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ABSTRACT

Automotive crash reconstruction is an essential part of automotive injury biomechanics. Vehicle crash
reconstruction attempts to determine the kinematics of the vehicle before, during, and after the crash (also
named pre-crash, crash, and post-crash phases) along with the effect on occupants in terms of injuries.
With the advancement in computing at a lower cost, computer simulations of the vehicle crashes have been
used extensively using Finite element vehicle models in recent years. Other approaches e.g., crash
reconstruction using PC crash, was developed for vehicle pre-crash and post-crash motion simulations
rather than for crash phase simulations. Multibody methods such as MADYMO can be used with crash
phase simulations,; however, they require detailed crash test data to model the vehicle, which is unavailable
to common public for most vehicles manufactured in developing countries like India. This thesis attempts
to fill this gap by proposing a method for crash simulation that incorporates crash test data from databases
like Global NCAP, such as consumer rating reports and videos, in conjunction with multibody-based
approach MADYMO, to simulate crash phase simulations. In order to build confidence in the proposed
method, the proposed methodology was first implemented with detailed crash test data provided by the
NHTSA, followed by real-world crash data provided by the NASS/CDS (In Chapters 4 and 5). ‘MB-interiors
and FE-vehicle’ (referred here as MB-FE) coupled models were used along with proposed ‘MB-interiors
and MB-vehicle models’ (referred here as MB-MB) simulating under the same initial condition estimates
(e.g. Initial velocities of vehicles etc). These initial estimates are available for vehicle crash tests but
determined using damage-based methods like Ai-damage for real-world crash data. Once it was established
that both the MB-FE and MB-MB methods are comparable with one another in terms of vehicle and
occupant response and also with shreds of evidence found in real-world crash data. Subsequently, this
method was also implemented with the Indian RTA case (In Chapter 6), knowing that the number of
unknowns is much more. These unknowns were determined from the analysis of videos and consumer rating
reports obtained from GNCAP data. It was found that the MB-MB method was implementable with
whatever minimal data was available. The proposed MB-MB simulation method was found to be an
effective alternative for both the vehicle crash reconstruction and occupant simulations, to finally determine
the occupant crash conditions (Velocities of occupants, the orientation of impact with interiors, etc.). These
occupant crash conditions were further used to correlate injuries using FE human body model (the
particular injuries, for which the HBM is validated previously) and FE model of interiors and interacting
surfaces having correlated responses with MB interior models. This final step further strengthened the
proposed methodology and checks the injury prediction capability of FE HBM in real world crash scenarios
for head and chest injury.

vii



AR AR
3fferfea gHedr qAfAior sifefed AMg eifar (die) SAA® e &1 U ot fRear g | are

e gATAfU gEfer ¥ ugd, 3Ud SRM 3R e & ale (S gd-gde, gefer 3R e &
e & TR Ht H&T JA1|) & IrI-T1Y Tiel & e & arg & 3ier 38 AN R YHTE & Iy a6 B
et @1l fagm) &t FRuffd B &1 Uar ST 8 | 8 AN IR S § Wfd & 9, §1d & anf
¥ a1g geesl & Hex RERH &1 U®h &0 3 IR d@ a8 (Finite Element vehicle) Tied
BT IGINT a1 TG | 3T DTS, TR =T (PC Crash) BT IUANT B =T YA, =] TROT
Rga=M & o arg W= 3R URe-o=1 ARF Rigerz & forg s fasan o411 mabymo
SRf Aeetais! faftr o1 IuTT gt TR0 R & WY far o Wbl 3; gTdifes, 3 ale & Hisd
& 7T faRqa b1 <X ST Bt STIRAH T Bl &, St HRA o fasrasiia ¢t # FfHfa sifdiesi=r areAl
& foIT o oA & foe Iuasy 161 8| I8 SR 21 Rigee & o te faftr &1 ueara aves 39
3R BT 4R BT T BT 7, ORI Telaat NCAP S STay I 21 o ST AT R (S ST
e R 3R difga), Acciarsl-enuiRd efPwior AfSM(MADYMO) & oo & I, hel TRUI
QIR 3R B & fore & for fova mmar B 1 waifaid ugfar & fayry Se1 7 & forg, wRanfaa
BRIV DI U8 NHTSA §RT UGH Ty 1T fad =1 ¢ Sl & A1 AR, foham TR, 39 916
NASS/CDS gRT TGH T U aRafad-fay (Real world) =1 ST & W1y AR {1 AT (3141 4 3R 5
o) | 'MB-ERER 3R FE-aT6" (MB-FE & ®U § Tehfa) gfirg Wisd &1 SWHe Uafdd 'MB-
SR 3R MB-TTE AlSd’ (MB-MB o U H Wafifd) o w1 fasar Tam o1, o 9a URM® fRufd
STH & TEd SIHRUT B I8 Y (O dTg! 3G BT YRS 97| A GRS SFIHH arg gde
Tiei & e Iuds 8, Aifch arafdes-fay geeT 1 & Al Al-Damage ST a1 fagfa-smenfd
TRt &1 Iuim o Ruffed fve oird 81 U IR g Rfid g1 o1 & 916 fa5 MB-FE 3R MB-MB
G faftr areeT oiR (siiegde’- a1 & 3ieX a6 ) BI et ufdfchar & HTHd | U gk &
1Y T & IR aTfd gi-iam & sh=T el | UIe U ¥agt & 9 ff e ¢ | 91a o HRed T 98
AT GeeAT AT (38T 6 H) & A1y 1} 39 uga &1 an] foan a1, I8 SHd gu o o=ia amcs!
D1 T S5 31 31 T T WRIHICR Seiiedt SeT (GNCAP Data) ¥ U dif$a 3R Ius e
feT faid & faweoor & Ay fee T a8 uran mar for o o =gad Se1 Suasy T, 39 Y
T UG AR v ot vrfad wre-uet Rygae fafy @ are geer gafiafor ok
3y Rygeiz aFf & o U wTa fasred & U § uman | sid & Syl gefen &t Rufa
(FNergde-aTeT & 3ieT S ) B A7, ! [Tl b WY YHTd BT JHBIBRI, 3M1fe) Feifa B

viii




& forg, 59 fafd &1 sxawra fasan i g9 ifuift gefen fRufadl &1 ST Tws 7Fa IRR Atsa
(o =, fores fore Tarehies g A1 ©) STR THelt SRR Al & A1y Fgdas ufdfbarsl ara
3fget SR 3fd:fohareTd gl & Uhs AlSd P IUUNT B dIc! bl Tgusrdd HR- & fard faa
71 39 HfaH TR = TRATTId BTVl B 3R AsTgd fobar 3R RR 3R BTt @b <Yel & o arafas
oy geeaT uRe=al o Uhs Taeied &1 i &1 HiTsgarlt &l &t Sid $i



TABLE OF CONTENTS

DEDICATION ..ttt b e bbb e bbb e st e s b e e b e e b e b e e se e sbeeseenbeennenae e e i
(O = | o 1 N I ST STPR \Y]
ACKNOWLEDGEMENTS ...ttt sttt st e e sreesnneenneesnneens v
F N 1Y I 22N O RSP vii
(@ T T o] =1 b R 11 4 (oo [8 o3 £ o] o PSR 1
1.1 RoAd traffiC fatalitieS........ccueiieiieiec e 1
1.2 Science, Engineering, and FOrBNSICS.......cuiiiiiiiiiieieieieie et 2
1.3 VERICIE Crash PRASES ......ceiueuiiieieiiseee ettt e 3
1.4 Occupant’s injury risk assessment MEthods ........cccvvvvviiiiiiiiin e 4
1.4.1 HUMAN VOIUNTEEE TESS ...ttt ettt 5
1.4.2 Postmortem Human Subjects (PMHS) ..o 6
1.4.3 Epidemiology and human eXposure data............ccceoeernirinnieenseenesee s 6
1.5 Chapter SUMIMAIY .....cciiiiiciceee ettt et e e e et e s et et et e se s e ne s e eeseens 13
1.6 TNESIS OFGANIZATION .....cviviiiiiieieeeie ettt bbbt 13
Chapter 2 LItEratUre FEVIBW .......ccoiueuiiieieiieieesie ettt 16
20 R 111 o To 0 od o] o PSSR S 16
2.2 Management Of the Crash ENErgy.......coieieee e 16
2.2.1 Crash teStS and data.........ccucerieiriiiiiie e 17
2.2.2 Crash energy ManagemMENT .........couierieireririereniee e et se s e e sseseeseees 19
2.3 Structural response of the vehicle crush zone during Crash...........ccocoeevriinncinncinncen, 22
2.3.1 CraSN PUISE ...t bttt b et 22
2.3.2 Force deformation curve from crash test data...........cccvcerveireiirineienense e 23
2.3.3 Characterization of Force-deformation CUINVE .........cccccvveiviireinsineeseee e 25
2.4 Modelling of vehicle structural behavior (Idealization) ...........ccccooeveviveieiesesececeeee 26

X



2.4.1 Lumped parameter (LPM) MOdEel ..o 26

2.4.2 DEITA-V ..ottt ettt ettt n et et re e ne e 35
2.4.3 Energy equivalent Speed (EES): ..ot 36
2.4.4 COefficient OF reSHIULION ... 37
2.5 INJUPY MEBASUIEMENTS .. .euviieiesiecie ettt sttt sttt sttt e b be s b e sb e s b e s besbesbesreenesresrenreas 38
2.5.1 Abbreviated INjury SCAIE (AlS) ..o e 38
2.5.2 INJUIY MEBASUIES .....viueeteeeieeteieteste ettt sttt et et st e be e ebe e e seebe st ebe st et abe st eneesensenenseneane 39
2.5.3 Injury risk and INJUIY CHITEITA ......cviirieiieeese e 40
2.6 Vehicle Crash SIMUIALIONS ..o s 43
2.6.1 Impulse Dased METNOUS. .......ccci i e 43
2.6.2 Finite element MEthod ..o 44
2.6.3 MUIIDOAY MELNOUS ......eiiiieieee e 48
2.7 CRAPLEI SUMIMAIY ...iiviitiiieiie ittt se e e s e e st e e e e e st e st es s et et et e seseseeennas 56
Chapter 3  Research question and methodology ... 57
B L INTFOAUCTION. ...ttt b bbbt 57
3.2 Summary of literature and research gap (Motivation) ..........ccccceveveveneresese s 57
3.3 RESEAICH QUESTION.......coviiiieiieieeee ettt sttt n e 58
K @ o =To (YT g o Koo o 59
3.4.1 NASS/CDS Case studies using vehicle MB-FE coupled models.........c.cccooorvreivniennnn 59

3.4.2 Developing MADYMO vehicle models and simulations for the NASS/CDS Cases...59
3.4.3 Study of Indian crash cases by developing MADYMO simulation models ................. 59
3.5 MEENOUOIOGY ...t bbbt 59

3.5.1 Part 1: Establishment of Methodology to develop MB vehicle models with the help of
NASS/CDS and NHTSA database........cccooueiiiiiiriesinee e 60

3.5.2 Part 2: Application of Methodology with the help of India’s Delhi-Jaipur highway crash
data and GIoDal NCAP data...........cciieiiiiiiieee e 64



3.6 CONCIUAING FEMAIKS ...ttt b e b be b e b b ens 66

Chapter 4 Modeling and simulation of vehicle crash using crash test data..............c.......... 67
I 101 (0o [T oo PSP 67
4.2 Force deflection curves- Stiffness of the Vehicle ... 67
4.2.1 Methodologies for calculating vehicle stiffness using a subset of NCAP ..........c......... 68
frontal Crash tEST AALA: .........iveiiiieieie e 68
4.2.2 Relationship DetwWeen CR aNd CMi. o oioeirereireisese e 72
4.2.3 Static stiffness calculation using rigid barrier crash test data: ........c.ccoceevveirereierenn 74
4.2.4 Static stiffness calculation using offset deformable barrier crash test data................... 79
4.2.5 Determination of crush energy of an ODB ..o 83
4.2.6 Extrapolation of FD for over vehicle Width ... 89
4.3 Case study: Ford Windstar (2002) Crash teSt........ccccevvriiiiiiiiieiiie s 89
4.3.1 A simulation study using Coupled MB FE model ..o, 89
4.3.2 Coupled MB FE Model preparation ... 98
4.4 MADYMO mModel deVEIOPMENT........cvoiiiiiieicciees e 106
4.4.1 Geometrical model developmeNt ..........cccoveiicieicceee e 106
4.4.2 Determination of force-deformation characteristics............c.coovvvriiiiiieinnicinccns 107
4.4.3 DISCUSSTON. ...c.eviriiiieiseeteese ettt e bt st 123
4.4.4 DUMMY INJUIY PAFAMETEIS....cviiveuieieieririeieesiesesteseesestesesseseesessesessesseseesessesessesessessessesenes 128
4.5 CONCIUSTONS. .....oiiiiciiieiet ettt b ettt 129
Chapter 5 Verification of developed method with NASS/CDS crash case ..........ccccccveuee. 130
5.1 Introduction to NASS/CDS database ..........ccoieirieiiniiiee s 130
5.1.1 Type and extent of accident data............cccvviviiiiiiiiiiiciciccce e 130
5.2 CSE STUAY ..ottt ettt s e st re Rt R e Rt n e e sttt et et et et et e 131
5.2.1 CaSE LIS ...c.eeeeieieeiieseet bbb 132

xii



5.2.2 Determination of initial estimates of velocity and Delta-V .........cccocovviiiiiiiienenn, 134

5.3 Simulation study using Coupled MB FE MOdel...........cccooiiiiiiiniiiinceseeeees 138
5.3.1 FE vehicle model selection and modifiCation ..............ccceorieiiniiiinieince e 138
5.3.2 Coupled MB FE model preparation..........ccccccevviiiinienesieie s 142
5.3.3 Coupled MB FE Model SIMUIALION .........cccoiiiiiiiicecece s 145
5.3.4 Occupant contact locations with the vehicle iNteriors ........cccccovcvvviveiniencisccreesne 145

5.4 MADYMO vehicle Model deVelopmMENT .........ccov e 150
5.4.1 Geometrical model deVelopmMEeNT ... ..o 150
5.4.2 Occupant kinematics and contact locations in MADYMO .........cccccvvvviiinenienenieniene, 153
5.4.3 Vehicle response in MB-FE coupled and MB simulations ...........c.ccocevvevnieniincnene. 155
5.4.4 OCCUPANT TESPONSE .....ceverrirerereresresresr e ar e nn e en e nn e nn e nns 157

5.5 Injury prediction using FE HBM ..ot 159
5.5.1 Modeling of Vehicle INTEriors ..o 160
5.5.2 Occupant injury COMTEIATION .........ouciriiiiiirieeis e 163

5.8 CONCIUSIONS. ...ttt bbbttt 169

Chapter 6 Case study of real-world accidents in India...........cccccceeeveveveneiieseiecesece 170

6.1 INTFOTUCTION......eetiiecece et 170

6.2 Delhi-Jaipur highway accident data COlleCtion.............ccocviii i 170

6.3 Type and extent 0f aCCIAENT daLA..........coveireiieeire e 170

6.4 Case Study (Dharuhera team €ase NO. 30) ....c.ccoiiviiiiiiiiiiie e 172
6.4.1 CASE TETAIIS ......eoveeieicii e 172
6.4.2 Crash DESCIIPLION. .....cuiiieiiieieii ettt 173
6.4.3 Crash reconstruction using PC Crash ..........cccccoviiiiiiiiii e 175
6.4.4 CaUSAION ANGIYSIS.....civiiiiiiiiiece e e 176
6.4.5 Speed Estimates (PC Crash and Ai-damage) .........cceourreiirieiinnieineeessieesesee e 176

Xiii



6.5 Multi-body simulations and iterations using MADYMO ........ccoceiiiieieienenesesesesienan, 177

6.5.1 MB mOodel deVEIOPMENT .......oviiiciiiee s 177
6.6 Vehicle Crash SIMUIALIONS .........ccooiiiiiiic s 189
6.6.1 SIMUIALION SETUP ...c.viiiiiicieeiecie e e bbb re e ereens 189
6.6.2 MADY MO HEIAtIONS ......eeuiiiteiiieieiiet ettt 191
6.7 Injury prediction USING FE HBM ..........ccooiiiiiiicce s 197
6.8 FE Simulation results and diSCUSSION...........cccoieiiiiinie s 201
6.8.1 Threshold values for serious and severe brain INJUIES..........ccccooerrereiineneincereee 201
6.8.2 Head Injury criteria in GHBMC model ..........ccccoviiiiiiiiiiie e 203
6.8.3 Front-left occupant injury COrrelation..........cocoieieininniieec s 203
6.8.4 Rear-right occupant injury COrrelation............cccoieiinnienncienneseee s 206
B5.8.5 DISCUSSION.....c.uetviiiteiii sttt bbbttt b et en s 207
6.9 CONCIUAING FEMAIKS ...t bbbt r e reer e ne e 208
Chapter 7 Contributions and CONCIUSIONS............ccoiiiiiiiiie e 209
7.1 CONIIDULIONS ...ttt 210
7.2 LEIMIEALIONS ..ottt en s 212
7.3 FULUIE SCOPIE ... ittt sttt sttt ettt b et b e et s bbbt e b e s st e nbeenbenbe et e nbeebennes 213
N o] 0 1= 0 1 G 222

Xiv



LIST OF FIGURES

Figure 1.1. No. of vehicle types involved in crashes on Delhi-Jaipur national highway................. 2
Figure 1.2. VENICIE Crash PRaSES ......ccviiiiiiiiiise sttt sa e ere s 3
Figure 1.3. Available injury risk assessment Methods ............cocviiiniiiineiee e 5
Figure 1.4. Colonel John Paul Stapp on rocket sled (Picture source: WWw.Stapp.org)........c.cceeeenes 6
Figure 1.5 Physical Hybrid-111 dummy, MADYMO model of Hybrid-I111 dummy and Human body
finite element model (GHBMC, M 50-0)......cccviiiiiiiiiiiiisieeeieeeeieee ettt 11
Figure 1.6 Vehicle models, FE, PC-Crash and MADY MO (From left to right respectively)....... 13
Figure 2.1 Two vehicle impact (Just before and just after collision) .........c.ccocvvvvieiinieiinienienennnn, 16
Figure 2.2 Vehicle front 10ad PathS ..o 19
Figure 2.3 Phases of vehicle crashing into fixed rigid barrier ............ccocoovoevnceieiniencinerse e 20
Figure 2.4 Energy absorption percentage in the frontal structure (Witteman et al., 1999)............ 21
Figure 2.5 Real vehicle crash test (Ford Windstar 2002 model) ........cccevverieveieieieienesesesesee, 23
Figure 2.6 cross member acceleration (Ford Windstar, 2002 Model) ........ccocvvvrveinneieiecninnes 23
Figure 2.7 Wall reaction force (cumulative of all load cells barrier array of 4X9)..........ccccevueuene. 24

Figure 2.8 Comparison between force deformation curves obtained from the load cell data and
from the multiplication of mass times acceleration, (i) Euro NCAP crash test of Renault Clio, in a
40% offset impact against a deformable barrier (ii) 2006 Kia Rio done by NHTSA(Jankowski et

.............................................................................................................................................................. 27
Figure 2.11 Impact speed crush graph (Neptune et al., 1992, Ogden et al., 1995) .........ccccernen. 28
Figure 2.12 Vehicle 2-D Crush measuremMentS.........couierrireiineneiesesese e seeseseenens 29
Figure 2.13 Crush measurements at jth StEP .....ccoeiiiiiie e 30
Figure 2.14 Linear crush vs force plot (ASSUMEA) .......cccviiiiiiiiiiiesese e 32
Figure 2.15 Dynamic force crush idealization ...........ccccooiiiieiiienise e 34
Figure 2.16 Assumed linear idealization of dynamic Force-crush plot ...........cccocoevvveiincinnen. 34
Figure 2.17 Vector representation 0f DEIta-V ..o 35

XV


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732038
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732050

Figure 2.18 COR values for fixed rigid barrier and passenger car impact (Smith and Tsongas et

TR <) T 37
Figure 2.19: Risk of AIS>3 Chest and Head Injury as a function of chest compression and HIC15
(Prasad et al., 2010) ....oiiicieicieieiee ettt r et nn e ne e 41
Figure 2.20 Vehicle FE model collision: a) Shah et al. 2007, b) Golman et al., 2015.................... 45
Figure 2.21 Human finite element human body models; a) THUMS AM50-v 4.1, .......cccccvvuenene. 46
Figure 2.22 Vehicle sled system and THUMS human body FE model placed inside (Vazquez et
Y I 0 OO PTSTPRSSRRRN 47
Figure 2.23 M50-O model post settling ad belting with a lateral view on left and front view on
right (Guleyupoglu €t al., 2017). ..o bbb srenre s 47
Figure 2.24 Basic surfaces in MADY MO .......c.cooiiiiiiiiiseeieieeeeses e 48
Figure 2.25 Ellipsoid-ellipsoid contact (only forces acting on ellipsoid 1 are shown).................. 49

Figure 2.26 Situation with two local minima for the penetration A (Madymo theory manual, TNO)

Figure 2.27 Hybrid-I11 ellipsoid Q dummy and ellipsoid dummy (Madymo model manual v7.8),
the range of impactor test configurations used for model validations (Hoof et al. 2003)............. 50

Figure 2.28 Typical contact force-deflection curve with elastic and plastic loading and unloading

(ROOIJ EL AL 2001) ...ttt ettt et et et et e b et e b et et et et et et e nenens 51
Figure 2.29 Plots of loading, unloading and hysteresis functions used in vehicle model (Carter et
001 OO 52
Figure 2.30 Vehicle-pedestrian simulation set-up in MADY MO (Sankarasubramanian etal., 2016)
.............................................................................................................................................................. 52
Figure 2.31 Non-linear force deflection curve obtained for Dodge caravan (1996) model........... 53
Figure 2.32 Development of MADY MO vehicle model using crash test data (Jewkes et al., 1999,
2003) 1.ttt bR bR R R e R bR e bR e bR e b bbb ettt R et 54
Figure 2.33 MADYMO vehicle model (Bose et al. 2011) ......cccccrrriirneiinieinieereseeeseseee e, 54
Figure 2.34 The full vehicle 3D frame model (Hahm et al. 1999) .........cccooriiiiniiiinceee 55
Figure 2.35 Facet vehicle model with multibody occupant (Chawla et al., 2013)........ccccccveueeen. 55
T UL £ I RV [=1 1 g oo [o] (oo | VAN o Ut A 60

Figure 3.2 MB FE coupled model with vehicle FE model and Interiors+occupant MB model

11 C=T o] oL =T OSSPSR 62

XVi


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732074
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732074

Figure 3.3 The geometric relationship between A, B, and G (Campbell model, 1974)................. 63

Figure 3.4 Vehicle MADY MO model with integrated occupant and interiors ...........c.cocccevreeeene. 63
Figure 3.5 Offset deformable crash test conducted by GNCAP, report and vehicle crashing into
barrier (GNCAP WEDPAGE) ..ot resre s 65
Figure 3.6 MethodOlOgY PArt 2 ......ccueiiiiiiieeceses e e e ere e 66
Figure 4.1 Major parameters in the vehicle contributes to the occupant injuries............cccccvueuene. 67
Figure 4.2 Force-deflection profile and lNear fit. ........ccccoieiiiiiiii e 69
Figure 4.3 Idealized curve of dynamic fOrce-Crush.........ccccocviiiiiiiiii i 70

Figure 4.4 Linear relationship between residual deformation and dynamic deformation (McHenry

AN MCHENTY 1997D) ..ttt e e et e b et et et e e e e e eenean 73
Figure 4.5 Maximum and minimum ValUE OF € ......cccovviiiiiiiiini e 76
Figure 4.6 Representation (Idealization) of dynamic force deformation behavior ........................ 76
Figure 4.7 Restitution vs velocity (R. SChram n.d.) ... 78
Figure 4.8 Vehicle impacting into barrier (Just before and just after collision) (GNCAP webpage)
.............................................................................................................................................................. 80
Figure 4.9 Line diagram of vehicle impacting int0 OBD ..........cccocveiiiiiiinniieeseee e, 82
Figure 4.10 Representation of crush strength and dimensions of Aluminum ODB........................ 84
Figure 4.11 Deformed ODB and its segregation for length measurements............c.cccceeeevieveiennnnn. 85

Figure 4.12 ODB images with deformed and undeformed shapes overlapping (With
MEASUTEIMENTS) ...ttt ettt e bbb e b bt bbb e e bbbk e bbb b et bt e ettt e 86

Figure 4.13 Deformed and undeformed image of Ford Windstar (2002), Blue color for direct

damage and red color for iNdUCEd dAMAGE .......cceererieirieee e 88
Figure 4.14 Linear force deformation for 40% and 100% overlap ODB crash...........cc.ccocecvriennnnn, 90
Figure 4.15 Real vehicle (Ford Windstar 2002) and chosen FE model (Dodge Caravan, 1997) for
SHMUIALIONS ...ttt bbbt bbbt bbb bt bt b bt eb et n e 91
Figure 4.16 Extra mass applied to FE vehicle model to match the mass of real vehicle............... 92

Figure 4.17 Accelerometer locations in physical crash test (National Highway Traffic Safety

AdMINIStration (NHTSA) 2003) .....uiiiiiiiieiesiesese e sresreens 93
Figure 4.18 Accelerometer locations in the FE vehicle model (Marzougui et al. 1997) ............... 93
Figure 4.19 Different comparison metrics (Mongiardini et al. 2009) .........cccccevrviirneicieerirenens 94
Figure 4.20 Engine Top acceleration (Comparison of Real vehicle and FE model)...................... 96

Xvii


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732087

Figure 4.21 Engine Bottom acceleration (Comparison of Real vehicle and FE model)................ 96

Figure 4.22 Rear seat cross member acceleration (Comparison of Real vehicle and FE model)..97

Figure 4.23 Rigid wall force (Comparison of Real vehicle and FE model) ..........ccccoveiiniiinne. 97
Figure 4.24 Dummy poSItioNING PAramMELEIS. ......ccviviiiieieieieieeieieie e ee e 99
Figure 4.25 Dimensions of Dashboard and steering wheel position (Decision method) ............. 100
Figure 4.26 Development steps of coupled MB-FE Simulations.............ccocooeoinniincinncine, 101
Figure 4.27 Occupant positions at t=0 MS & t=100 MS, .......cccceererrrierreienreeree e 102

Figure 4.28 Occupant chest and head acceleration comparison (Between Actual dummy and MB

Figure 4.29 Sprague and Geers & CORA rating for chest (Above) and head (Below) acceleration

comparison of real H-IIl dummy and simulation H-1IIl dummy (Graphical and magnitude

(o10] 0T o F= U ST ) OSSOSO 105
Figure 4.30 Side view of MADYMO vehicle model compared to FE model ..........cc.cocevnneee. 107
Figure 4.31 Top view of MADY MO vehicle model compared with FE model..............ccccvnee. 107
FIgure 4.32 Crush AePtNS ..o bbb ereens 108
Figure 4.33 Force-deflection curve obtained from Rigid barrier crash test data............c.ccccenee. 109
Figure 4.34 Overlapped image of vehicle jus before and jus afer impact..........c.ccccocvvevrvciinnnen. 110
Figure 4.35 Crush depths measurements of Ford Windstar (2002) in ODB crash test................. 110
Figure 4.36 Force-deflection curve obtained from ODB crash testdata ...........cccccoceveviieiennenne. 111
Figure 4.37 Extrapolation of FD CharaCteristiCS ...........ccoiuiriririininieinniee e 112
Figure 4.38 Range of determined FD characteristics for vehicle front using ODBCT ................ 113
Figure 4.39 Nonlinear FD curve for vehicle front..........ccccoov i 114
Figure 4.40 Single ellipsoid type MB MOEl ..o 115
Figure 4.41 Vehicle response comparison between MB and FE vehicle...........ccccocviiiiiinnnenne. 115

Figure 4.42 Sprague and Geers & CORA rating for chest (Above) and head (Below) acceleration
comparison of real H-IIl dummy and simulation H-III dummy (Graphical and magnitude
(o10] 00 0T o] ) TSSO TS PO UPTPRTEPPPPRRN 116

Figure 4.43 Segregation of vehicle front in longitudinal directions as per estimated energy

Y o150 11T o R 117
Figure 4.44 Representation of segregated vehicle front with assumed stiffness ..........cccoceceeneee. 118
Figure 4.45 Single ellipsoid type MB vehicle model ... 121

Xviii


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732110

Figure 4.46 MB vehicle deceleration pulse comparison with real vehicle pulse ............cccc.c...... 121
Figure 4.47 Sprague and Geers & CORA rating for chest (Above) and head (Below) acceleration

comparison of real H-IIl dummy and simulation H-III dummy (Graphical and magnitude

(o0 0] 0= T4 [T ) 122
Figure 4.48 Application of determined FD curves in MADYMO vehicle model........................ 123
Figure 4.49 Comparison of Coupled MB-FE, MADYMO and Real-world crash test simulation
............................................................................................................................................................ 124
Figure 4.50 Comparison of occupant motion in FE vehicle and MB vehicle.............ccccccoenennee. 126

Figure 4.51 Comparison of dummy chest velocity with respect to Steering wheel hub, between

MB-FE coupled and MADY MO SIMUIALIONS .......ccooiiiriiierieieie e e 127
Figure 4.52 Comparison of chest acceleration between Actual crash test dummy, coupled FE-MB
vehicle dummy and MADYMO Vehicles dUMMY ..o 127
Figure 5.1 Measurements 0f VENICIE CrUSH ......c..cov i 131
Figure 5.2 Layout 0f aCCIAENT SCENE........cviiiiiiiiiiee et 133
Figure 5.3 Ai-damage CalCulations PrOCESS .......ccviiiiiiieieiieieieieie e 135
Figure 5.4 Crushed vehicle 1 and VENICIE 2..........coeiiiiicee e 136
Figure 5.5 Actual vehicles crushed and iNtact ...........c.ccceoiiiineieincc e 139
Figure 5.6 FE vehicle models chosen for the crash simulation ..o 141
Figure 5.7 MB Occupant and interiors positioning in the FE vehicle model .............cccccoennen. 143
Figure 5.8 Simulation setup and iNteriors CONSEIAINTS .........cccoreirieieninee e 144
Figure 5.9 Case Crash SIMUIALION ..........cooiiiiiiieces e s 145
Figure 5.10 Evidence of occupant contact locations (NASS/CDS Case No. 1998-72-98).......... 146
Figure 5.11 Steering wheel deformed and undeformed shape (NASS/CDS Case No. 1998-72-98)
............................................................................................................................................................ 147
Figure 5.12 Occupant mannequins for iNjury [0CAtIONS ..........cccvviviieniienie e 148
Figure 5.13 Occupant (Hybrid-111_Q_dummy) positions at t= 0 ms an at t=100 ms................... 148
Figure 5.14 Occupant (Hybrid-111_dummy) positions at t= 0 ms an at t=100 MS...........c.cccceunee. 149
Figure 5.15 Steering wheel deformation due to chest impact (Right hand is made hidden) ....... 149
Figure 5.16 MADYMO vehicle model development (Side view & TOp VIEW) .....cccovvevevieriennne. 150
Figure 5.17 Developed FD Characteristics for vehicle 1 (Left) and vehicle 2 (Right)................. 151
Figure 5.18 FD characteristics assignment in MADY MO vehicle model ............ccccooiiiinnn. 152

XiX


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732126
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732132
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732138

Figure 5.19 Crash simulation MADY MO model for NASS case 1998-72-98..........ccccccevvrvennnn. 153
Figure 5.20 Occupant motion in MADY MO model at t=0 and t=100 MS.........c.cccrvervrrererennen. 154
Figure 5.21 Deformed steering wheel because of chest Impact ... 154

Figure 5.22 Comparison of acceleration vs time (Pulse) history for the two vehicles (FE and MB)

............................................................................................................................................................ 155
Figure 5.23 Comparison of velocity vs time history for the two vehicles (FE and MB)............. 156
Figure 5.24 Energy calculations of vehicle during crash phases..........ccccovviiiniiinieniccnn, 156

Figure 5.25 Comparison of occupant’s chest velocity w.r.t. steering wheel history for the two

VENICIES (FE aNA IMIB) ...ttt et 157
Figure 5.26 Comparison of occupant’s chest acceleration history for the two vehicles (FE and MB)
............................................................................................................................................................ 157
Figure 5.27 IP dimensions for CAD MOAeliNg .......ccccoovriiiiiiiiiiiese e 161
Figure 5.28 Occupant environment MOAEliNg ........cccevrirriiiiinines e 162
Figure 5.29 Vehicle environment and FE-HBM (GHBMC M50-0).......cccccvivviiiiinieneneiesesiene, 162
Figure 5.30 Occupant model (GHBMC M50-0) positioned inside the vehicle environment.....163
Figure 5.31. Comparison of coupled MB and FE HBM occupant kinematics and fractured ribs
predicted DY FE HBIM ..ottt 165
Figure 5.32 Cortical rib failure with effective plastic strain contours...........c.ccoevvvviiieieieneniene. 166
Figure 5.33 Cancellous bone failure with effective plastic strain contours............c.cccceeevvierennenne. 166
Figure 5.34 Thoracic aorta and it’S TEZIOMS ......evuvrerererererieeeeeeeeeeeeeeeee e snesnesnennenes 167
Figure 5.35 Force vs gauge length curve for Rubber/foam material used for Aorta.................... 168
Figure 5.36 Maximum principal strain values in Aorta at maximum deformation....................... 168
Figure 6.1 Gurugram-Jaipur highway located on google Map ........cccceevereienenniennine e, 171

Figure 6.2: (a) shows the direction of motion of the car and (b) shows the direction of motion of
the truck which is perpendicular to the direction of motion of the car. .........ccccceevvviiiiiiiiiinnns 174

Figure 6.3: (a) Above picture shows the final rest position of the truck with the car collided (b)

Figure 6.4: shows the 2D view of the crash site and vehicle movement. ..........ccccocvevveiieieniene. 175
Figure 6.5: (a) shows before collision taken from Pc-crash simulation and (b) Show the snapshot
OF FINAL FEST POSITION. ...ttt 175

Figure 6.6: Snapshot of vehicle movement taken from Pc-Crash simulation window ................ 176

XX



Figure 6.7 Vehicle blueprint outline segregation through ellipsoids .........c.cccovvvvieniiiiieienenene. 179

Figure 6.8: Ellipsoids dimensions determination ............cocccerreinnieenneienee e 179
Figure 6.9 MADY MO vehicle modeling and occupant positioning .........c.ccccevveverneienncnenennens 180
Figure 6.10 Visual comparison of real vehicle interiors and MADYMO interiors.........c.ccceu.e. 180

Figure 6.11 Dimensions measured on real vehicle and applied on MADYMO vehicle interiors

............................................................................................................................................................ 181
Figure 6.12 Side and front views of the actual trucK............cccoeiiiiiiiiiii 182
Figure 6.13 Side and front views of multi-body model of truck ...........cccoovevieieieicieiieee 182
Figure 6.14 GEBOD code for scaling of dUmMMIEs ..........ccccooiiiiiiinenneseese e 184
Figure 6.15 Scaled dummies positioned in the VENICIE ... 184
Figure 6.16 Comparison of NHTSA crash test reports and GNCAP consumer rating report.....185
Figure 6.17 Overlapped images of Maruti Suzuki alto crashing into ODB barrier(GNCAP website
link: https://MWWW.GIODAINCAP.OTG/) ..o 185
Figure 6.18 Outline of vehicle crush (GNCAP website link: https://www.globalncap.org/) ......186
Figure 6.19 Crush depths measured through AUTOCAD .......cccccoieiiiiiiinicieesesesese e 187
Figure 6.20 Force-deflection curve determined from GNCAP crash test OF Maruti Suzuki-alto-
TSRO UV PU PSPPSR 188
Figure 6.21 Arrow indicating the direction of IMPACT...........ccccevceviiiiii i 189
Figure 6.22 MADYMO simulation at t=0 ms and t=145 MS ........cccccererererererereresere e 190
Figure 6.23 Vehicle crush depth is same as MADYMO simulations; Truck is assumed as rigid
............................................................................................................................................................ 190
Figure 6.24 Injury details to the OCCUPANTS ......cvoviiiiiiiieiseee e 191
Figure 6.25: Vehicle kinematics before and during collision in the multi-body simulation ....... 195
Figure 6.26 Front-left occupant kinematics at 0 ms and at 94 MS.......ccccevvvvievinieninie s 195
Figure 6.27 Rear-right occupant kinematics at 0 ms and at 212 mS.......cccceevvvvvierienienienesiesesenne 196
Figure 6.28 Scaled and isolated GHBMC FE head model Used...........c.ccceorieiinneinneincces 197
Figure 6.29 Finite Element models of windshield and dashboard used in simulations ............... 198
Figure 6.30 FE simulation setup for head-windshield impact............ccooeveieveicieiesccesece 199
Figure 6.31 FE simulation setup for head-dashboard impact (right, top & front views) ............. 201
Figure 6.32 Head AIS 4+ injury risk for Coup pressure (Wu et al. 2021).......ccccceevrvvivnncnnnnnen. 202

Figure 6.33 Injury risk curves-Coup and Contrecoup pressure versus AlS3+ brain injury risk .202

XXi


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732191
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732194
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732195

Figure 6.34 Spike in pressure (In GPa) observed in the frontal region of the cerebrum ............. 204

Figure 6.35 Spike in pressure (in GPa) observed in the parieto-temporal region of the cerebrum

Figure 6.36 Spike in pressure (in GPa) observed in the occipital region of the cerebrum .......... 205

Figure 6.37 Spike in pressure (in GPa) observed at the left fronto-temporal region of the brain

xXXii


file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732202
file:///G:/Sanyam%20Docs/My%20Papers%20and%20Proofreading/Thesis%20chapters/Thesis%20chapters/Final%20versions/Sept_5/Thesis_Final-draft_Sept05_Sanyam_feb­_v2.docx%23_Toc97732204

LIST OF TABLES

Table 1.1 Road Accidental Deaths in India every 100 km (NCRB, 2019) .......cccccoevvivvivnininieniennnnn, 1
Table 1.2. Levels of crash data (Thomas et al., 2001)........cccccciiiiiiiiiiiiiiiiic e 8
Table 1.3. Relative merits of human surrogates (Crandall et al. 2011)........cccovivinniiennciinneene 12
Table 2.1 Typical b0 values by direction of impact (Ogden et al., 1995) .......ccccceovvvvivievcieninne. 28
Table 2.2 The AIS ClaSSITICAION ..o e 38
Table 2.3 Some significant “INJury MeasUIes™ ..........cccooereririrenesese s 39
Table 2.4 “Injury measures” mapped t0 ALS ... 42
Table 4.1 Euro NCAP dimensions and properties of the aluminum honeycomb (Lenard et al., 2000)
.............................................................................................................................................................. 83
Table 4.2 Results of calculated EBS for the tW0 CaSES .........ccureirireiinesereseee e 87
Table 4.3 Comparison of real vehicle and chosen FE model ..o 92
Table 4.4 Proposed acceptance criteria for V&V process (Mongiardini et al. 2009) .................... 95
Table 4.5 Comparison of dummy positions in real crash test and developed simulation model...98
Table 4.6 Steering wheel modeling using different JOINtS.........cccceveveiiieiciescsee e 100
Table 4.7 CORA rating biofidelity acCeptance Criteria..........cccoorveireeiinieeninieenseenesee e 104
Table 4.8 Results of vehicle stiffness parameters obtained from RBCT ..........ccoceevvvvvecvrcvnienen. 109
Table 4.9 Crush dePtNS.......ci ettt ne e 110
Table 4.10 Results of vehicle stiffness parameters obtained from ODBCT ........c..cccccevviiiviiiennne 112
Table 4.11 Vehicle and occupant objective comparison (Between FE and MB model simulations)
............................................................................................................................................................ 125
Table 4.12 Comparison of dummy injury Parameters...........cooeerererereiesereese e 128
Table 5.1 Details of occupants involved in the Crash ... 133
Table 5.2 Crush depths of tW0o VENICIES .......coiiiiiiciccce s 136
Table 5.3 Ai-damage calculations for initial eStIMAteS ..........ccccviiiiiiiiiiii i 138
Table 5.4 Comparison of Real vehicle and FE MOdel...........ccccooviiiiiiiiiinieeeeeces 140
Table 5.5 Comparison of vehicle 2 actual vehicle and FE model ..........cc.ccocevvvvrnienninienciseen 141
Table 5.6 Dummy anthropometry compared with vehicle occupant............cccocviviiiiiiiiiiinnnns 142
Table 5.7 Occupant and INteriors POSIIONING ......ccviiiiiiieiise e 143
Table 5.8 Loading and unloading StIFfNESS .........ccciiiiiiie s 151



Table 5.9 Calculated dimensions of ellipsoids using above equations (Egn. (4.29) (Vehicle 1) 152
Table 5.10 Calculated dimensions of ellipsoids using the above equations (Eqn. (4.29) (Vehicle 2)

............................................................................................................................................................ 153
Table 5.11 CORA rating for comparison of chest acceleration............cccccceveveveveiiieieseseienn 158
Table 5.12 Actual injury sustained by the occupants and associated AIS codes ..........ccccceernnen. 158
Table 5.13 Injury parameters obtained from MADYMO H-HT dummy.......ccccooeivveriniencinnienenn 159
Table 5.14 Injury criterion for rib fracture (GHBMC v6.0 user's manual 2021) ...........ccccccounuee. 164
Table 5.15 Material model for Ribcage bones (MAT_PIECEWISE_LINEAR_PLASTICITY) 164
Table 5.16 Injury criterion for TRA (GHBMC v6.0 user's manual 2021)........cccccceveverenennienenn 167
Table 5.17 Material properties for Aorta (MAT_SIMPLIFIED_RUBBER/FOAM) .........c........ 168
Table 6.1: Details Of the CASE ..o e 173
Table 6.2 Measurements of interior dimensions (In mm and degrees) ........cccoceveverereniereeenenens 181

Table 6.3: Difference in anthropometries between a 50th percentile Indian and American male

............................................................................................................................................................ 183
Table 6.4 Stiffness parameters calculated for Maruti SUZUKI AltO.........cccccviiiiiiiiiinecces 188
Table 6.5 Chest injury in SUDJECT OCCUPANTS ....c.coveviiiieiiiriceirieie s 191
Table 6.6: HIC MapPed 10 ALS ...t 192
Table 6.7 Thoracic injury Mapped t0 AlS ... 193
Table 6.8 Output obtained from MADY MO IterationS.........cccccovveiiiiiiieie e 194
Table 6.9 Velocity of front right passenger head and dashboard at 94 ms in simulation ............ 196
Table 6.10 Velocity of rear right passenger head and dashboard at 212 ms in simulation.......... 197
Table 6.11 Injury criterion for cerebral contusion (GHBMC v6.0 user's manual 2021) ............. 203

XXiV



ADAC

ABF

AIS

ANOVA

ATD

CAD

CCIS

CDC

CDS

CE

CEM

CF

CG

CIREN

COR

CORA

CORA-CL

CORA-CD

CRASH

CRASH3

DaCoTA

LIST OF ABBREVIATIONS

Accident data analysis center
Abdominal Peak Force
Abbreviated Injury scale
Analysis of variance
Anthropometric test devices
Computer aided design
Co-operative crash injury studies
Collision deformation classification
Crashworthiness data system
Compression extension

Crash energy management
Compression flexion

Centre of gravity

Crash injury research and engineering network

Coefficient of restitution
Correlation and analysis
Correlation and analysis- Correlation rating

Correlation and analysis-Corridor rating

Calspan/Computer Reconstruction of Accident Speeds on Highway
Calspan Reconstruction of Accident Speeds on Highway (Version 3)

Data, Collection, Transfer and Analysis (Road safety program by

Loughborough university, UK)

XXV



Delta-V

EBS

EDR

EES

EEVC

EEVC

Euro-NCAP

FD

FE

FE-HBM

FFC

FIR

GAMBIT

GES

GHBMC

GIDAS

GNCAP

HIC

IGES

IT-D

IRTAD

LL

LPM

Change in velocity vector

Equivalent barrier speed

Event data recorder

Equivalent energy speed

European Experimental Vehicle Committee
European Enhanced Vehicle-safety Committee
European new car assessment program
Force-deflection

Finite element

Finite element human body model

Femur Force Criterion

First Information Report

Generalized Acceleration Model for Brain Injury Threshold
General estimates system

Global human body model consortium
German In-Depth Accident Study

Global new car assessment program

Head Injury Criteria

Initial Graphics Exchange Specification

Indian Institute of Technology Delhi
International Traffic Safety Data and Analysis Group
Left lower

Lumped parameter model

XXVi



LU
MADYMO
MB
MB-FE
MPC
NASS
NATRIP
NCAP
NCHRP 22-24
NCRB
NHTSA
Nij

ODB
ODBCT
PDOF
PMHS
POI
RAIDS
RBCT

RL
RSVVP
RTA

RU

Left upper

Mathematical dynamic model

Multi body

Multi body finite element
Magnitude-Phase-Composite (Metrics)

National automotive sampling system (USA)
National automotive testing and R&D infrastructure project
New car assessment program

National Cooperative Highway Research Program
National crime records bureau

National highway traffic safety administration (USA)
Neck injury criterion

Offset deformable barrier

Offset deformable barrier crash test

Principal direction of force

Postmortem human subjects

Point of impact

Road accident in-depth studies (United Kingdom)
Rigid barrier crash test

Right lower

Roadside Safety Verification and Validation Program
Road traffic accidents

Right upper

XXVii



SMAC

SSF

S&G

S&G-M

S&G-P

TCFC

TE

TF

THUMS

TI

TI

TNO

TTI

UN

us

VC

W.r.t.

WHO

WinSmash

Simulation of automotive collision

Static Stability Factor

Sprague and Geers

Sprague and Geers Magnitude

Sprague and Geers Phase

Tibia Compressive Force Criteria

Tension extension

Tension flexion

Total Human Model for Safety

Traffic inspector report

Tibia Index

Netherlands organization for applied scientific research
Thoracic Trauma Index

United nations

Acronym for USA (United states of America)
Viscus criterion

With respect to

World health organization

An accident reconstruction software by NHTSA

XXViii



F(t)
a(t)
Etotal or EA

Eger o7 Ep

LIST OF SYMBOLS

Weight of the vehicle

Deformation work (Dissipated energy absorbed by the vehicle structures)
Moment of inertia about the verticle axis or Yaw moment of inertia
Translation velocity at the begening of collision

Translation velocity at the end of collision

Yaw velocity at the end of collision

Force as a function of time

Acceleration as a function of time

Energy absorbed in maximum compression or Total energy
Dissipated energy

Potential energy recovered or Restored energy

Slope of Campbell curve in speed per unit length

Residual crush

Zero crush speed (Speed at which no residual crush is observed)
Average crush

Coefficient of restitution

Crush depth at ith position

Slope of Campbell curve in force per unit residual crush (Cg) (Coefficient
in Campbell force model)

Crush energy

A? /2B = Coefficient in Campbell force model

XXiX



Dynamic crush

Velocity

Maximum static crush

Velocity of separation

Velocity of Approach

Width of the vehicle

Area of damage

Slope of residual vs dynamic crush line

Campbell coefficient (Crush stiffness coefficient)

Coefficient in McHenry model

Loading stiffness

Unloading stiffness

Coefficient in McHenry model

Maximum COR value when, Cr K Cy

Deformation work for vehicle 1. (,1) For vehicle 1

=C, +2(C,+C3+C,+Cs)+Cs  Where C; — Cg = Crush depths
= C2 + 2(C2 + C32 4+ €% + C5) + 2

+C,Cy + C,C3+ C3C, + C4C5 + C5C, Where C; — Cg = Crush depths
Delta — v or ‘Change in velocity vector’

Crush strength of volume 1

Crush strength of volume 2

XXX





