Ground Vehicle Engineering Series

L AUTOMOTIVEINCCIDEN

- RECONSTRUCTION

Practices and Principles

Donald E. Struble )




AUTOMOTIVE AGCID

ien

-] a8
#
i

Practices and Principles

Donald E. Struble

CRC Press

Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business



CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway NW, Suite 300
Boca Raton, FL 33487-2742

© 2014 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works

Printed on acid-free paper
Version Date: 20130729

International Standard Book Number-13: 978-1-4665-8837-0 (Hardback)

This book contains information obtained from authentic and highly regarded sources. Reasonable efforts
have been made to publish reliable data and information, but the author and publisher cannot assume
responsibility for the validity of all materials or the consequences of their use. The authors and publishers
have attempted to trace the copyright holders of all material reproduced in this publication and apologize to
copyright holders if permission to publish in this form has not been obtained. If any copyright material has
not been acknowledged please write and let us know so we may rectify in any future reprint,

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced, transmit-
ted, or utilized in any form by any electronic, mechanical, or other means, now known or hereafter invented,
including photocopying, microfilming, and recording, or in any information storage or retrieval system,
without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copyright.
com (http://www.copyright.com/) or cantact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood
Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that provides licenses and
registration for a variety of users. For organizations that have been granted a photocopy license by the CCC,
a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used
only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Struble, Donald E. (Donald Edward), 1942-
Automotive accident reconstruction : practices and principles / Donald E. Struble.
pages ¢m. -~ (Ground vehicle engineering series)
Includes bibliographical references and index.
ISBN 978-1-4665-8837-0 (hardcover : alk. paper)
L. Traffic accidents. 2. Motor vehicles. 3. Traffic accident investigation. 1. Title.

HE5614.584 2014
363.12'565--dc23 2013028514

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Preface

Before entering the field of motor automotive safety, I specialized in air-
craft and missile structures all the way through graduate school and into
a university teaching career. However, the fascinating field of automotive
crashworthiness beckoned, and before long I was focused on car crashes,
energy-absorbing structures, and occupant protection. Eventually, I went
into accident reconstruction.

Becoming a reconstructionist meant that there was much to learn; like
so many other newbies, I needed mentoring. Don Friedman, Bob Cromack,
and Chuck Warner were instrumental in that regard. Nevertheless, there
was no single textbook, no single source for the requisite theory, and no
road map showing how to acquire the data and information I needed. So, I
did what so many others have probably done—worked out the theory and
the practical techniques myself, aided by technical papers written by those
who had gone before, and spurred on by invigorating discussions with my
colleagues at Minicars, Inc. and Collision Safety Engineering. The theory
gradually wounded up in the form of pen and paper calculations, computer
programs, and written documents that were distributed to the younger
engineers and referred to constantly as time went on. Some of this material
found its way into technical papers. At the same time, experience gradu-
ally revealed investigation and measurement techniques—some of which
worked better than others—and how the necessary data and information
could be obtained.

To the younger engineers who both received and helped develop this
knowledge base, much credit is due—particularly Kevin Welsh and John
Struble—who went through the written materials and participated in many
discussions, asking probing questions, challenging assumptions, and work-
ing out procedures. This book is an attempt to gather, in one place, the mate-
rial that other young engineers will need to master in order to investigate
and reconstruct crashes. My aim has been to make it an authoritative source
they can consult throughout their careers, enabling them to base their work
on the stoutest possible foundation.

The material consists of practical matters, like where to find the techni-
cal information one needs, how to acquire and analyze publicly available
data, and how to interpret evidence, for example, as well as more theoretical
subjects such as how to apply the principles of mechanics so as to analyze
crashes. Of course, the book does not cover everything; journal articles and
even other books will always be important, particularly as the field evolves.
The discerning reader will notice, for example, that crashes involving heavy
trucks and other articulated vehicles are not covered. Simulation models are

xiii



xiv Preface

discussed only in an introductory manner. But one has to stop somewhere,
lest the tome becomes unwieldy. Most of the investigative techniques and all
of the fundamental principles and resulting equations will still apply. If this
book does its job, it will serve as a valuable resource for reconstructionists as
they build their own careers.



Acknowledgments

This book would not have been undertaken except for the prompting by my
wife Lonny and my son John, and could not have come to fruition without
the continuous and enthusiastic support by my entire family. My deepest
thanks go to all of them, particularly to John, who read and reviewed vari-
ous chapters and—as usual—provided valuable comments and insights, and
pointed out errors. Those that remain are due to me and no one else.

X0



Author

Donald E. Struble holds BS, MS, and PhD from California Polytechnic State
University (San Luis Obispo), Stanford University, and Georgia Institute of
Technology, respectively, all in engineering with an emphasis on structural
mechanics. Dr. Struble was assistant professor of aeronautical engineering
at Cal Poly, manager of the Research Safety Vehicle program and senior vice
president of Engineering and Research at Minicars, Inc., and president of
Dynamic Science in Phoenix, Arizona. He has worked in automotive safety
since 1972, including occupant crash protection and crashworthiness at the
highest crash severities (50 mph barrier crashes, for example), and has been
reconstructing accidents since 1983.

Dr. Struble has published numerous papers in these areas. A 2001 paper,
“SAE 2001-01-0122” (SAE International, Warrendale, PA), received the Arch
T. Colwell Merit Award, for papers based on “their value as contributions to
existing knowledge of mobility engineering, and primarily with respect to
their value as an original contribution to the subject matter.” He has had three
papers selected for inclusion in SAE Transactions, “judged by a distinguished
panel of engineering experts to be among the most outstanding SAE techni-
cal papers.” Three other papers were selected for inclusion in SAE technical
compendia on air bags and accident reconstruction. Dr. Struble was editor of
Advances in Side Airbag Systems, published by SAE International, 2005.

Dr. Struble has delivered invited presentations at two ESV (Experimental
Safety Vehicle) conferences, and is co-holder of a patent on a side impact air-
bag. Dr. Struble has been an SAE TopTec instructor on the following topics:
air bags, high-speed rear impacts, and accident reconstruction. He is a mem-
ber of SAE, AAAM, and Sigma Xi, the Scientific Research Society. Formerly
senior engineer at Collision Safety Engineering in Phoenix, Arizona, and
president of Struble-Welsh Engineering in San Luis Obispo, California; he
is now retired.

Vil



Contents

33 ot RO WL W . . 1T LTr WX W) xiii
AckNOWIEABINOALS <o suwssimmssoninsanssamsmsssenenassssvsainsss soborsssinsivn sorshedsaenissigraginsosnd XV
AROT: cocosuvsisiiisissisvassimssssmmssesssvavestssess f5mi A TaEsvsovesss F30sFoases SRR ndusdoanmssaosms b sdons xvii
1. General PrincCiples........ciiriiiniiiamimmeessisssismsamsssssssinsassasssisssssassssnass 1
AN BN S CIONICED i iiniicprrsermmarassgssssaravans sxsonsnsanensions % isshods s s TR AT SSR TS 1
Units, Dimensions, Accuracy, Precision, and
SigRIFCANE FIZUTES ciovsarsesscmsecsammmmmmssrmmessepessssssisessysriins s ritmssiosanssssassiss 2
A WOrd ADOUE MASS :..csssisess onsssossassssimmsssisessasinsssmsissint ssibsiassssssssenssnvnioiss 2
Another Word About INches ....omswssvssmesassssmsmissassisasasassassonss 2
Newton's Laws of MOEON ......occoriiiiriiiicireccietcc e aeenees -4
Coordinate SYSLEIIS.. ... rummnsersmiccsisssesisssssesssessessssssnsuesssssesssssonssosiossn 5
ACEIASHE PRaSES: o csnsmenmomsssmmnsmsminsssssssimve spp ioslsiv soipye oot Srmiatsine 7
ConSErvation LaWs s mmassassinamasemimmssoanssimssosb it siiaission 8
Crush Zones:: :suwimssmsnsissmrmnseimiinasssmssismswomymsmemsimssmsaismsanssnisns 9
Acceleration, Velocity, and Displacement ...........ccccoooenrnciinniicincciiacnns 10
Crash Severity MEASUIES ..........ccccovevieereerercreisisecs s eaens 12
The Concept of EQUIVAlENCE..........oovvceeeiciceccce i 14
Objectives of Accident RecONStIUCHON ......c.vovviiieiciciicicccca 16
Forward-Looking Models (Simulations) ..........cccovininnninieisecsicennns 17
Backward-Looking Methods:.....sommsssmsassmsesmsmasmmsmsssmsissoasiinis 17
REFOUBIICE S jyvessusas soossivsssssss s sas msnisssinsessiiaii don sins iasasinssssmsbonsssasnsasssnsasssssussonsss 18
2. Tire Models.......... s ssssssssssis essassisssas stotassssssabisios 19
Rolling RESISEANCE.....c.cviiiiieicieiiicciice st s s 19
Longitudinal Force Generation. ...« wsssismsersssimsssmssmisivmsmsemaiimis 20
Lateral Force Generation . ...ximsiscassrmissimmssisisiiniisissssiosmssamsssanmsnssassrass 29
Longitudinal and Lateral Forces Together............cccccccvvviiiniviiccicrinnccnnne 30
The Backward-Looking Approach..........ccccivicciniiinenninesesscines 32
Effects of Crab ANGIe........ccouoviiiiriiiiicerireee s en e s 32
R IS mrrmmmmres £ secscsom smamsrnegemsazepsmmsvsnssssoress e B R B B B 33
3. Subdividing Noncollision Trajectories with Splines...........ccccocvcvevnnen. 35
INEFOAUCEION vusvess iassssns sussssasasssssnssisissssssvmsussnsisesssmsenssesrsvsryiossssiossittans sisssasasnsnss 35
Selecting an Independent Variable............cccccocovruvieiiiciioncicnncncenees 36
Finding a Smoothing FUNCHON...........cocivcuiuiiecicinicseceee e 37
Properties OF SPLITIeS: - cvmmmemsusessiessvesswsrresssoneribovsnsbosisnsiissaiiseivanis sisssiusass 38
Example of Using a Spline for a Trajectory .......osesssessssssessnssassrsssasissns 40

Fi)



Contents

vi

4. A Program for Reverse Trajectory Calculation Using Splines............ 47
Introduction wssssmmsmsmsmmarnmieismmmihiias s b s 47
Developing Velocity-Time Histories for Vehicle Run-Out Trajectories..... 47
Other Variables at Play in Reverse Trajectory Calculations .................... 49
Vehicle Headings and Yaw Rates .......c..oecomenieceveinineenesnescenesenseseneens 49
Example Reverse Trajectory Calculation .c.......ccccccecciieiniccenscnscnniiieniinnaes 50
Yaw Rates coweminsomsmsmimmsmmsimosibinsa b Werisssmemoiisssema fanteirises 53
Secondary Impacts with Fixed Objects .......ccccoeieieinicciinnniiicncinen, 53
Verifying Methods of Analyzing Post-Crash Trajectories....................... 53
The RICSAC CTashiTRStS s 5ercrassrsreeiivendinmin o i S s e T i 54
Domumentirig the Run-Out MOHONS ... csamsmssmismisamssmaimisiniitysessmss 55
Data Acquisition and Processing ISSUES.........coeammeurincrasesssnssssnsensnsasasaonsenss 56
Separation Positions for the RICSAC Run-Out Trajectories .................... 58
Side SIap IMPEACES smuvesresessomenseesessersmasensssssasibsranmmosiossainsristssisinimsssssresssasesius 59
Secondary Impacts and Controlled Rest........cccccoiicuiiiiiiniecicieicne 59
Surface FOCHON srorovsmsssimsmormmissmsmanssmmssmarsmssmsmansesisssmai st 60
Brake Fattors suvasmssuismissmissaasiisissmmmia ol s e as ssisns 61
SAMPE ValidatTon JRUI s oo antenreremmnenieis s 5w s i 5 e SRR 62
Results of Reverse Trajectory Validation............cccccvccicvivnniniciiiniinnaes 65
REFEIEINCES ....cvevemn s iscsisssasiesimsssssmsssassanensisssassesssasinesasassssasarssssss 68

5. Time-Distance Stadies :.....qxiwimsmimismsmniinsemminimssssismmis 69
PUTPOSE ...cvoumrerrincncsisssamsssmsassessssssssssssssersssssessossssressoassossrsosessossssnssasssasssssessssses 69
Perception and ReaCiON ..o 70
Constant ACCEIOTAEION . oreemesrorssronrmssnnesenfonis ST nit o 550y 55573 ST 78 iws SRS 71
Example of Constant Acceleration Time—-Distance Study ....................... 74
Variable AcCeleration ...t s sessans 77
REFETONOCOS : cscssvssmasssssnsisvanmsminsssssonsnusvnsssaiss s sindsss sossstsssassasss s vass s sssssssasiavars 80

6. Vehicle Data Sources for the Accident Reconstructionist.................... 81
I QAUICEION v covercremsomsesecmemsmmamsmesmesesansmssbonssseni binin sty Finsgeskassamssorsass s EeaTsass 81
Nomienclature and TETMINOIOZY «v:vussisicasisessossissssinsasssnsasssasssssrssssssseisess 81
SAE Standard DIfnensions enssaserssmimsmisemssinssmismsisismn; 90
Vehicle Identification NUmMbers ...........ooovveiieeiieeciccccce 92
Vehicle Specifications and Market Data ... 95
Vehicle Thertial PEOPEIEs ... i siivsiniinsicssoissisinesassssons sbosiassssisssssassonssoss 97
Production Change-Overs and Model RUNS .....c.cumisssssmansassssssassissas 98
Sisters ANd CIORNES i iussimisvsssasssmomuuomsmsmnsnsissssnsissaidsteasissssssavsssoississsniviss 98
Other Information SOMPERE . s susssusisussssansinisms mavsasmsssisssssssmmosvonsinsasis 99

P OPNG SIZES 1w rvnssssmsamvassamsss ovsrvarsyaiesmms i ErawnTs+785 643 HvidRIsas s S aeshes s Sovsressgaqaass 100
ROTETEIICES yoiiesses 5005w 5 35 S IR Sh 07 T TS0 TSRS SRR AR 101

7. Accident Investigation ..ot 103
INEFOAUCHON 1ot 103



Contents vii

Scene INSPECHON: s ccszmssussesusssrsmuervusnssanassepsenssssosssessisubsssons cosusvasesssvs uses 106
Vehicle INSPECHON. s susnsssssssssreasmmssrmmmsassssassaosssonsnsasssssansissonsrssseaspasamasssas 109
Crush MeasuremMent.. . ... .o .issnssoinssmsimes smssesssiss s sassasi s 114
R O OINCES rozasvimmessnsmonmessistsnmannanns san sy Sy ar A SR SN ST s MO ST ATy PR RIAR SRS 114
8. Getting Information from Photographs...........ccccooooiiiiiiiniinn, 115
I OO s s Srimcmnsiosnasansmsssivavsssassvtosmssvei @b S uiiiedivs cxsscanmanss 115
Photographic AMAIYSIS o uivmesmsseesssrsasusasssossssissssbinisistiositmssassaossasese 116
Mathematical Basis of Photogrammetry ..o 118
Two-Dimensional Photogrammetry .........cccccoviineiieininineincien 119
Camera Reverse Projection Methods..........cccooiiiciinncicccccee 122
Two-Photograph Camera Reverse Projection ..........cccocoeevvieiiciciccncnnen, 127
Analytical Reverse PrOjeCtion .« s ssemsissiasseisiniiorasssssresnisss 128
Three-Dimensional Mulnple-lrnage Photogrammetry.......c..c.cooeruenien 128
RefErenCes i isismeisimssmssmssmmesrmivelonssinistas sveions ssssevasionssiss svsassesisissossass snsass 132
9. Filtering Impulse Data ...........cooiiiiiiiiiiiccee 135
Backgronnd:atid: THEOEY: . .. smssssesrniizssamsmsisimsimsmmmsassasaimammiss momsonss 135
ANBIOEBINIEES o s 2 P8 B vcos s g ey i TR T P TR T T s evccingys 136
FIEST OFAET svuessimsinsmiesintiimstnatiimsasmessmumsssssmssssesss st ammsstesiiudimma sapvesss 137
Bode Plots s cnssssmissnsosssimmmsmsmrmasnsaiassns amemmsmss esiiiskoms s 137
Billter Ty peS i mersmvmsrensr s iy s TR A SRS i R TR R S05S 139
DiAtal FIILEIS ... ccrcvmuieivirisiscsinirirnsmssssmsassssonssssasonsasssssonssessnseressnsnssassansssssans 139
FIR FIBOES.. . o oo 0 e on s ot Tot ees maommsm s onss ST il SR E R ST i anmmn srmoo 140
IR TAISES]. ... ormm 2 T2 S P e R scaminnsigossgn o pas e T A T el PR scmcimsaviog 140
Use of the Z-transform ... e 141
Example of Finding the Difference Equation
from the TranSter FUNCHON . .cosmeesssismssssvssosssasismass sistsbessbmensisssassssmoss 143
Bilineadr TransfOrms: e semsmmsmmmmemmiosontmiisimissimssimns: 144
ReFETaGE S s mssnssisiamns s i oA T TR ARV hin om s R e S eI 144
10. Digital Filters for Airbag Applications............ccocooviiiiiiiiiciicnnne. 147
Lbntiole 1U(e o)1 oo o O TN SN~ 88 L O SOOI 147
Example of Digital Filter in Airbag Sensor..........ccccccooiiiiiiiincna 147
REFETONEES cuvisvsmssvsnosss ivkiionsmmnstomsmssyonmssssunsvisassonionsyssaniss s sisiosiiors doessamsssnsanys 151
11. Obtaining NHTSA Crash Test Data ... 153
Contemplating Vehicle Crashes............cccocoovveiiiiiiiiniiicciicee 153
e S N O =, s, 5572 5 menoma s sman s s FOE B E T S B Thn v 153
Accelerometer Mount SErategy ........oco.coeciiiciiiieiieiieieeciceiecieee s 154
Other Measurement Parameters and Transducers ...........ccovcnucuiecnene. 156
Sign Conventions and Coordinate SyStems............ccuvciiecereeieuseeciennn. 157
Processing NHTSA Crash Test Accelerometer Data.........cccccovvecvnucnnnee. 157
Summary of the Process .........cccvivccciniicicccccecee 158

Downloading Data from NHTSA's Web Site .........cooccooiciciniiciiiiicinnne. 158



viii

12.

13.

14.

15.

Contents

Identifying the Accelerometer Channels to be Downloaded................ 159
Downloading the Desired Chanmnels ...........cocoeiiieniiniicieenieninncnn 162
Parsing the Data File......cwseremssasisasssonssmsssissiissssionsssaronsssissnsesismmssss ssamsaness 163
(e Tal ) 1D I S S P e B e e e 164
Y5 P e ey DR W W T X - Lo X X . 165
Processing NHTSA Crash Test Acceleration Data.........cccccccoevieennee. 167
Backgrotnd: s smssmerssomsonsssivessississsnsesndssbosenissitosinis wosauensas st piotuimenshsvsa 167
Integrating the Accelerations ...........ccocvveinvcireirisiessninsicineissess s 167
Riltexing the Data e . et i i s s WSS 169
HilRER (7 RSB OIS s s mamensminm i e o R R T T 170
RerS iy e IVACAIEION. .. vovenmemaen e we w22 00 T R T T 5T SR e 171
INHTFilti:bas Program OUEPUL ...cmmnaiminmsmnsmmmsmimmesensess 172
Averaging Two Acceleration Channels...........cccoeoivininnininsinnnenisneiersnnnn. 172
Using the NHTSA Signal Browser ..........ccceccivmicineinincnieisseiciniinnenennns 174
R 5 (g - T T e 175
Analyzing Crash Pulse Data...........s.cw i smasmssisnm s ssssrinisa: 177
Data from NHTSA. .. ccormasmmsrcmsioivomtniiveiiii seiassstiaiisssesssevsnimsennss 177
Repeatability of Digitizing Hardcopy Plots.......ccccovovvceieviiniinccinieinne 181
Effects of Plotted Curve Quality..uosssesiimiosaessssssssssnssonsonsisesnsnssassssss 182
Accuracy of the Integration Process........cccoovueeinirisveniinnciininnininnn 183
Accuracy of the Filtering Process . susammmimaimmsmisimsasomtisssiss 184
Effects of Filtering on Acceleration and Velocity Data..........ccccccveueceee 185
Effect of Accelerometer Location on the Crash Pulse ...........cc...ccc...... 188
615371 1 £ T-5To) RO SRR ROy 11 T BRI 190
RefOIeICE isississsmisssivsinsimssesmmacirmmsamivsamsmirssnssssssimsmeciresmsseamoionaps e erssssins 190
Downloading and Analyzing NHTSA Load Cell Barrier Data........ 191
The Load Cell Barrier FACE.........cumimmammimmimsemnsissi s sssesmsre 191
Downloading NHTSA Load Cell Barrier Data..........ccccoveeiiinininnneieennn 192
Crash Test Data File .o osmismssoosctessonssisetiaissmsons sissmssmsnorssisasnssssssssiss 194
Grouping Load Cell Data Channels..........coscamsmmsisiamimenssimissiies 194
Computational Burden of Load Cell Data Analysis.........ccccooeiciinnne 195
A A B e T T T T T T e e e T e S T ST T S RS 195
Example of Load Cell Barrier Data AnalysisS........cccccoeieiininniniincnncnns 198
Using the NHTSA Load Cell Analysis Software ...........cccccoveiiiiininannns 201
RO T OB 2. Bass susscssmesaemeesssvossesssssvenat S o BB T TS s aa A s 201
RoLIOVET FOreNSICs....coscusisvssmmssssminsmsrsssssrsnamsrsomsismsmovisssssiivssmresasssspinissansis 203
I rOAUCHION  cisisvrsnisssmmsnssamsmmisisssmeimssssrssorsmsivrmasasssssn ssssasssssosas A Sss v o 203
Measurements Of SEVETitY ... 204
Evidence on the Vehicle ... 207
Evidence at the SCene .......carriaimssmmiiiimimssssssssassoss 218

JREFETCINCOS ..ottt ettt et e e ae st e e et ae s et e e snnaeseasnaaesennneann 224



Contents ix

16.

17.

18.

19.

Rollover ANALYSIS .....ocuimsssvimsssivamerisinsesss sasrsesssssm sasssmssessspsave 227
T O AUICEIOR 5. 5500 ansene amomoms as oo smomsmampmee SRR A AR Y A R PATR EewE i 227
Use of an Overall Drag Factor ...t 228
Laying Out the ROIIOVET THajeCtOTY .. ousresssinssssisimsamsesvorssssasassnssosisasissos 229
Setting Up a Reverse Trajectory Spreadsheet .............ocooveiinenninnnnn. 231
Examining the Yaw and Roll Rates...........ccccvoiiiiniieiciiieiccns 236
SeratchiAngle DirecHons ... ..casoumaumssinssmimstssinsimomrsmssmomnwnss 239
2o T R Vo LG o) B o L SRR = s e e e 243
R ETEINEBELS .3 vt 2 B vcomssixneerenmsomon sgatssomzsmsme oo b o BT A TR G R e 244
Vehicle Structure Crash Mechanics.........oumssesrearsmmaisin 247
D brOONACEION o:zsusiusiesnssnnessssnsmssinessnsn s omsvseassusssvisesivise s shosony dywashs oss Qoo dioss 247
Load Pathus: sz simmssisssnsssnammmesiim s somssinimisn 247
Load-Deflection CUrVes: va.umms s sseimamamevaasmnsasisrimmsion 249
Energy ADSOIPHON - cimoeeismrmmsisraseemssimmiss b enenssss 252
RESEIEUEION ..ttt ceens 254
Struetiiral DYNAmIs......ucmmernevsasarsenssaressrasmasnsnssrssnsssssarssssssmisssassssosssons 257
ResEEGEIED ROVISTEEE .couucmomsmossmmmssusucsmisossissssasosspisssssspssusonseniasbons 261
Sthall Car Bafrier CraSRes - cousemrmvmsssanssosmansmsssssizsmnssssessissmmsssonsesss 263
Large Car Barfier CTASHEE ..usuimssocissismsoass sosssasmmosssissismasssensasisnassiss 263
Small Car/Large Car COMPATiSONS .::usersssisssssassssaisssssosssiosnsismsraasessiss 264
Narrow Fixed Object ColliSIONS.......cccscssisermrsicsamsseismsmsiessessnserssassessesses 264
Vehicle-to-Vehicle CollISIONS ..c..c.umsmussiviisssnmiusisiosmsarsasnesnesssasssssnsnssssas 265
Large Car Hits Small Car.......oooiiioiiiiiiiciincieccciecreecce e 270
Barrier EQUIVAlENCe .......o.oviiie 272
Load-Deflection Curves from Crash Tests.........ccccooiiiiiicinvciiicnns 273
Measuies of Crash SeVeTitYi. s iwmmmsesessmssnssssssssassosmsssssssnsasssssaesess 274
References a5 osminsss s s sisesis oS o isimeisinisssss 275
Impact Mechanics. ..o 277
Crash Phase Duration ... 277
Degrees of Freedom... ..ot 278
Mass, Moment of Inertia, Impulse, and Momentum.........c.ccccceuvienniees 279
General Principles of Impulse-Momentum-Based

Impact MeChanICS ......covovoiieeeciiccceei e 280
Eccentric Collisions and Effective Mass ..., 282
Using Particle Mass Analysis for Eccentric Collisions.........cccccvvunanee. 285
Momentum Conservation Using Each Body as a System...........c.cccc.... 286
The Planar Impact Mechanics Approach.....cc..coccoccvviiiicinnciccnnnee 287
The Collision Safety Engineering Approach...........cccococvenvciiceennnne. 288
Methods Utilizing the Conservation of Energy ........cocccoveeereinennee. 289
2 RO — 290
Uniaxial ColliSions......coussessisesmessisissssmrmsmsvisniosissinisonssssssssassassansass 291

1 9Tv 7075 U Tl 1 () ) OO Sy U 291



20.

21.

22.

23.

Contents

Consarvaton of VoOmMENEUITE caesmsmswssssmansssrsssassions susmmssrsemmnssnsvssissscssesse 291
Conservation Of ENEIGY .......sesreseusieniisisssmmasssrorasssasiarsssessssssosssssasaens 295
Momentum Conservation for Central Collisions .........ccccecvvevieeneeene 299
TREOLETEIICE ..t ete s ta s s asseaesaesaaaassaaasaaeaaaeeeseseseantaaseeseaanssnenaanns 301
Assessing the Crush ENEISY ... .uemumsessssensonsssrossanssarsessssssssaanssassanses 303
INEROAUCHION 5 isrswrasessssssmsinssssessmmisissssss 5sso9ssassaoHaoass RUs P EUP BT SR R A NS HG o aB 303
Constant-Stiffness Models.. .. .isasassivissssmsssmensevavassssarasvssissassssaisssvses 303

Sample Form Factor Calculation: Half-Sine Wave Crush Profile..........308
Sample Form Factor Calculation: Half-Sine Wave Squared

Crush Profile........ociiiiiiieciece st 309
Form Factors for Piecewise-Linear Crush Profiles.........cccoieinnnnnne. 311
Sample Form Factor Calculation: Triangular Crush Profile.................. 314
Constant-Stiffness Crash PlotS::..ximuosmmimessssassssssssssissisassissssaiommos 315
Example Constant-Stiffness Crash Plot .......cccccooiiiviniiniiiicniiinnn 316
Constant-Stiffness Crash Plots for Uniaxial Impacts by Rigid

INLOVALVE, BTG, creoneenesmmersssnsanssrmesmronesyossmsrpnenspmeyssosasrbaris FoATRE RSSO 320
Segment-by-Segment Analysis of Accident Vehicle Crush

PrOfILES .ottt s s e 322
Constant-Stiffness Crash Plots for Repeated Impacts............ccccovcuennie 324
Constant Stiffness with Force Saturation.........cccuvininiviniiinnniinonens 326
Constant Stiffness Model with Force Saturation, Using Piecewise
Linear Crush Profiles ... aneneaens 329
Constant-Force Model ... 333
Constant-Force Model with Piecewise Linear Crush Profiles............... 335
Structural Stiffness Parameters: Make or Buy?.........cccocoumeiiiiniicrninnnnns 337
RefOrenQes srusssussssssassssssinsisivseaasesso sessesssons 55 sius smsississ sousssieos ssssiosssssesns i3 343
Measuring Vehicle Crush ..o 345
INErOAUCHION ..o e 345
INASS Protocol ...t 348
Full-Scale Mapping . .csesssesinmesssrsasronmrsrssssssssorsiaresesoniomisosssssessissessussonsss 351
Total Station MEERA iusssssssmismessssmnasusssasmsimmmisssamsssssisisimie 356
500 o] G U 1 357
Other Crush Measurement Issues in Coplanar Crashes.............cccc...... 357
Rollover Roof Deformation Measurements ............occceeercecerececnnecennn. 360
RELETONCES ..ottt sttt ses et st es et e sae e 360

Reconstructing Coplanar Collisions, Including

ERergy DISSIPAION v.osvoss svamssesimosessunsasasstivssesss aisorsiassssisessssiatsmassasssssssiasuies 363
Geéneral APProach........umsimimisssmssimnsmanmssimmm s issiis 363
Development of the Governing Equations...........cccccccoooveiinninnccecnce. 366
The Physical Meaning of TWO ROOES ......c.covmveeciciereirciccce. 370

EXEra INFOITALION weviieieeeeeeee et eee e e s aesesaeaesaeeaeaemenaes 370



Contents xi

24.

25.

26.

Sample RECONSEICHION seusrvosermmonsuamarssssmnsmers sursssencssssssssmsssmssmsnssssesussoss 371
REFOTBINCES .vrenvessaenims i sassivisn sorssas Fams TSR SR E eSS BT
Checking the Results in Coplanar Collision Analysis....................... 375
INErOAUCHION ... 375
Sample Spreadsheet Calculations.........ccocovevieveiviieiciiiiiceiiiccciinn. 370
CCHOIER OF RO oo srscsmamaen sossamem s s oot e e s ssssetnss e vems 376
CRAGH: IDAEA IO »evessenmsmmvsssnsassrsnsssns ssavnmsss sarunsomisss shssesssrensavias wsvossiserisnesass 9554 376
Selecting Which Vehicle Is NUmber 1 ..isisisersissimmasmaseisman 378
Yaw: Rate Degrad ation s s s i sassssiveirsisamviavideisisaivs g 378
Yaw Rates at IMpPact........ooeoveeiiiiiiiiiiii e 379
Trajectory Data ...t 379
Viehicle Uenter 6f Mass POBIEIONE covoamnriscmssems e sesavins 379
Impact Configuration ESHIMEAE.......cvmimmnmmmsammsmssssoss 380
Vehicle Headings at IMPaCE...iwssssvissmorvimssssmmmpmsessmissnsermsssnsr s 381
Crab Angles af [MPECE. s emumessmsmemmmmemrsss s mosiioms s st 381
Approach AMELes st mmem s m s amsme 382
Restitution Coefficient........cooieioieiii 383
Principal Directions of FOICe........ccoooviiiiiiiiniiniiieicicicrccccccns 384
Energy Conservation. ... 385
Momieh i CONSErVAIOMN. co e misssasmesmsms s s i AT G 386
Direction of MomMentim VeCtO . suessssosseosarsissismosssnsisssssassonisivsiasisnsasosasie 387
Momentum, Crush Energy, Closing Velocity, and

Impact VeLOCIHES ....c.ovevieiceceieicec s 387
Angular MOMENEUIN ...ovviiiicece e 388
FOTEE BALATITE --;orswsmsn umamrseivvss i ssassycss oom mon s i e s S e A VE A SR SR SRS AR 389
VEHIE18 TP UES cussussumsmmsusuenessvonssnsssansamonsns 1ossoasstosesvys vosssaonsviio vis ssvpass IS EWOTHAS 390
Finial RemMarks coisousssrssseosssussnssssvassmarssems s s omsmss 3055 irbnsd sissunimssanniunes 390
RETETPIITEE simrssssstitosssins fossin sorinsmminnsiossynssssasmasess savssomassssentsnsnesasssnssss omsmsesamess 390
Narrow Fixed-Object Collisions...........cccccocooieiiiiniiincciniinncinnens 393
LA EEORIER IO .o wrveneenssrarcsessmesrine saspmmmnessms s e ey e S w7385 D O
Wooden LTHIEY Poles . s wmsissssssmssisvimsrmirns i ismisimisimsmsmioraroreen 394
Poles that MOVE .......cciiiiiiiccciieecceececres e 397
Crush Profiles and Vehicle Crush Energy.........cccccoiieevvnnincinicnn. 398
Maxitruin Cirash and Impact Speed.......cwmwsssmsmsesmsssmpsmssssssses 402
ST TITUPACES 1w cecvovumssrsanscvesmasmesswen sesossaess 5235 S SRR B SRS} 403
REPOTEICES «cv s vimns cennesswasssasss sxsvesssss iesixessssss sxsessosoussas vas seaisensas s Saama e s SavEaes 404
Underride/Override ColliSions............ccccoueuvieirireecinereneccerereseenes 407
INErOdUCHON ..ottt ea et 407
NHTSA Underride Guard Crash Testing.........cccoveecieicvererenincrinnnnnnnns 408
Synectics Bumper Underride Crash Tests ........ccovrvivcnnivcneenicnnennn, 409
Analyzing Crush in Full-Width and Offset Override Tests ................. 409

The NHTSA Tests ReVISIEE ....veiiuiiiiiirreieiieieieiieeieeesessseseseeesensssnisssesnen 410



xii

27.

Contents

More Taurus Underride TESES ......cocveieiiierinicicieininernsiccece e 411
Using Load Cell Barrier Information...........cc.cccoeminiinnninnininenicnnen 412
Shear Energy in Undetride Crashes. . messisissmmmmuresssosssssrssosss 413
Reconstructing Ford Taurus Underride Crashes ........c..coccccooinimininncncne. 415
Reconstructing Honda Accord Underride Crashes.........c.cccovevviicninnes 417
Reconstructing the Plymouth Reliant Underride Crash....................... 419
ContlnSTIONS: oo, s S TmrTTmn s gres s ST IR 2 T T o wevows v T 419
| R ST o WO Y 7 S YL 1Y . ISR LY. 1 419
Simulations and Other Computer Programs.........ccocccoeinnicicnieianas 421
IO T CEIONL s cucsesonsvnssnsussomonsassssonssvs i svadestonin vsassasosssssinsesasassssss soa s vebvassusars 421
CRASH Family of PrOGIams ...cmssssssssssivissrsmossonssissassassssisasisssasastonsaris 422
CRASGH ciacimesosmrsssmsassisssimmmamsgstnes oiresom s s e o8 a7 son s awson s 053 422
Crash3'and EDCRASH.............ccniirsinrensasisesessassenssasssassssonssoss 423
WIRSMASH ... ot coemmssememesovrsiesssnty ST famsmressssnsimise s s sinbant 426
SMAC Famfiily of Prograii.: sssssusmessisnsssusssnssossisisssesmissssmsssisusnsissios 429
SIVLAC oscassevsusssssmavss sivess samassissssonin irmass s s v ssas 653343050043 S35k s csions 429
BIDEIVIAC srcicavssrens woimmmsssensas ioomsns hos ioems snss s ST o I G T T TR s e saneas 5588 430
D b O e T P o I Py Y 433
PEERAEE: 5. 502 i 5 T oo oo PRI S (BT M snvsis b s oss ol 435
Noncollision SIMulations. ..., 437
HVOOM . iicroisvimminsssoncassonssamsssssucnsssnsasassisausapsinssons ssagnssiioss sissasssasssssinsseimss 437
EDSVS (Engineering Dynamics Single Vehicle Simulator) ..............438
EDVTS (Engineering Dynamics Vehicle-Trailer Simulator) ............ 439
PhAS@A < cuccmsmsoveamisssimsmmvommsrismssspmnessinnisss oo sioss 5 e e memensibasis 440
BTNk, om. 775 75 TR S s B SRS B B Bl 441
Deenpant Medels s o anusasomiuims St aessBab 443
REfOYEACES <virernsrisemsonsinsssmons nsuainssmsassusisissssessssssonsssisiasistonsssivginssamsinsiesnsvins 443



2 Automotive Accident Reconstruction

thoughts, advanced it to the state of science” (p. 73). So, in this book, we will
be concerned more about the quantitative than the qualitative measure.

Units, Dimensions, Accuracy, Precision, and Significant
Figures

To put numbers on things, we must speak a common language. It is the case
that the Systeme International d-Unites (International System of Units), or
metric system, abbreviated SI, has been adopted and used throughout the
world. It is also the case that a notable exception is the American public,
which populates the majority of jury boxes, judges’ benches, and law prac-
tices around the world. These are the people with whom the reconstruction-
ist must communicate in the US legal system. Indeed, the Technical English
System of Units is the language spoken by most reconstructionists.

The base units used in this book are force (pounds, abbreviated lb), length
(feet, abbreviated ft), and time (seconds, abbreviated sec). Metric equiva-
lents will be provided on occasion. An example would be barrier forces in
Newtons, even though this author has yet to encounter a bathroom scale that
reads in such units. In vehicle crashes, times are often discussed in millisec-
onds (thousandths of a second, abbreviated msec). Derived units are obtained
from the base units. For example, area is a measurement derived from length
and is reported in square feet (abbreviated ft?). Velocity is derived from
length and time and is measured in feet per second (abbreviated ft/sec), as
is acceleration, measured in feet per second per second (abbreviated ft/sec?).

A Word About Mass

It is a measure of the amount of substance—that which resists acceleration. It
is a derived unit; namely, the amount of mass which would require the appli-
cation of one pound of force to achieve an acceleration of one foot per second
per second. This amount of mass, called a slug, would weigh about 32.2 1b on
the surface of the earth. (But on the moon, one slug would weigh about 1/6 as
much, because the moon’s gravity is about 1/6 Earth’s.) By Newton’s Second
Law, we see that i = F/a, and so one slug equals one Ib-sec?/ft. Since lay per-
sons usually have no concept of a slug mass, it has been this author’s practice
to speak only of weight (units of force), and reserve the slug for computation
only. The concept of pound mass does not relate to base units, is easily con-
fused with pound force, and is not used herein.

Another Word About Inches

Generally, length quantities for vehicles are reported in inches (abbreviated
in.). This includes the all-important (to reconstructionists) measurement
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General Principles

An Exact Science?

Science is the endeavor of examining the world around us, developing
hypotheses that may explain its behavior, testing those hypotheses, and
thereby obtaining a deeper understanding of how that world works. Notice
that the word “exact” was not used in this description of science. Science
seeks exactness, but there are always limits. In fact, Werner Heisenberg
pointed out that, in the limit, the very act of observing one property degrades
our knowledge of another.! The best science can do is approach exactness as
closely as possible, within the limits of time, money, and practicality.

Engineering is different from science in that it seeks to apply the knowl-
edge of science in the design, development, testing, and manufacture of new
things. Certainly motor vehicles, roads, and roadside appurtenances are
engineered things that must be understood by the reconstructionist. Motor
vehicle crashes are events out of the ordinary that occur outside of the labo-
ratory (and outside the presence of the reconstructionist), without many (or
even all) of the measurement and observation tools available to the scientist.
Very often important information is entirely missing.

So reconstruction is neither exact; nor is it a science. It is partly engineering,
in that it deals with engineered things. It is also an art, significantly shaped
by experience and intuition. It is not the purpose of this book to emphasize
this latter aspect, since that is covered more thoroughly elsewhere, although
certain practices and observations from the author’s experience will be
introduced where they may be helpful. Rather, it is hoped that fundamen-
tals essential to reconstruction will be set forth, and illustrative examples
included, so that the reconstructionist can put numbers on things and ensure
that his opinions are consistent with the physical evidence and the laws of
physics, and are therefore as close to the truth as he or she can make them.
After all, it was Sir William Thompson, Lord Kelvin, who said, “When you
can measure what you are speaking about, and express it in numbers, you
know something about it; but when you cannot measure it, when you cannot
express it in numbers, your knowledge of it is of a meager and unsatisfactory
kind; it may be the beginning of knowledge, but you have scarcely, in your



