
"German cars" are the ones based on NCSS and/or MDAI; those on
"Volkswagen" are based on the other files. Practically speaking,
though, the distinction is of minor importance since Volkswagen
accounted for over 85 percent of the German cars sold here during

1965-75.
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The potential benefits of adhesive windshield bonding are, of
course, a reduction in the frequency and extent of windshield bond
separation in crashes. In turn, this could reduce the likelihood of
occupant ejection through the windshield and the number of fatalities
associated with ejections.

The potential negative side effects of adhesive bonding could
be manifold. Without a rubber gasket that stretches or tears away from
the frame, the windshield may be more liable to cracking or tearing; if
the former, there could be more minor lacerations; if the latter, more
major lacerations and fractures. On impacts where the windshield is not
penetrated, the lack of "give" in the windshield periphery could lead to
more headaches, contusions and whiplash (at low speeds) or even con-
cussions (at high speeds). But if, as some engineers believe [25], [50]
windshields are a poor medium for transmitting impact forces to the
frame, the effect of the mounting method could be negligible. Also, the
effects could be different in pre-HPR windshields (which are penetrated
at 10-15 mph) and HPR windshields (penetrated at 22-29 mph). It should
be noted that Fargo's unfavorable results concern the effect of bonding

in pre-HPR windshields, only [9].

1.6 Evaluation objectives and limitations

Three statistical analyses of accident data constitute the

bulk of the evaluation:

o The effect of HPR windshields on the risk of an occupant

being injured by contact with the windshield--Chapter 4.
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o0 The effect of windshield installation method on the risk of
occupant ejection through the windshield portal--Chapter 5. The effects
of adhesive bonding in domestic cars and of clipped rubber gaskets in

Volkswagens are analyzed separately.

o The effect of windshield installation method on the risk of
an occupant being injured by contact with the windshield, while
remaining in the vehicle--Chapter 6. Adhesive bonding in domestic cars
with HPR windshields, adhesive bonding in domestic cars with pre-HPR
windshields and clipped rubber gaskets in Volkswagens (with HPR

windshields) are analyzed separately.

The strategy of this evaluation is to perform, in each
chapter, parallel "injury"™ and "engineering" analyses of accident data.
In Chapter 4 (HPR), the "injury" analysis of the reduction of various
types of head trauma is paralleled by an "engineering" analysis of the
velocities at which heads penetrate windshields in crashes. The
increase in the penetration velocity is the engineering explanation of
why injuries characteristically associated with penetrated windshields
were mitigated. In the study of the effect of the windshield
installation method on ejection (Chapter 5), the "injury" analysis of
occupant ejection risk is accompanied by an "engineering" analysis of
windshield separation in crashes: ejection risk ought to be
proportional to the frequency or amount of windshield separation. The
analysis of the side effects of the windshield installation method on
occupants who were not ejected (Chapter 6) again compares types of head

injuries and penetration velocities.
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Since there are a variety of windshield injury mechanisms
resulting in quite different injury types, a separate "injury" analysis
is conducted for each of the major types of windshield-caused
injuries--serious lacerations, fractures, concussions, minor lacera-
tions, headaches and contusions--as well as for all types combined. The
analysis by type of injury will assist the "engineering" analysis in
showing why windshields are preventing the injuries as well as giving an
estimate of net benefits.

When the accident data specify both the injury type and injury
source (NCSS or MDAI), the analysis focuses on injuries specifically due
to contact with the windshield. When the data specify injury type, but
not the source (New York State), the analysis focuses on head, face and
neck injuries of front-seat occupants in frontal crashes, which is where
most windshield contact injuries occur. If the injury type is also
unknown (Texas, FARS), front-seat occupant casualty risk in frontal
crashes is analyzed by severity level only, sometimes using nonfrontal
crashes as a control group.

Most of the time the analytic approach is to compare the
injury risk of occupants of cars of the first model year equipped with
HPR/adhesive bonding/clipped rubber gaskets to the risk of occupants of
cars of similar makes and models of the last model year before
HPR/adhesive bonding/clipped rubber gaskets. Next, cars of the first 2
years with HPR/adhesive bonding/clipped rubber gaskets fare compared to
the last 2 years without it;lthen a comparison for +3, +4, +5 years.
This approach has proven successful in previous evaluations [20], [21]
for differentiating the actual effect of the safety equipment being
studied from the effects of other safety improvements or data biases. A

multivariate analysis of injury severity, windshield type, and control

~19-



variables would be inappropriate: in the police-collected data files,
because suitable control variables are unavailable; in NCSS, because the
sample size for pre-standard crashes is too small for further parsing by
control variables.

The analyses will estimate the reduction in the number of
persons injured each year, by injury type, if each car in the United
States is equipped with HPR windshields relative to the baseline
situation in which all cars were still equipped with the pre-standard
windshields; if each American car is equipped with adhesively bonded HPR
windshields relative to a baseline of gasket-mounted HPR windshields; if
each Volkswagen is equipped with clipped rubber gaskets and HPR glazing,
relative to a baseline of pre-Standard 212 gaskets and HPR.

Likewise, the cost of a windshield improvement is the average
incremental cost per car for the improvement multiplied by the number of
cars sold in the United States in a year. The cost increment includes
the increase in the initial purchase price and the incremental fuel
consumption over the life of the vehicle.

The evaluation is limited to windshield modifications that
have actually been implemented to date (October 1984) on large numbers
of production vehicles sold in the United States. In particular,
glass-plastic glazing materials such as Securiflex are not evaluated
because their on-the-road experience in this country is limited to small
test fleets. It should be noted, though, that laboratory tests have
suggested glass-plastic glazing may have great potential for reducing
the number of minor lacerations--and this evaluation shows that 427,000
minor facial lacerations are still occurring annually, even after HPR.

It may also be useful especially in side-window applications, for
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reducing ejection through glazing (see Clark and Sursi, "The Ejection
Reduction Possibilities of Glass-Plastic Glazing, SAE Paper No. 840390,
1984).

The evaluation is limited to passenger cars. Trucks did have
to meet Standard 205 in 1968, but there are few pre-Standard 205 cases
on the data files used in this evaluation. Most of them continued to use
rubber gaskets until the late 1970's so there are hardly any cases with
adhesive bonding. A paper by Najjar titled "FMVSS No. 212 and 219;
Aggressiveness, Downsizing and Ejection" (NHTSA, 1980, DOT HS-805 883)
considers windshield installation methods in vans. (After NHTSA
extended Standard 212 to light trucks and vans, effective 9-1-78, the
manufacturers began shifting from rubber gaskets to adhesive bonding.
NHTSA also sought and obtained written commitments from the
manufacturers to use adhesive bonding in trucks and vans at that time.)

The evaluation is limited to the windshield and does not
discuss side windows or other glazing. In about 1960, there was a shift
from laminated (pre-HPR) to tempered side windows. If appropriate
accident data had been available, it would have been worthwhile to
analyze the safety consequences (not necessarily positive) of that
shift. But the number of side wiﬁdow—related injuries in cars of that
age on NHTSA accident files is entirely insufficient for meaningful
statistical analysis.

The available sample sizes were too small in NCSS for statis-
tically significant results on some of the types of injury. Therefore,
NCSS was supplemented with analyses of New York State data on types of
head injuries; NCSS and Multidisciplinary Accident Investigation data
were used in combination for the analysis of ejection through the

windshield portal. With the addition of these data sources, the samples
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were more than adequate for showing that the HPR windshield and tighter
windshield installation achieved their primary objectives with little or

no side effects.
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CHAPTER 2

EARLIER STUDIES OF WINDSHIELD GLAZING AND MOUNTING

There have been a large number of laboratory studies of windshields as
well as a few accident analyses. Windshields lend themselves especially
well to laboratory testing because the procedures are inexpensive and the
measurement criteria are straightforward. This review is confined to the
studies that specifically evaluate HPR glazing or adhesive bonding. The
studies unequivocally indicate that HPR glazing is effective but are
inconsistent about adhesive bonding: some of them show that the mounting
method makes little or no difference while others show a substantial

negative side effect for adhesive bonding.

2.1 Laboratory studies of HPR windshields

The principal tools for testing windshields are the drop test and the
chamois. Various objects are dropped onto samples of windshield glazing
from a range of heights and the threshold velocities at which various types
of breakage occur are measured. In particular, the penetration velocity is
the most important measurement because most of the serious injuries in
pre-HPR windshields are a result of penetration (see Section 1.3). If the
projectile is equipped with accelerometers, the deceleration-time history
can be obtained. In some cases, a sled test using dummies and a vehicle's
passenger compartment is substituted for the drop test because it allows a
more realistic simulation of the dummy head kinematics. Chamois is a thin

goat skin whose laceration properties are similar to human skin. Two layers
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of it are wrapped around the dummy headform. The number and depth of
lacerations in the chamois are used to measure the laceration risk for human

beings in actual crashes.

2.1.1 Patrick and Daniel (1964)

The research was sponsored by Ford and conducted at Wayne State
University [41]. Sled tests were run with instrumented unrestrained
cadavers and dummies. The pre-HPR windshield was penetrated in all tests
with head-to-glass contact of 14 mph or more, always resulting in AIS > 2
lacerations. There were multiple facial bone fractures on the 24 mph
head-to-glass contact, directly attributable to the penetration.

The HPR windshield was not penetrated in head-to-glass impacts up to
29 mph. There were no lacerations below the 16-29 mph range. Serious
lacerations and facial bone fractures occurred only on the 29.3 mph impact
which resulted in penetration.

Deceleration of the cadaver head was substantially lower for the HPR
windshield than for the pre~HPR glass in the 13-29 mph range--i.e., where
only the pre-HPR windshield was penetrated--because, according to the
authors, it is the contact with the exposed edges at the hole in the
windshield which causes the most severe deceleration. For example, at 20
mph, head deceleration was about 100 g's for pre-HPR and 50 g's for HPR.

In other words, the HPR windshield greatly reduced the risk of

serious lacerations without increasing deceleration values.

2.1.2 Rieser and Michaels (1965)

The research was performed at the Pittsburgh Plate Glass Co., which
played a major role in the development of the HPR windshield [42].

Five-pound steel balls and 22 pound chamois-covered headforms were dropped

Y



onto relatively small panels of pre-HPR and HPR glazing. The low cost of
the test procedure allowed extensive replication of tests and a precise
calculation of the mean penetration velocity. These velocities, as a
function of type of glazing, type of projectile and the angle between the

plane of the glass and a vertical line were:

5 1b. Steel Ball 22 1b. Headform

45° 90° 45° 90°

pre-HPR 13 mph 9 14 10
HPR 26 26 28 28

It is evident that the 5-pound steel ball and 22-pound headform
correlated well in these tests. Both are used to simulate the interaction
of the head of a lap-belted cadaver with the windshield. Clark of NHTSA,
however, feels that the 5-pound ball might not perform as realistically on
windshields with thinner glass layers than the ones used during the 1960's.

In all cases, the HPR glass had 2-3 times as high a penetration
velocity. The results for the 45 degree tests are nearly the same as
Patrick and Daniel's cadaver results, indicating that drop tests with small
glass panels adequately model real-life performance.

Other types of glazing material were also tested. Polyvinyl butyral
alone (without glass) had a penetration velocity well above 30 mph even when
only the 0.015 inch pre-HPR plastic was used. This shows that the vulnera-
bility of windshields at much lower speeds is not to be blamed on the
weakness of the plastic but rather on the way it interacts with broken

glass. Glazing which used 1/8 inch layers of tempered glass in combination
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with polyvinyl butyral had higher penetration velocities than the HPR
windshield but it produced dangerous head deceleration levels at

subpenetration velocities.

2.1.3  Widman (1965)

The effects of various parameters on penetration velocity were
tested at Ford [52]. Drop tests were conducted with a 22 pound headform.
The HPR interlayer not only has lower adhesion to glass than the pre-HPR
interlayer, it is also twice as thick. Widman tested separately the effects

of plastic type and thickness on penetration velocity:

0.015 inches 0.030 inches
pre-HPR 9 mph 13
HPR 13 22

Use of an HPR interlayer provides a significant benefit even at the old
thickness of 0.015 inches but yields an even greater gain at 0.03 inches.
Widman also demonstrated that increases in moisture content lead to
increases in penetration velocity, but only for the type of plastic used for
the HPR interlayer and that, only up to 0.6 percent moisture content. Thus,
the optimal material is the HPR interlayer with moisture content controlled

to be close to 0.6 percent.

2.2 lLaboratory studies of windshield mounting techniques

Two German studies indicated a significantly higher penetration
velocity for windshields mounted with rubber gaskets than for adhesively
bonded windshields. Two American studies showed only marginal differences.

The rationale for a large difference is that the stretching of a rubber
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gasket or its controlled separation from the frame can absorb a significant
portion of the impact energy applied to the windshield by the occupant's
head and transmitted to the frame by the elastic interlayer--or that the
popout of the windshield virtually eliminates the head/glazing interaction.
The rationale for a marginal difference is that windshield glazing, even
with a plastic interlayer, transmits force poorly to the windshield
periphery; the primary force on the head is due to the inertia of the glass
in the localized impact area. Under these circumstances, it is important to
review the test procedures of the various studies in detail, because they
may strongly influence the likelihood that forces are transmitted to the

periphery.

2.2.1 Rodloff and Breitenbuerger (1967)

The research was performed at the German Plate Glass Co. [44]. Dr.
Rodloff, 5 years earlier, had been instrumental in the development of HPR
glass. Drop tests were conducted using a 22 pound headform and 20 x 30 inch
panels of glazing. The glazing samples used an HPR interlayer of varying
thickness. The penetration velocities, as a function of mounting method and

interlayer thickness were:

0.02 inch HPR 0.03 inch HPR (Standard
Rubber gasket 24 mph >36
Adhesive bonding 18 24

Several factors may have contributed to this remarkable increase in
penetration speed for the rubber gasket. One is that the rubber gaskets
were typical of German vehicles of the 1960's: loose enough to allow the

glass to pop out easily. - (This explanation assumes that the authors counted
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a glazing sample which popped out and let the headform pass through open
space as a "nonpenetrated" sample--a "success.") A second is that the
glazing samples were smaller than real windshields. Since the distance from
the contact area to the the perimetér is shorter, forces are mgre readily
transmitted to the frame. Another possibility is that the rubber gasket
used here was even looser than those used in German production vehicles,
especially so if the rubber was still fresh at the time of the test.

The authors concluded that adhesive bonding “"defeats a great part of

the improvements achieved" by the HPR windshield.

2.2.2 Patrick (1968)

The research was performed at Wayne State University in preparation
for a European safety conference [40]. Its specific objective was not to
determine the penetration velocity but rather to identify the effect of
mounting technique in head and neck injury risk at lower velocities. Sled
tests were performed using unrestrained dummies and cadavers. The sled buck
was crafted from a Volkswagen sedan (a small European car for which rubber
gaskets were standard equipment). HPR windshields were tested under 3
mounting conditions:

o Basically unattached to the car

o Standard VW rubber gasket

o Butyl tape

Test speeds ranged from 9 to 24 mph and did not result in head penetration on
any test.

The rubber gasket installation allowed the windshield to pop out on
most tests and the results resembled the basically unattached condition (As

described earlier, the gasket used at that time by VW was much looser than
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those used in the United States, especially when the rubber was fresh.)
Nevertheless, there was little or no difference in the head severity indices
or neck rotations due to windshield contact between the butyl taped wind-
shields and either of the loose mounting conditions. In fact, these indices
were always well below the threshold for significant injuries. 0On the
contrary, when windshields popped out, there was potential for significant
injuries due to contact with the exposed windshield frame or the car's hood.

Although penetration did not occur on any test, there were small
tears in the interlayers under all 3 conditions. The tears began to happen
at about the same speeds or, perhaps, at marginally lower speeds in the
taped windshields.

Based on these results, Patrick indicated a preference. for
adhesively bonded windshields. Patrick's results are not directly
comparable to Rodloff and Breitenbuerger's because his tests were all
conducted at 24 mph or less, which would not have caused penetration in
their tests, either. The issue of penetration speeds remained to be

addressed in the next study.

2.2.3 Trosien and Patrick (1970)

Chrysler Corporation sponsored this research at Wayne State
University [50]. Chrysler did not begin changing over from rubber gaskets
to adhesive bonding until 1969, at which time GM had completed the

transition. Sled tests were performed with instrumented unrestrained
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dummies in a sled buck built from a 1964 Plymouth. HPR windshields were

tested under 3 mounting conditions

o Standard Chrysler rubber gasket
o Butyl tape

o Polysulfide (Thiokol) pumped adhesive

Test speeds ranged from 20 to 30 mph, resulting in occurrences of penetration
for all three conditions.

Mean interlayer tear and head penetration velocities were:

Interlayer Tears Penetration
Rubber gasket 25 mph 30
Butyl tape 24 30
Polysulfide adhesive 23 25

These velocities may contain some sampling errors because they are based on
a relatively small number of sled runs (8 in each mounting condition). In
any case, though, they only show moderate differences between rubber gaskets
and the two types of adhesive bonding. Contrast these results with Rodloff
and Breitenbuerger, who found that adhesively bonded HPR glass was
penetrated at 24 mph and the glass in rubber gaskets, not even at 36 mph
(possibly because the whole windshield came out in the latter case).
Trosien énd Patrick also recorded the amount of separation of the
windshield from its periphery on each test. There were no significant
differences between rubber gaskets and adhesively bonded windshields. The
most extensive pullout on any test was about 15 percent and it occurred with

a butyl taped windshield. The average amount of pullout per test was just
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over 1 percent. The bond remained intact in 19 of their 23 tests. Although
these findings cannot be directly compared to the Standard 212 requirements,
which are based on a barrier impact rather than a sled test, they seem to

indicate that rubber gasket mountings commonly used in the United States,

even as early as 1964, probably could have met Standard 212,

The discrepancies between this study and the European results are
best explained as follows:

o American rubber gasket mountings appear to have been tighter than
European ones of that era, at least the ones used in the tests. Thus, the

difference between gaskets and adhesive bonding is less pronounced here,

o Trosien used a full windshield whereas Rodloff used smaller glass
samples. The larger the glass area, the harder it is to transmit forces to

the periphery.

o Perhaps, the dummy head kinematics in Patrick's sled tests
'produced more localized forces on the glass than Rodloff's 22 pound
headform.

The authors calculated the laceration index and the head severity
index (for blunt trauma) on each test. lLacerations were approximately equal
for rubber gaskets and butyl tape and marginally higher for polysulfide
adhesive. Blunt trauma was more or less the same for all three conditions
and well below dangerous levels in every case.

They ran about a quarter of the sled tests with the car's instrument
panel removed., It seemed to have little or no effect on head-windshield
interaction or injury risk, suggesting that windshield performance may be
relatively insensitive to changes in the design of other components of the

vehicle. The angle of the dummy head at impact was recorded on each test
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(but could not be controlled in advance). When the dummy's head was tilted
down, the momentum of its upper torso was also applied to the windshield,
tearing the interlayer at a lower speed. In fact, head angle was more
important than windshield mounting method as a factor in windshield per-
formance.

Trosien and Patrick found the differences in the test results too
small to warrant recommending one windshield installation method over any of

the others, in cars equipped with HPR windshields.

2.2.4 Seiffert, Hildebrandt and Nitzsche (1972)

Engineers at Volkswagen tested the effects of various parameters on
penetration velocity [48]:

o Windshield mounting method

o Thickness of the interlayer

o Thickness of the inner and outer glass layers

Windshield samples were struck by a 15 pound pendulum device, a 22-pound
free-flying headform launched from a cylinder by a piston, two headforms
dropped simultaneously from a tower, or an unrestrained dummy riding a sled.

The samples of windshield glazing used in the tests were 15 x 40
inches, which is smaller than a production windshield. Moreover, the
samples used in the tests of windshield mounting methods contained an 0.045
inch HPR interlayer, which is 50 percent thicker than the ones in production
HPR windshields. Loose and rigid mounting methods were simulated by clamping
the glazing samples to a frame with clamp pressures ranging from 28 to 225

psi.
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Under these conditions, penetration speed was 47 mph for windshields
clamped at 28 or 56 psi and 40 mph with the 225 psi clamping. Whereas this
is a significant reduction in penetration velocity for rigid bonding, the
results are not inconsistent with Trosien and Patrick's. Seiffert et al's
combination of a smaller than normal glazing sample with a thicker than
normal interlayer would tend to accentuate the transmission of force from
the éontact area to the perimeter. If full windshields with the ordinary

0.03 inch plastic had been used, the difference would probably have been

smaller in both absolute and relative terms.

2.3 Analyses of highway accident data

2.3.1 Fargo (1968)

R. B. Fargo of Calspan Corporation performed a detailed evaluation
of windshield glazing and mounting [9]. In fact, it is one of the
outstanding statistical analyses in the field of highway safety. For that
reason, its unfavorable results on adhesive bonding have to be given serious
consideration and cannot be quickly written off to inadequate sample size,
obvious biases or inappropriate analysis techniques.

The study is based on Automotive Crash Injury Research (ACIR) data.
ACIR was an important National accident data file, collected during 1953-69.

Police from several States were specially trained to collect detailed
injury, contact point and crash severity data. Although they did not use
probability sampiing techniques, they collected a large and fairly uniform
sample of injury-producing accidents involving then-recent American

vehicles.

-33-



Fargo obtained a sample of 2292 cars of model years 1964-67 which
had sustained frontal impacts in crashes where at least one person was
injured. There were 3480 front-seat occupants in those cars. (Although
this is a smaller N than the NCSS data used in this report, the high injury
rates and low missing data rates for contact points on ACIR imply that ACIR
results actually have a better chance for statistical significance than NCSS
results for pre-1970 cars.)

In order to make valid pre-post comparisons, Fargo drew 3 (partially

overlapping) subsamples from his ACIR data:

I. MY 1964 cars with rubber gaskets and pre-HPR glass and MY 1965

cars of the same makes and models with adhesive bonding and pre-HPR glass

(primarily full-sized Ford and GM cars). This subsample is used to measure

the effect of changing from gaskets to adhesive bonding in pre-HPR cars.

II. MY 1964-1965 cars with pre-HPR glazing and rubber gaskets and MY
1966-67 cars of the same makes and models with HPR glazing and rubber
gaskets (all Chrysler Corporation cars, Mustang, Chevy II, etc.)--used to

evaluate the effect of HPR glass in rubber gasket cars.

ITI. Pre HPR MY 64-65 cars with adhesive bonding and post-HPR MY
66-67 cars of the same makes and models with adhesive bonding (intermediate
GM plus full-sized 65-67 GM and Ford)--used to evaluate HPR glazing in
adhesively bonded cars.

It was impossible, however, to perform the 4th comparison, i.e., to

evaluate the effect of changing from gaskets to adhesives in post-HPR cars

because, as of 1967, there was no group of high-volume post-HPR makes and

models with gaskets one year and adhesives the next.
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Fargo's statistical procedures of isolating the effects of glazing from
those of windshield mounting, and limiting his data sets to cars of
identical makes and models built within two years of the date of a safety
modification are excellent. They should minimize biases and confounding
factors. Furthermore, in order to remove possible biases due to ACIR's
nonprobability sampling scheme, Fargo post-stratified (or standardized) the
data by crash severity, belt usage and vehicle occupancy/seat position.

The first analysis pertains to windshield damage patterns. Fargo's
"web-broken" category corresponds to significant tears and/or penetration of
the interlayer by an occupant's head. The percent of cars involved in

frontal crashes which had "web-braken" damage were

Pre-HPR HPR
Group Rubber Adhesive Rubber Adhesive
I 10.6 —~———a 17.9
I 17.0 y 2.4
III 18.9 -y 2.3

All of the observed changes are statistically significant. The 69
percent increase in web-broken damage in Group I suggests that adhesive

bonding significantly lowered penetration velocity in pre-HPR cars. The

stunning 86 percent and 88 percent reductions in Groups II and III, respec-
tively, indicate that HPR glazing greatly increased penetration velocities,
regardless of the windshield installation method. The benefit of HPR
glazing clearly outweighs the effect of the mounting method, when it comes

to windshield damage patterns.
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The most basic measure of effectiveness is the percentage of occupants

with AIS > 2 head injury attributable to windshield contact:

pre-HPR HPR
Group Rubber Adhesive Rubber Adhesive
1 1.1 =———u315.9
II 17.1 > 5.2
I1I 17.0 - —> 8.9

Again, all changes are statistically significant. Pre-HPR cars with
adhesive bonding had a 43 percent higher windshield injury risk than
comparable pre-HPR cars with rubber gaskets. The HPR windshield was very
effective in rubber gasket cars, reducing injuries by 70 percent. It was
somewhat less effective in cars with adhesive bonding, reducing injuries by
48 percent. Groups I and III have a large overlap, since both contain
full-sized GM and Ford cars. The Group III cars with both HPR glazing and
adhesive bonding have an injury rate only 20 percent lower than the Group I
cars with neither. These statistics are consistent with Rodloff's
conclusion that adhesive bonding defeats a great part of the improvements
achieved by the HPR windshield (see Section 2.2.1).

Fargo also analyzed effectiveness by injury type (laceration,
concussion, fracture) and/or specific location (eye, face, farehead, scalp).
The results were homogeneous across injury types; negative for bonding;
positive for HPR, especially in rubber gasket cars. For example, adhesive
bonding (in pre-HPR cars) increased the risk of concussion, facial fracture,
and soft tissue injuries of the face, forehead and scalp. The effect on eye

injuries and skull fractures was unclear. HPR glazing reduced eye injuries
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and concussions (d