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Summary

The application of lightweight composite material® the rail industry requires a stepwise
approach to ensure rail vehicle designs can mattmalpuse of the inherent properties of
each material. Traditionally, materials such aglsand aluminium have been used in railway
rolling stock to achieve the energy absorption stnaictural resistance demanded by
European rail standards. Adopting composite maltem primary structural roles requires an
innovative design approach which makes the besbiute available space within the rolling
stock design such that impact energies and loadaaommodated in a managed and
predictable manner.

This thesis describes the innovative design oflariaer's cab to meet crashworthiness and
structural requirements using lightweight, coseefive composite materials. This takes the
application of composite materials in the rail istiy beyond the current state-of-the-art and
delivers design solutions which are readily applieaacross rolling stock categories. An
overview of crashworthiness with respect to theinaiustry is presented, suitable composite
materials for incorporation into rolling stock dgss are identified and a methodology to
reconfigure and enhance the space available wistiinehicles to meet energy absorption

requirements is provided.

To realise the application of composite materidlis body of work describes the pioneering
application of aluminium honeycomb to deliver uregolutions for rail vehicle energy
absorbers, as well as detailing the use of lighgthvecomposite materials to react the
structural loads into the cab and carbody. To @iibxe capability of the design it is supported
by finite element analysis and the constructioa &ifll-scale prototype cab which culminated
in the successful filing of two patents to protie intellectual property of the resulting

design.
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Nomenclature

Aload
Acot
AU pp

n

I::'crush-mean
I:)proof

Fed

Ocrush

Ostat

Perpendicular height of triangle
Area

Load area

Total area

Upper absorber load area
Length of base of triangle
Depth

Energy absorbed

Height

Length

Slope of a line

Integer

Mean crush load

Proof load

Die fillet radius

Internal tube radius
Radius

Crush distance

Fibre volume fraction
Maximum train unit operational speed at a levebksiag
Total volume

Width

stress, being defined as the stress experiencdtelgnergy absorber
under dynamic crush load conditions and determiread:

- _ Pcrush—mean
crush —

A

upp

stress, being defined as the stress experiencdtelgnergy absorber
under static load conditions and determined from:

Pproof

Aload

Ostat =

vii



TABLE OF CONTENTS

SUMMARY 1l
ACKNOWLEDGEMENTS....ciiiiiiiiiiiininiinnnsnnssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss Vv
NOMENCLATURE Vil
CHAPTER 1: INTRODUCTION 1
1.1. CRASHWORTHINESS ...ctteeteeauutttteeeeeaaauteeteeeeeesaasesteeeeeesaaunseeeeeeesaaunseeeeeeesaaaanseeaeeeeeeaansanteeeeessaansnraeaeaeanan 2
N I Y Yor V=2 Yo 1 VSRSt 6
O O o LT Y=o | =1 5SSt 7
1.2. CRASHWORTHINESS ACROSS TRANSPORT MODES...cccuvteeeesurrreesnreeessireeessreeessanneeesanseeesssseessnnseeessnseeesssseeesnns 8
70 SR V=] 0 XY o Yo [ - 8
J.2.2. AULOMOTIVE ...t ettt e ettt e e e ettt e e e e e e ettt e e e e e e eaasbteeeaeeeeannnnes 11
O T || B SRR PSRPT PP 12
L2084, IMIQETEIMIE .ottt ettt e e ettt e e e ettt e e e e e e s assb e e e e e e eaassbbeeeaeeeeaannnes 13
J.2.5.  SUMMIGEY ca s ssnnssnes 13
1.3. A FOCUS ON RAIL VEHICLE CRASHWORTHINESS ....veeeeurtteesureeeestreeessureeessuneeessnseesssnseeessnneeessnseeesssnseeesanneeens 14
1.3.1.  Crash ENergy MONAGEMENT ...........ccecueeeesceeeeesieeeeeceeeesctteeaestteasesttaaessseaassasasasassesessssessssssnaaas 14
1.4. RAIL VEHICLE STRUCTURAL LOAD REQUIREMENTS ....uvteeeeurreeesnreeesnseeessureeessnseeesnneeessnneeessnnsneessnseeesssseeessnns 19
1.4.1.  Longitudinal loads
3 V71 o (ol | I Lo 1o Lo K USRS
1.5. LIGHTWEIGHTING OF RAIL VEHICLES

1.6. SCOPE AND OBJECTIVES OF THESIS

1.6.1. Extending current knowledge
1.7. CONTEXT OF THESIS ettt tuteeeureesuseesureesseesuseesuseesuseessseesuseesssesssseessseessseessseesssessseesssesssseessseesnsesssseessseessses

1.7.1. A note on rail industry fire reqUIr€MENTS. ............ceeecueeeeiueeeesiieeeecieeeesieeeesieeaeestaaessisseaesiseeaaas 28
AV B Y [+ 1 £-14 [o] ol T (ol - SRR SRRT P 29
1.7.3.  QUGSI-StAtiC tEStING lIMITATLIONS ...........eveeeeeeeieeeeee et ee et a e e e e e ettt a e e e e e e setsesaaaaeeessasnes 32
1.7.4.  Current dynamic and crash performance testing in the induStry............cccooueeeeeeeccivveeneeeeecinns 33
1.7.5.  Dynamic modelling of composites for the rail iNAUSEIY ............c..cueeeeeeeeeeeiiiiiieeeeeeciiieeeeeeeeceinns 35
A R 3 - Tor R e ) Yo e (I o (=2 SRR 39

CHAPTER 2: REVIEW OF ENERGY ABSORBING STRUCTURES AND MATERIALS FOR CRASHWORTHY DESIGN 43

2.1. CRASHWORTHY DESIGN & ENERGY ABSORBERS........utttteeeeaiuttttteeeeaaautetteeeeeesaasasseeeesesaasnsseaeesssaasnnsseaeeseans 44
2.1.0.  DEfOIrMALION TUDES ...cc...vveeeeeeeeee ettt ee ettt e e ettt e e et e e e sttt e e e sstaaesnaeaaasseaeesnsseaeasseaaas 44
2.1.2.  CrUMPIE COIUMNS ..ottt e ettt e e ettt e e ettt e e e st s e e sstaaessasaaasseaaesasseasasseaaas 53
2.1.3.  GUIAEd CrumPIE COIUMNS ........occeeeeeeeeeeeeeee et e et e e tee e ettt e e e st a e s taeaaesssaaaesssaaessseaaas 54
D O R 1V o TN [ 1YL= 3 [ s SRR SRRR P 55
2.1.5.  EXPANSION TUDES........eeeeeeee ettt e e e ettt a e e e e ettt a e e e e e e sttt e e e e e sassssasaaaaeeessssssenaaeeaaas 56
2.1.6.  MELAI SPIIEEING oottt e e e ettt e e e e e e e ettt a e e e e e eessttasaaaaeeesasrssaaaaeaaaas 57
2.1.7.  PEEIING TECANOIOGY ....eevveaaaeeeeee ettt ettt e e e e ettt e e e e e e st aaaeeessssssanaaeaeaas 58
2.1.8. Recoverable energy abSOrption — PiStONS .........cc.eeeeccueeeeeeiesesiiieeestieeesetteesiaeeaestaseesissaaesisseaans 60
2.1.9.  Summary of energy AbSOrber d@SigNS.............oucuueeeciueeeeeeieeeeceeeeseeeseteaesiaeaeestaaesssseaessaeaaas 61

2.2, COMPOSITE MATERIALS AS AN ENERGY ABSORBER...c..uvteruteerureerureesreesureesseessseessesssseessseesssessssesssseesssesssses 63
2.2.1.  Energy absorbing COMPOSItE tUDES ...........cc.eueeecueeeeeciiieeeieeeeceeeesteeeesete e e s e e estaaeesssaaesrseaaas 63
2.2.2. FOOMIS ...ttt ettt et e e e e ettt e e e e et tta e e e e e eaaatanteeaaeaaas 65
2.2.2.1. Rigid Polyurethane FOAMS (PUR/PIR).......oouveeeeeeeeeeeeeeeieeeireeeieesiveeesesesveeesesssssessessssssessesen 65
2.2.2.2. AIUMINTUM FOMS..c....viieeiiiieeiee ettt ettt e ettt e et e e st e e s tte e e sttaesssteaessasteassasseaans 66
2.2.2.3. R =11 [ oo T £ PP OPUPOPRUPPIN 68
D2 T (oo =3 ole g o < KT SR 69
2.2.3.1. 1Y =e ]| ol Lo T T=3 Y ele T ] S 70
2.2.3.2. NON-MELAIIIC HONEYCOMDS .........oeeeeeeeeeee et et e e e e sttt e e ettt a e e saeaaestaaeeestaaennnees 71
2.2.4.  Summary of energy absorbing MALEriQlS................euieeeeeciuveeiieeeeeeiiieeeeeeeeescceeaee e e e e s seareaaaeeea 73

viii



CHAPTER 3: THE DEPLOYMENT OF ENERGY ABSORBING MATERIALS AND STRUCTURES WITHIN FIXED SPACE

] Y 0 N 75
3.1 INTRODUCTION .uuetteeeueteeeeauteeeeaunreeesuteeeesabeeessanseeesasaeeesanseeesaasaeeesasbeeeanseeesanseeeesasbeeesnreeesanneeessnsseesannne 76
3.2. MAXIMISING TRIANGULAR CROSS=SECTIONS ......uutttteeeeeeaauutrrteeeeeesaausneseeeeessaaunsseeeeessaaaunseeeeeessesannsseseeessaannn 77

3.2.1.  Mapping TrianGuIAr SECtIONS 0 3D ..........uueeeeeeeeeeieeee e et e e ee sttt e e e e e e st a e e e e e s sssaraaaaens 80
3.3. MAXIMISING SEMI-CIRCULAR CROSS SECTIONS .....vetteeeeeaiuutrrteeeeeeaaausneteeeeessaaunseeeeeesaaaaunseeeeeessesannsssseeessannnn 82
3.3.1.  Mapping Semi-Circular SECtIONS t0 3D .........ceuieeeeeeeeeeeee et e ettt e e e e ettt e e e e e e sssraraaaa s 85
3.4. MAXIMISING SEMI-ELLIPTICAL CROSS-SECTIONS ...uuvveeesurreeeasureeessnreesssreeesanreeessneeessssseesssnsesessnneeessssseessnnne 86
3.4.1.  Mapping Semi-elliptical SECLIONS t0 3D ......ccueeeeeeeeeeeeeeeeeeet e e escee e e st e e e e cte e e seaeaaesteaeesnes 89
3.5. SUMMARY OF FIXED-SPACE IMAPPING ....ceeuvreeesireeesiureeessureeessireessanreeessuneeessnseeesanseeessnneessnnseesssnsesessnnees 90

CHAPTER 4: DESIGN OF A LIGHTWEIGHT RAIL VEHICLE CAB FOR ENERGY ABSORPTION AND LOAD TRANSFER

91
4.1. CRASHWORTHINESS REQUIREMENTS ..cetteiiutitteeeeeeeauttetteeeessaaunseeeeeessasunseeeeeaesesanstnaeeaeeesaannnsaeaeesesasnnnees 92
4.2 DESIGNING WITHIN EXISTING VOLUMES TO ACHIEVE CRASHWORTHINESS +.veeeeeeruvrrieeeeesesnennrereeesssssnnseneeeseenes 94
4.2.1.  PriMQAIY CrUSH ZONE......cc...veeeeeeiieeeeeeeeseeeeestee e e ttta e ettt e e e sttt e e easaeeessaaaessstasaesssseaessseasasssenansnes 94
4.2.2.  SECONAAIY CrUSH ZONC.......ooeeeeieeeeee e eeetee e ettt e ettt e e ettt e e sae e e sttt e e esstaaaessseaesssnaaesssenansanes 96
/0 T (=1 [ot [ ] ¢ IV A0 TP PP PP PP PPPPPPPPPPPPPPPIRY 96
4.3.
4.3.1.
4.3.2.
4.3.3.
4.3.4.
4.4,
4.4.1.
4.4.2.
4.4.3.
CHAPTER 5: DESIGN OF A LIGHTWEIGHT SPACE CONSTRAINED UPPER ENERGY ABSORBER ...................... 119
5.1. DESIGN FOR CRASHWORTHINESS .....ttttteeeeeeaauusteeeeessaaunseeeeeessaaaunsaeaeeesseaaunsseaeeeeseaaunseeaeeessasansenaeeaseannn 120
5.1.1.  DESIGN CONCOPL ..ottt ettt ettt e et et e e et e e e e e e e e e e e e e e e e e e e s e e e e e e asaaaaaaaaaaaaaaaaaaaaaaaaaaaaans 121
5.1.2.  HONEYCOMD SEIECHION. ......eeveaeeeeeeee ettt e ettt a e e e e ettt a e e e e et ssasaaaaeeesssssssens 123
5.2. DESIGN OPTIMISATION .....tttteeeeeeaiteteeeeeesaauesteeeeeesaausreteeeeesaaaunseeaeeeesaaaunsbeeeeeeeeaaunsbeaeeeesaaansenneeaeeannan 125
2 B o Yo o I oo 1 I Vi Lo ] VAT KN 125
5.2.2.  TOSE SEE-UP covveeeeeeeeieeeeeeeeeeeeeeeeeeeeeeeeeeeee ettt ettt ettt e ee ittt eeeeeeeeseeaaeeeeaeeeaeaeteaeaeeaeaaataaataaeaeaaaaaaaaaaaaaaes 127
I F 11 X1 ] 1 N 129
5.2.4.  RefinNiNg the MOGEL...........cooeeeeeeeeeeeee ettt e ettt e e e e e ettt a e e e e et ssasaaaaeeesssnsnens 130
5.2.5.  ENEIGY ADSOIPLION ...ttt ettt e e ettt e e e e e ettt a e e e e e e st asaaaaeeesstsasasaaeeeassssnnens 133
5.3. CONCLUSIONS. ¢ et eettttteeee e e ettt eeeeeeeea et eeeeeeaeaunbbe e e e eeeaaanbbe et e e e e e e anseebeeaeeeaansasbeeeeeesaannnnbeaeeeesenannneen 135
CHAPTER 6: DESIGN OF LIGHTWEIGHT SPACE CONSTRAINED LOWER ENERGY ABSORBERS............ccccuuuuee. 136
6.1. INTRODUGCTION ...ttteeeeeeauitttteee e e e ettt e e e e e e uasbteeeeeeeaaunbe et e eeeaaasnsbeeeeeeseaansbeeeeeeeeaaansbeaeeeeeaaaansenaeeaeeannnn 137
6.2. CRASHWORTHINESS REQUIREMENTS ...eiiiitttteeeeeeaiutttteeeeeessuubbeeeeeesessasseeeeaeeesannnnseeeeeesaannnseaseessanannnees 137
6.3. DESIGN CONSIDERATIONS ....ctteteeeeauuurteeeeeeaaauuseeeeeessaaunseteeeesaaaaunseeteeessaaaunsseaeeessaaanseeaeeessasaanssnaeeaseanann 138
(G 2 S =/ [0 g Y o SRRSO 138
LI o T KXYV = 1Y Lo KX S 140
6.3.3.  Preventing TRrOUGR-PENELIALION ...........ccccveeeeceeeeeeieeeeecteeeeteeeesteeeeeettta e e stsaeesteeaessssasensnseens 141
6.3.4. Optimal use of the Available VOIUME .................oueeeueeeeeieeeeeeeeeee et ee ettt esstaa e 141
6.4. DESIGN OF A LIGHTWEIGHT SELF-CORRECTING ENERGY ABSORBER ......uvvteeeeeeeeiuriereeeeeeeinrrereeeeeeesnsseneeaseeans 141
6.5. SIMULATION ..ttt et ettt tee e e e e ettt e e e e e e uab e et e e eeeaaunb e e teeeeeeaaansee et eeeae e anseeeeeeeeesansnnbeeeeeesaansnnbeaeeeesanannnnen 144
6.6. CONCLUSIONS. ¢t eettttteee e e e ettt e e e e e ea et eeeeeeaeaunbeeteeeeeaaanbbeaeeeeaeaanssebeeaeeeaansasbeeeeeesaansnnaeaeeeesaaannrees 148
6.7. NOVELTY OF DESIGN: PATENT GRANTED ..cceeetseutrrreeeeessssurrreeeeessssssssseeeesssssssssseseesssssssssseneesssssssssssseeessennns 149
LI T o [ =101 Vo LYo g Lo SR 149
6.7.2.  PALENTE PriMQAIY ClOIM .....coc..eeeeeeeeeeeeee ettt e e ettt e et e e ettt e e e tta e e e assaeesstaeasansasenanseens 150
LI S o [ =101 D=1 o | SR 150



CHAPTER 7: KEY ATTRIBUTES, CONCLUSIONS, IMPACT AND RECOMMENDATIONS FOR FURTHER WORK. 153

7.1. KEY ATTRIBUTES OF THE CAB — ENERGY ABSORPTION, MIASS, PART COUNT, COST..ccvveerrreeieeenieeenieeeneaeenaneenens 154
7.0.0.  EN@IGY ADSOIPEION.ccc....eeeeeeee ettt e e e e ettt e e e e e ettt s e e e e e s s saasaaaaeeeasssssssaaaaeeassnnses 154

WA B |V [ X OSSP UP PP SOUPUPPTPPRRt 156
7.0.3. POIT COUNT ...ttt e e et e e e e et e e e e e et eeeeensnnneeeens 157

Y B S 6o L PSPPI 158
7.1.5.  Manufacturing the ProtOtYPe ...........ueeucueeeeeiieeeeeieeesceeeesttteeseeeeeseteaesssesaessssaaesssssaeessesannans 160
7.2. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK......etttteeeeeaurirteeeeeesainereeeeesseaunnneeeeessesnunseeeens 166
7.2.1.  DeSign OPEiMUSALION. .....ceuveeeeereieieeieisiiesetiseseteseseseteaeaesteesssesesesssesssssesssssssssssssesssssesesesssssesennnrnrnes 166
7.2.2. SIMUIGEION ..ottt ettt e e ettt e e ettt e e e st e e s st e e st e e e s tteeessatneeeaaseeeens 167
VA 2 T - 1 [ T PPNt 167
WOV R - 4 1] Tolo [ 4 Lo OSSR PSN 168
7.2.5.  Manufacturing CONSIAEIALIONS............cccuueeeeeieieeeeieeesceeeeseeeeeeteeeseeaeesteaeesssssaesssseaaesssesannans 168
7.2.6.  Risk mitigation for implementation .............ccuueeccueeeescieieeeseseeeeeeeeseeeeseeeeesaaaesereaaesseaaenans 169
7.3. 117 Y ot OO PP PRPPUPPRTPPRTN 170
W20 2 R = 1001 o 1o [ o =1 PSR UTPSTPRRII 170
7.3.2.  Effect on EUropean StANAAIAS.............uceeeeeccieeeeeseeeeiiieieeeeeeetestteeaaeeeesscaseaaaaeeeesssseraaaaesesinnnes 172
7.3.3.  Recognition by the EUropean COMMUSSION ............ccccceuueeeeseeesiiiiieeeeeeeessiissessaeeesesiisseessasesssiianes 172
7.4. CONCLUDING REMARKS +.vtuuteesureesuteesuseesuseesseessseesssesssseessseessssesssesssssessesssseesssessssessssesssseesssessseesnseesnses 175
REFERENCES 176




LIST OF FIGURES

FIGURE 1: AERIAL VIEW OF THE 2008CHATSWORTH COLLISION INCALIFORNIA, U.S.A.[3]....cvvviiiiieiieeeree e 2
FIGURE 2: POTENTIALLY HIGH RISK TRAIN ACCIDENTS IN THEUK BETWEEN2001AND 2014[7].....ccovviveeinrnnens 3
FIGURE 3: NUMBER OF MINOR INJURIES SUFFERED BY PASSENGERS DBRI THE PERIOD2001AND 2014[7].......... 4
FIGURE 4: GRAPH OF VELOCITIES OF VEHICLE AND PASSENGER DURINGCOLLISION ......ovvvieiiiiiiiieeeensirreeeee e 5
FIGURE5: RAIL COLLISION PROCESS MODEW L] ..ciiiiiiieeiiii ittt e e e e e e e et seeeeeeeeaaaaee s 6
FIGURE 6: PRINCIPAL OF AUTOMATIC TRAIN PROTECTION SYSTEM A FORM OF RAILACTIVE SAFETY [13] ............ 7
FIGURE 7: RAIL VEHICLE CAR BODY WITH INTEGRATED CRASH ENERGY MANAGEMENT ELEMENTS[16]................ 8
FIGURE 8: TYPICAL ENERGY ABSORBING AIRCRAFT LANDING GEAR OLEGBTRUT[19]...uuiiiiiiiiiiiiiiiiieiiiiei s qQ..
FIGURE 9: BUNGEE CORD ABSORBERS ON AMMERICAN EAGLE A-101 BIPLANE [20]...veeeeeeeeeiiieiaaaaeaaeieeieeeeees qQ..
FIGURE 10: ENERGY ABSORBING ELEMENTS IN A HELICOPTER SUBFLOOR23] ..ot teeiiiniiiiieiiieieeeeeeeeeeaeeaemmmme s 10
FIGURE 11: SIDE IMPACT STRUCTURE OF THR2014SAUBER C33FORMULA L CAR [27]....cvviiiiieiiriee e 12
FIGURE 12: FRONT END COLLISION BETWEEN RAIL VEHICLES DEPICTINGAB CRUSH AND MAINTENANCE OF

DRIVER'S SURVIVAL SPACE(NOTE UNDAMAGED DRIVER' S WINDOW) [29] ....uvvvriiiiiiiiriireeieeeee e e e e e s ee s s mmees 13
FIGURE 13: THE DIFFERENCE BETWEEN NOMARTICULATED (TOP) AND ARTICULATED (BOTTOM) TRAIN

(of0 1] TeT U] 7 T N PSSR 15

FIGURE 14: US FEDERAL RAILWAY AUTHORITY CRASH TESTS USING A CONVENTIONAL VEHICLESHOWING
SIGNIFICANT LOSS OF OCCUPIED SPACETOP) AND A CEM EQUIPPED VEHICLE(OCCUPIED SPACE REMAINS

INTACT = BOTTOM) [ B eeieiiiiiieea e ettt emmem ettt et e e e e e e e e e e e e e e e e e e naaabetbeeeeeaeaaaeaaeeeesaeaaaaannnennnnnes 16
FIGURE 15: COLLISION SCENARIO 1 AS DEFINED BYEN 15227[28] ....ccoiiiiiiiiiiiiiitteeieee ettt 17
FIGURE 16: COLLISION SCENARIO 2 AS DEFINED BYEN 15227[28] ....ccoiiiiiiiiiiiiiiiitee ettt 17
FIGURE 17: COLLISION SCENARIO 3 AS DEFINED BYEN 15227[28] ....cooiiiiiiiiiiiitieee ettt 18
FIGURE 18: COLLISION SCENARIO 1 WITH 40 MM OFFSET AS DEFINED BYEN 15227[28] ........ccvviviiiieiiec e 18
FIGURE 19: LONGITUDINAL STATIC LOADS SUPERIMPOSED ON A RAIL VEKCLE DRIVER'S CAB.......ovviveeeiiirnieeeenns 20
FIGURE 20: VERTICAL LOADS AS DEFINED INEN 12663FOR THE DRIVERS CAB. .....cuvviiieiiirieeeeesesinneeeee e 21
FIGURE 21:INCREASE IN ROLLING STOCK MASSLO75-201037]....cceivreeeireieesireeeiiree e s e mmmm e 22

FIGURE 22: THE CONTRAST BETWEEN A CONVENTIONAL CAB STRUCTURELEFT) WITH FRAGMENTED COMPONENTS
AND MATERIALS, AND THE HIGHLY INTEGRATED COMPOSITE SANDWICH SOLUIDN DEVELOPED BYO'NEILL

(RIGHT). THE FIGURE IS A MODIFIED VERSION OF THAT PRESENTEDYBCORTESI ET AL 1991[42]. .............. 25
FIGURE 23: BOMBARDIER'S SPACIUM VEHICLE — PICTUREBOMBARDIER [44] ....cooiiiiiiiitiiieeiieeeeeee e 26
FIGURE 24: FIRE-RESISTANT RAIL VEHICLE INTERIOR DEVELOPED FROM LIGRWEIGHT FURAN-BASED MATERIALS

AS PART OF THEFIRE-RESIST PROJECT ... ..ttt eeaeeteteititttiuaa e s e e e aaaaeeeeeeeeesstsbaaaaaaaeaeaaaeeeaesbabannn e aaeaaens 29
FIGURE 25: DEVELOPMENT OF CRASH PERFORMANCE AND ANALYSISPRETENDER SUBMISSION ....cceveieeiieeeaannnn. 33
FIGURE 26: TEST AND ANALYSIS PROGRAMME FOR A TYPICAL INTERCITYTRAIN ...ciittiiiiiiiiiiaaaaeaeeaeeeeeeennnnnnnnns 34
FIGURE 27: RAIL CAB STRUCTURE DYNAMIC TESTING ROLLING INCLINE TEST TROLLEY (LEFT) AND JUST PRIOR TO

IMPACT (RIGHT). IMAGES COURTESY OFBOMBARDIER. ... utttteiieiesirreeesireeeessneeesssneessneeesnneeesnneeesnneeens 34
FIGURE 28: STEEL TUBE TEST SPECIMENS. .....0tttteiiiitretteeesiatrreeeeesasnreeeessssnneeeeesssnnneeeesasssnneeeeeessnnneeeesennnees 45
FIGURE 29: SPECIMEN SUPPORT CASES.....eeettetiutrreeteesiairnreeeessassseeessaasssneesessassnneesessassnnseseessasnnesessaansnneeees 47
FIGURE 30: TEST MACHINE SETFUP IN CASE"A”. ...eiiiiiiiitteiee e i ettt e s st et s e e e s e e e e s e 47
FIGURE 31:RESULTS OBTAINED WITH SPECIMENE L. ....eeiiiiiiiiiiie et s s nnnnnee e 48
FIGURE 32: RESULTS OBTAINED WITH SPECIMENEZ2A. ....cciiiiiiiiitiiie e e e e e e e e e e eeeeebtieea s e e e e e e e e e eeeeennbaba e e e e aaaaas 49
FIGURE 33: RESULTS OBTAINED WITH SPECIMENESA. ....iiiiiiiiiiitiiia e e e e e e e e eeeeeetb et s e e e e e e e e e eeeeebababa e e e e aaaaas 49
FIGURE 34:RESULTS OBTAINED WITH SPECIMENESB. ....ciiiiiiiiiitiiiaia e eeaeeeeeeeeetbebaae s e s s e e e e e e e e e eeeeessbann e e e eaaeeas 49
FIGURE 35: RESULTS OBTAINED WITH SPECIMENE 4. ....ceiiititiiiae e e e e et ettt st e e e e e e e e e eeeesbnban e e e eeas 50
FIGURE 36: RESULTS OBTAINED WITH SPECIMENE ZB......ciiiiiiiiitiii e e eeaeee et eeeetbetaaas s s e e e e e e e e e aeeeensbabn e e e aeaeeaas 50
FIGURE 37:RESULTS OBTAINED WITH SPECIMENES. ....oiiiiiiiiiiiiie e 51
FIGURE 38: RESULTS OBTAINED WITH SPECIMENE BA. .....ovviiiiiiiiiiiieeeiiirreee e e s st e s s snne e e e e s eee e s s ninrneeeee e e 51
FIGURE 39: RESULTS OBTAINED WITH SPECIMENE BB.........cvvveiieeiiiiieeeeeessiieeee e e s sineeree s sennnee e e s snnnneeeesnnnneeeens 51
FIGURE 40: SQUARE CROSSSECTION STEEL CRUMPLE COLUMN POSTMPACT [72]....ceviiiiireiriieeeiireee e 53
FIGURE41: AXIALLY CRUSHED COMPOSITE CONHTL] ...utiiiiiiiieiieie sttt mmmm e nnne e e snnee e 53
FIGURE42: TRUNCATED PYRAMID ENERGY ABSORBER FORORMULA 3 CAR[70]....cccvveiiiiiieniiies e 54
FIGURE 43: CROSSSECTION OF A GUIDED CRUMPLE COLUMN ENERGY ABSORBHEFOR RAIL VEHICLES) [45] ....... 55
FIGURE 44: THE INVERSION OF A THINWALLED METALLIC TUBE [74] «eeiiiiiieeiiiiie ittt 55
FIGURE 45: EXPANSION TUBE ENERGY ABSORBER BEFORE IMPAC{LEFT) AND AFTER IMPACT (RIGHT) [78].......... 56
FIGURE46: METALLIC TUBE OF SQUARE CROSS SECTION DEMONSTRATINGETAL SPLITTING [80] .........cceevinnnnes 57
FIGURE47:ENERGY ABSORPTION THROUGH METAL PEELING.......ccittttttuttutuunaaaaaaaaaeteeeessssnnnnnsnnnaaaaaaaeaaeeeesssnns 58
FIGURE 48: SINGLE STROKE PEELING TECHNOLOGY ENERGY ABSORBER DEILING BULKHEAD THROUGH-

PENETRATION ...t etteeteitteeetee e st e e e e s s et e e s e e e e s e s s e et e e s e s mn et e e e s e s e et e e e e mmne e e e e e e sennn et e e s e e nnre e e e e e eennnnes 59
FIGURE49: SINGLE STROKE HALFLENGTH ENERGY ABSORBER USING PEELING TECHNOLOGY.......ccceeerrirrrereeenns 59
FIGURE 50: FIXED ORIFICE SHOCK ABSORBEHRSB3]......ccitreeiirieieiriiessireeesn s mmmm e ssneeesnnne e ssnneeesnnneeennnneee e 60.
FIGURESL1: SHEETS OFPURFOAM [9L] ...uuuuiieiiiiiiiiiieeieiteeeteeaeeeeseesmmmm st testeeeeeeeaeeaeeaeeaeeeessessannnnnssnnnnenees 65



FIGURE 52: PIR FOAM BLOCK WITH ALUMINIUM FACINGS [93] .....veviiieieuietietcieeeeveeteevessmmme e saeeseneane s 66

FIGURE53: A BLOCK OF ALUMINIUM FOAM . NOTE IRREGULAR PORE SIZES........ccceeiiiirrieieeeninnneeeeesinnneeeesnnns 67
FIGURE 54: MECHANICAL RESPONSE OF ALUMINIUM FOAM UNDER COMPRES®E LOAD [98] ......ccoviviieririeniieeenns 67
FIGURE 55: STEEL FOAM MANUFACTURED FROM HOLLOW STEEL SPHEREA04] .....covviiiiiiiie e eeenes 68
FIGURE 56: MANUFACTURING METHODS FOR HONEYCOMB MATERIALGL05] ....coovviiiiiiiie e e 69
FIGURE57: SAMPLE OF ALUMINIUM HONEYCOMB BEFORE(LEFT) AND AFTER (RIGHT) AXIAL COMPRESSIVE

[0Y N a1 [l K0 12 ] U U PP STUPPP 70
FIGURE 58: LOAD-DISPLACEMENT PROFILE OF ALUMINIUM HONEYCOMB UNDER XIAL COMPRESSIVE CRUSH

[0Y N oI IN [l K0 12 ] U U PP STURPP 70
FIGURE 59: NOMEX HONEYCOMB CORES OF VARIOUS THICKNESSHE10] .....uuuiiiiiiiiiiiiiiiiaaaea e eeeee e 71
FIGURE 60: SANDWICH BOARDS WITHKRAFT PAPER HONEYCOMB CORELLL]...cviiiiiiiiiiiiiiieaiiie e 72
FIGURE 61: MAXIMUM RECTANGULAR AREA INSCRIBED IN A GIVEN TRIANGLE .......ccciviriiiiiiiiinineeeeeeeaeeeeeeeennnnnd £
FIGURE 62: MAXIMISING THE AREA OF A TRIANGLE WITH RECTANGLES OFGIVEN PARAMETERS. .....ccvveiiiiirrieeeennns 79
FIGURE 63: NOSE DETAIL OF THE HIGH SPEEISHINKANSEN JR500(JAPAN) [116].....uuvverirririirriieeireereeeaeeeeeesenend 81
FIGURE 64: MAXIMUM AREA OF A RECTANGLE INSCRIBED IN A SEMECIRCLE........uuttieeiiirreeeeesinrneeeeeesnnnneeeseas 82
FIGURE 65: OPTIMISING RECTANGLES TO FIT IN A SENHCIRCLE ...ceveeiiiiiiiieeeeeiriee e e e e etreee e e 84
FIGURE66: TALGO' S350HIGH SPEED TRAIN[LL7] ...uiiiiiiiiiiiiieeieeeee et e e e e e e e s s semmnasseeeeeereaeaeaaeaaessessessnnnnnnnnnes 85.
FIGURE 67: MAXIMUM RECTANGULAR AREA INSCRIBED IN AN ELLIPSE .......uvvviiiesiirrreereessinneeeeesssnnneeesenennneeeas 86
FIGURE 68: OPTIMISING A SEMFELLIPSE FOR HONEYCOMB OF DEFINED THICKNESEH) ...ooovviieieiiiiiiiiiiiieiie 88
FIGURE 69: ELLIPTICAL NOSE ONHITACHI'S E6 SERIESSHINKANSEN HIGH-SPEED TRAIN[118] .....cceeeiiiiiiiiiins 89
FIGURE 70: TYPICAL EMBODIMENT OF ENERGY ABSORBERS IN A RAIL VEKCLE DRIVERS CAB(IMAGE COURTESY OF

BOMBARDIER). ...t tttttte e e e e e et e e et ettt ettt ettt ettt e et eeeeeeaeeeeeeaaaaaa nnanbe et be e e et e e e aaaeeeeeeeaeaaannnnbbnbeeteeeeeeeeeaeas 92
FIGURE 71:LOAD-DISPLACEMENT PROFILE FOR EXISTINGPACIUM DESIGN BY BOMBARDIER [119] ..........c...... 93
FIGURE 72: ENERGY ABSORPTION ZONES OF THE INNOVATIVE ENERGY ABIRBING DRIVER S CAB.......cvvveeeeeenans 94
FIGURE 73: TYPICAL RESULT OF LOW ENERGY BUFFERSTOP COLLISION.....cceciiiiirirreeeesiirneeeeessnnnneeeeesaneneeeenns 95
FIGURE 74:LOW ENERGY BUFFERSTOP COLLISION ABSORBED BY NOSE CONE ALONEVITHOUT DAMAGE TO THE

MAIN ENERGY ABSORBER(SECONDARY CRUSH ZONIE .....ciiiutiteiirieeitrieesireeesnneeesiseresasineeesnnreeesnneeesnneas 95
FIGURE 75: EXPLODED VIEW OFD-CAB COMPONENTS ......ciiiutttetieeiiitrieeeessainneeeeessmmnne e e s ssnnneesesssnnneneeseeennes 97
FIGURE 76: DETAILED VIEW OF THE PILLARS AND REACTORS......0utttieiiitrreeeeesinirreeeeesssnnneeesssnnnneeeessssnnneeeessnnns 98
FIGURE 77:LOAD PATHS THROUGH UPPER AND LOWER ENERGY ABSORBERSRANGE) INTO COMPOSITE PILLARS

AND REACTORS(GREEN) ... cttttttttttaeaaaaaaa et aaaa ittt tteeeeeeteeeeeeeeteeeaaaaaaaaaasaasaaaannnensbesbesaaeaeaaaaaeaaeesassaaaannns 98
FIGURE 78: DETAILS OF THE PILLARREACTOR JOINT. .. cettttttutuuuaaaeaaaaataetastannunnssaaaaaaaaeaaaaaaeeesssssnnnnnaaaaeaaasaeeeees 99
FIGURE 79: GLASS-FIBRE WRAPPED TUBESSPECIMENS A" ...ttt e ettt ettt mmmm e e e e e e e e eeeeeaennaan s 101
FIGURE 80: GRPEXTRUDED TUBES SPECIMENS B ... ..ottt ettt e e e e e e eeeeeees 102
FIGURE 81: REACTOR TEST SPECIMEN LOADED IM\VERY-DENISONS5000KN COMPRESSION LOADING MACHINELO4
FIGURE82: DARTECUNIVERSAL TESTMACHINE .....vttiieiiiiriiiieeseireee e st sesnee e e e s e s ennne e e s e 105
FIGURE 83: FAILURE MODE OF SPECIMENS A" ... eiiiiiie ittt e s ettt s e e e e e e e 106
FIGURE 84: FAILURE MODE OF SPECIMENSB-03& B-04 RESPECTIVELY....cevtiiiiiirreeieesiirneeneessennneeeesssnneeeens 107
FIGURE 85: LOAD-DISPLACEMENT CURVE FORSPECIMENSB-0L1TOB-04 .......c.oovviiiiiiiieeieeee e 108
FIGURE 86:LS-DYNA MODEL CREATED TO VALIDATE THE OUTPUTS OF THE IITE ELEMENT MODELLING [120].109
FIGURE 87: REACTION ZONE MAXIMUM PRINCIPAL STRESS MAP FOEEN12663STATIC LOADS[120].........cevvneee. 110
FIGURE 88: WIPO PATENT SEARCH SHOWING THIS AUTHORS NAME HIGHLIGHTED AS INVENTOR(EXTRACTED FEB

L0 | 2 PP T PP OTPPPTPP PP in
FIGUREB9:VOITH'S GALEA CAB CONCEPT SHOWING COMPOSITE PILLAREA) AND PROTECTING ALUMINIUM

HONEYCOMB STRUCTUREB) (PHOTO TAKEN ATINNOTRANS2012,BERLIN). ...ccoiiiiiiiiiiiiiieiieeeeeee e e e e 112

FIGURE 90: CLOSE-UP VIEW OF THEGALEA’S ROOF STRUCTUREDEMONSTRATING THE LACK OF FULL STRUCTURAL
INTEGRATION WITH THE CAB- THE COMPOSITE PILLAR(A) IS CONNECTED TO THE CAB SHELIB) BY MEANS

OF A RUDIMENTARY COMPOSITE SPACERC). (PHOTO TAKEN ATINNOTRANS2012,BERLIN). ......ccevvveeenn. 113
FIGURE 91: ANNOTATED FRONT VIEW OF CAB[L21]...eiiiiiiiiieeiiiiiie ettt s e e s et aeeneeeneaaaaaaeeas 115
FIGURE 92: ANNOTATED VERTICAL CROSSSECTION OF CAB[121]..uuiviiiiiiiiieeeeeeeiiesie s sttt a e e e e e e e e s e ennnes 115
FIGURE 93: ANNOTATED HORIZONTAL CROSS SECTION OF CAEL21] ...cooiiii ittt e e mmmmm e 116
FIGURE 94: ANNOTATED HORIZONTAL CROSS SECTION OF CAB PILLARL21]....ccceeeieiiii it ee e e 117
FIGURE 95: ANNOTATED VERTICAL CROSS SECTION THROUGH CAB PILLARSND REACTORS[121] .......cvvvvveeeennn. 118
FIGURE 96: FORCEDISPLACEMENT CHARACTERISTIC OF A SINGLE UPPER ENERGABSORBER IN THEBOMBARDIER

(07N ) =1 (] TN 120
FIGURE 97: FRONT OF THEBOMBARDIER SPACIUM CAB AND ITS SEMFELLIPTICAL APPROXIMATION. ....ccvvivnninnns 121
FIGURE 98: LOCATION OF THE HONEYCOMB BEAM ABSORBER WITH RESPECIO THE LARGE DEFORMABLE OBJECT

(0] 27X IS 01 = VY = T X 122
FIGURE 99: CONCEPTUAL DESIGN AND ASSEMBLY OF HONEYCOMB BEAM UFER ABSORBER.........cccvueervvneeennnnnn. 123
FIGURE 100: UPPER ABSORBER BEAM INANSY S SHOWING LOCATION OF SUPPORTEA) AND DISPLACEMENT LOAD

() 126



FIGURE 101:UPPER ABSORBER BEAM WITH FLAT BACKPLATE SHOWING PR@RTIONAL VECTORS OF TOTAL

DEFORMATION UNDER LOAD.....cttttittiuititttttesteeseee ittt eteeaeeaaaesaaasssbbsbb e e be s se ettt e et e e aeeeeeeessssaaannnnnnnenneees 127
FIGURE 102 DARTECUNIVERSALTESTMACHINE ATNEWCASTLEUNIVERSITY...cettiiiiieeeeaeiiaeiasiaiiiinieiinieeeeeen 128
FIGURE 103: TEST SEFUP FOR STABILISED HONEYCOMB PANEL.......cciiiiuuittitiniiieeeeeeeeeneeteeeeessassnnnnnnnnenneeneees 128
FIGURE 104:LOAD-DISPLACEMENT CURVE FOR STABILISED HONEYCOMB PANEL. .....ccuvriiiieiieieeeaaaaanesnaannnnnes 29
FIGURE 105: SANDWICH PANEL AFTER TESTING EXHIBITING (A) LACK OF HONEYCOMB CRUSHING IN

UNSUPPORTED REGION AND(B) LATERAL DEFORMATION OF CELLS DUE TO SKIN MOVEMENT.................. 130
FIGURE 106. OPTIMIZED UPPER ENERGY ABSORBER DESIGN.....cectttttutuuuaaaaaaaateteeeanstssnnaaaeaaaaaaeesesssnsnnnns 131
FIGURE 107:MESHED MODEL OF REFINED UPPER ENERGY ABSORBER........cccitttittittuiuiiaaaaaaaaeeeeeaeeenennnnnnnnns 132
FIGURE 108:FE MODEL LOADS AND SUPPORTS FOR THE REFINED BEAM.......ccccutttttuiniaaaaaaaeeeeeesennnnnnnnnnnnns 132
FIGURE 109:UPPER ABSORBER BEAM WITH CURVED BACKPLATE SHOWING RFPORTIONAL VECTORS OF TOTAL

DEFORMATION UNDER LOAD. ......ctttttttttttuuuaaaaaaaateteastsstssna e e e eaaaateeasssebsaa e e s aaaaaaaeeeeannnsesbnnnnnnas 133
FIGURE 110:LOAD DISPLACEMENT CURVE AND TARGET PROFILE FORRIII 1/8-5052-.000ALUMINIUM

HONEYCOMB. ...ttt ettt e et e e e e e e e s e et e e s s e abee ettt et e et e e e e e e e e e e e aa oo e e bbb bb e e b et et e e eeeeeeeeaeesaaaannnnbbnbbnnnneee e e s 134
FIGURE111:LOAD DISPLACEMENT CURVE AND TARGET PROFILE FORRIII 3/8-5050-.002LUMINIUM

HONEYCOMB. ...ttt ettt et e et e e e e e e e s e e s s e e s e bt e e ettt ettt e e e e e e e e e e e ae o e b bbb b et b s e e e e e ee e e e e e e e e e s aa s e nnnnbbnbbnnnneee e e s 134
FIGURE 112: FORCEDISPLACEMENT CHARACTERISTIC OF A SINGLE LOWER ENERGABSORBER IN THE

BOMBARDIER CAB DESIGN[LLO] ..ot iiiiiiiiii ittt e e s e s e e e e e e e e aae e e e e e e s e s s e nnnnnnnnnneneees 137
FIGURE 113:TYPICAL ENERGY ABSORBER DESIGNLL9] ...ttt oottt e e e e e e e e e e 138
FIGURE 114:INTERNAL STRUCTURE OF ORIGINAL ABSORBERELL9] ...ccciiiiiiiiiiiiiii it e 139
FIGURE 115:FOLDING MECHANISM OF ALUMINIUM HONEYCOMB CELLS .....uuiieeiaaaaieieeeiiitiiiaae e e e e aeaeeeeeeeeeennnes 142
FIGURE 116:SELF-ALIGNING CRUSH SEQUENCE OF ALUMINIUM HONEYCOMB......ccuittiiiniirniiitierneeiniianeesnesannas 142
FIGURE 117:CROSSSECTION OF ENERGY ABSORBER DESIGN SHOWING INDIVIDUAHONEYCOMB BLOCKS........ 144
FIGURE 118: ALUMINIUM HONEYCOMB TEST SPECIMEN.......cetiiiiuuiiiiittiieeeeeeeeeeteeeeeeesesaaasninnnsbeeneeereeeeeeeeeeeeeas 145
FIGURE 119:FULLY COMPRESSED STATE OF ALUMINIUM HONEYCOMB BLOCK........ciiuiiitiiiiinreeneeeeeeeneeaeeaeanns 145
FIGURE 120: COMPRESSION PROFILES OF TWO ALUMINIUM HONEYCOMB BLOKCS. ...cvttiieeieeeeaaesaeiassinnnnnnnnenneees 614
FIGURE 121:INITIAL CONFIGURATION OF THEFEA MODEL FORAOMM OFFSET CASE.......cccciuuiriirrrireieeeeeeeeeeeeens 146
FIGURE 122:INTERNAL STRUCTURE OF ABSORBERS ANBEAMESH........cuutiiiiiiiiiiiiiiieiieeee e 147
FIGURE 123:MID-WAY THROUGH CRUSH SEQUENCENOTE FULLY COMPRESSED HONEYCOMB BLOCKS FURTHEST

FROM POINT OF IMPACT .ttt ittt ittt ettt ettt et e et e e e e e e e aaaaeaaaaaasaaaaanaaebetbesteeeeeeeeeeeaaaaeeeaaaannnnssnsennsnnes 147
FIGURE 124:FULLY CRUSHED ABSORBERYNOTE ANTI-CLIMBERS REMAIN IN A VERTICAL POSITION)........cvvve... 147
FIGURE 125:L OAD-DISPLACEMENT CURVE FORD-CAB LOWER ABSORBERJ120] .....ccciiiiiiiiiiiiiiiieeeeeee e 148
FIGURE 126:WIPO PATENT SEARCH SHOWING THIS AUTHORS NAME HIGHLIGHTED AS INVENTOR(EXTRACTED

L = 2 O NG | 102 ) PP PUUU TR PR 149
FIGURE 127:PERSPECTIVE VIEW OF AN ENERGY ABSORBER EMBODYING THERESENT INVENTION[125] ........... 151
FIGURE 128:PARTLY CUT AWAY VIEW OF THE ENERGY ABSORBEH125] .....cciiiiiiiiiiiiieiiiiiiiiee e siiiecme e 151
FIGURE 129: CRUSHING OF ALUMINIUM HONEYCOMB IN OFFSET CASEL25].....ccviiiiiiiiiiie et 152
FIGURE 130:LOAD-DISPLACEMENT PROFILE OFSPACIUMAND D-CAB .......cooiiiiiiiiiiiiiieiiee e 155
FIGURE 131:PART COUNT COMPARISON BETWEENSPACIUMAND D-CAB .......cuiiiiiiiiiiiiiiiiiieeeee e 157
FIGURE 132:COST ANALYSIS OF TRADITIONAL AND GFRPCAB DESIGNS DATA FROM INGLETON[128]............. 158

FIGURE 133:CAB SHELL FROM THE EXISTINGSPACIUM VEHICLE
FIGURE 134:D-CAB MOULD MADE FROM ORIGINAL CAB .....uituiitiiieiieitiettasitestassasstasssnestnsesneasnessneeanesrnesans

CONSTRUCTION DIRECTION ...ttt etuttttesuteresssueeasnseseessseeesasenaesssssesassesessseeesnssessassseeesssssesmsnesssseeesaseees 164
FIGURE 139:PILLARS AND REACTORS FULLY INSTALLED. ...ceeuttteesuttressstereessseeesaseseesssenesansesesnsseeesssseessnseneesses 165
FIGURE 140:PROTOTYPED-CAB ON DISPLAY ATINNOTRANS,BERLIN 2010 ...ccoiviiieiiiieeciieee e e 165
FIGURE 141:LIGHTWEIGHT TRAM CAB PROPOSAL FOBOMBARDIER FLEXITY 2 VEHICLE ....vvveviiieesiiieeeseieeeenens 170
FIGURE 142: THE EUROPEANCOMMISSION SELECTS THEDE-LIGHT RAIL DRIVER'S CAB RESEARCH AS AN

EXAMPLE OF“I NVESTING IN SUCCESS [129] ..evviiiiiieeiiee e cecciieninvteesmmmm s s s s snennsnnnnnnnneneneensenneeennen e ALT

Xiii



LIST OF TABLES

TABLE 1: HD-PURPROPERTIES EXTRACTED FROM MATERIAL DATASHEE[AO] . .ovvvvvieeeieeeee e 30
TABLE 2: SUMMARY OF MATERIAL DATA FOR M705CSMI[50] ....uuuuiiiiiiiiiiiiiiiiieeieeeeeeeeeeessmmmmm e sneeneensveeneeeeeees 31
TABLE 3: ADVANTEX® E-GLASS FIBRE PROPERTIEEDL]....cceiiiii ittt e e e e e e e e e e e 31
TABLE 4: PROPERTIES OF THESR1500/SD250EPOXY RESIN SYSTEM[52] ...uuvvurrrriiiiirrererierieeeeeeeseessssmmmmmennenes 32
TABLE 5: A SELECTION OF FINITE ELEMENT SOFTWARE AVAILABLE TOTHE RAIL INDUSTRY....cvuiiiiiiiiiiiiiinieaneninnns 36
TABLE 6: STRAIN-RATE OBSERVATIONS FOR CARBON GLASS-, AND KEVLAR-EPOXY SYSTEMY58] ...ccvvvvievnennnnn. 40
TABLE 7: FAILURE MODES OF STEEL TUBE SPECIMENS UNDER AXIAL QOPRESSIVE LOAD .....ccuvivveiniiiiiiineeeneninnnns 52
TABLE 8: ASSESSMENT OF ENERGY ABSORBER SYSTEMS. .. ituiituiittiitniitneitneiteitertnsessesnessssniesnessteseesnessneees 62
TABLE 9: COMPARISON OFARAMID AND ALUMINIUM HONEYCOMBS (DATA SOURCE HEXCEL [113])...cccvvvvennnn.. 72
TABLE 10:REACTOR TEST SPECIMEN DIMENSIONS ......iituieitteeeteeetieeeetneeesaesesaesesssessanessteeeensessnneersnaeesanees 102
TABLE 11:RESULTS SUMMARY FORSPECIMENS A ... eeiiitie ittt et e et e e e e e smemm e e e et e e s et e e st e e et e eaaeenaass 105
TABLE 12: RESULTS SUMMARY FORSPECIMENS B . ..ottt ee et e et e et e e e e e e e et e e e e e e st e enanees 107
TABLE 13: MATERIAL PROPERTIES USED IN THE.S-DYNA VALIDATION MODELS . ...ucivviieieieeeieeeee e e e eeeenns 10
TABLE 14: PROPERTIES FORB052ALUMINIUM ALLOY HEXAGONAL HONEYCOMB[113].....uvvvviriiiiiiriiieeieeeeeeenn, 124
TABLE 15: MATERIAL PROPERTIES OF ALUMINIUM PLATE AND HONEYCOMBUSED IN FINITE ELEMENT MODEL...126
TABLE 16:DIMENSIONAL PROPERTIES OF STABILIZED HONEYCOMB SPEKIEN. ....ccuuiiviiiuiitieiieeieeitieiieeenennnes 127
TABLE 17:MATERIAL PROPERTIES OF MILD STEEL AND HONEYCOMB USEIN FINITE ELEMENT MODEL............... 131
TABLE 18:DESIGN ELEMENTS THAT CONTRIBUTE TO THID-CAB’S OVERALL ENERGY ABSORPTION................. 154
TABLE 19: COSTINGS FOR ALUMINIUM HONEYCOMB ... cuuitniiniitneitneitnettesisetsstsssnsssnsesnessnsssnessnessneesnesrneranns 159
TABLE 20: COSTINGS FOR ALUMINIUM PLATE 1. ttuituittnetnettneitneetettssasssesansssnsesnestnessnsessstneeaesteernsssaerns 159
TABLE 21:POTENTIAL RISKS TO LIGHTWEIGHT CAB IMPLEMENTATION. ... uivtitniiitietneeiteeaneesnesinseansetnsssnessnseenns 169

Xiv



Chapter 1: Introduction



1.1. Crashworthiness

Instances of frontal and rear-end collisions betwead vehicles can be traced back as far as
the mid-1800s. The 1844 Midland Railway coal wagoliision at Nottingham-Beeston is
one of the earliest documented crashes involvirgyrail vehicles in a head-on collision.
Reports from the time stated tliat[the station-master] got upon the engine with trever

of the down train, and proceeded slowly towardgiNgham, but owing to a very heavy fog
which prevented them from seeing many yards, e énto collision with an up train
coming out on the down line, when two passengers kiked and several very severely

wounded’[1].

Such collisions continue to occur to this day,dgample the 2008 head-on collision at
Chatsworth, California, where a Union Pacific figigrain and a Metrolink commuter train
collided leading to the deaths of 25 passengets avibther 126 injured (Figure 1). The
accident report which resulted from the investigastated thatThe force of the collision
caused the locomotive of train 111 [Metrolink] edescope into the lead passenger coach by
about 52 feét[2].

Figure 1: Aerial view of the 2008 Chatsworth codisiin California, U.S.A. [3]

This incident, which itself was preceded by the2®g®trolink crash at Glendale, California
[4] prompted the US Federal Railroad Administratiomesearch and implement crash energy

management and energy absorbing devices into némgretock for the system [5].



On a global level there is evidence that the ratecourrence of railway disasters has
increased significantly over the past 100 year#) 88% of all collisions occurring in the past
40 years (1970 - 2009) [6]. In the UK howeversttnend is not readily evident with a
notable decrease in the total number of potenttalii risk train accidents (PHRTAS) as
shown in Figure 2 (data from UK Department of T@ors[7]).

Potentially high risk train accidents - Rail (UK)
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Figure 2: Potentially High Risk Train Accidents iretUK between 2001 and 2014 [7]

However, this should not lead to complacency - iwithe same period there were 12
fatalities, 65 passengers with major injuries anabat 70,000 passengers suffering minor
injuries as a result of train collisions. Of natd¢he sharp increase in the past decade (2004-
2014) of the number of minor injuries suffered (i 3) as a consequence of passengers
physically impacting with internal fixtures duritige collision. Such incidents prompted
research by the European Commission through theaiB&fe initiative [8] and the
SAFEINTERIORS project [9] which focused on deliveyimproved passive safety for rail

passengers.



Passengers suffering minor injuries
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Figure 3: Number of minor injuries suffered by pasgers during the period 2001 and 2014 [7].

To achieve improved passenger safety and redugeasjand casualties from impact the rail
industry continually strives to develop more crasipable vehicles. Rail vehicle
“crashworthiness” can be defined as the abilitg oil vehicle’s structure to minimise the
amount of injury-causing energies reaching the pants. Applying this principle to the
design of rolling stock can lead to a reductiothi& severity of injuries received by the
occupants, thereby increasing the survivabilitingbacts. All transport modes retain their
own approach to crashworthiness which are depemteatnumber of factors, including but
not limited to: the most likely mode of impact, meffective means of energy absorption,

passenger position, applicable safety standards, et

However, in all modes of transport the basic retathip between the passenger and vehicle
remain largely the same during impact. In norngedration the relative velocity between
vehicle and passenger should be kept to a minimaran impact the vehicle’s velocity
undergoes a sudden change (Figure 4 “A”) but tlesgrager velocity remains, for a period,
unchanged (Figure 4 “B”). ltis this differencetire relative velocity between the vehicle and
its passenger that leads to the passenger impdhbgngternal structure of the vehicle (Figure

4 “C”), until the passenger’s velocity matches tbithe vehicle (Figure 4 “D”).
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Figure 4: Graph of velocities of vehicle and pagsemuring a collision

As such, each collision can be considered as assefitwo or more collisions [10]:

1. The impact of theehiclewith anexternal objectleading to a rapid decrease in

velocity.
2. The impact(s) of thpassenger(sith thevehicle interior leading to injury.

From a design perspective there are two approdohegproving the safety of vehicles based

on these two collision scenarios:

a) Active Safety which addresses the preventative nreado avoid the accident and
pre-impact preparation of the vehicle.
b) Passive Safety which addresses the impact of thieleeand post-impact response.



1.1.1.  Active Safety

Active Safety describes any method which assistisarprevention of collisions and the pre-
impact preparation of the vehicle for potential anfy as shown in the rail collision process
model in Figure 5.

-

Minutes Milliseconds Minutes

Figure 5: Rail collision process model [11]

In the rail industry active safety is embodiedhr form of systems such as signalling,
Automatic Train Protection systems (ATP) [12] onilRaaffic Management Systems
(RTMS).

As an example, ATP can activate the braking sysitEapiece of rolling stock if the driver
fails to reduce the velocity of the train in a tisnmanner. A stop signal sends a transmission
to the train, either via transmission rails or sigoeacons, which is then processed on-board
the train. If the velocity exceeds safe brakingahce parameters the brakes are
automatically engaged to ensure the train doepasx the stop signal (Figure 6).
Technologies such as ATP seek to prevent the limtigact occurring thereby keeping the
relative velocities between the passengers andwuiing vehicle low.
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Figure 6: Principal of Automatic Train Protectioystem, a form of rail Active Safety [13]

Intelligent train control and monitoring systems ¢eve a vital role in providing reliable,
adaptable and flexible trains necessary to defiegble train services that meet the
expectations of modern rolling stock operators @ilccustomers. When these systems or
technologies prove insufficient to avoid impacisithe function of Passive Safety to protect

the driver and occupants.

1.1.2. Passive safety

Passive Safety refers to those parts of the vehibleh seek to protect the occupants during

and post impact (Figure 5). In an article on passafety of rail vehicle interiors [14] Palacin
discusses primary and secondary impact, obserkistg®ccupants can be injured as a result
of two main events occurring in the immediate afi@th of a crash, namely the sudden

acceleration/deceleration of the vehicle and/or hagtcal damage to the vehicle structure

The structural design of a rail vehicle for crashiwimess is in itself a form of passive safety.
By analysing how the vehicle structure reacts dpdallisions and improving the design such
that the integrity of the passenger compartmentasitained the passive safety capability of
the vehicle can be increased. In the rail industiyyis embodied in the principle of Crash
Energy Management (CEM) [15] which seeks to absofact energies in a controlled



manner to reduce the relative velocity betweengragers and the surrounding coach whilst

preserving the occupied volume.

G LR

Primary Energy |/
Absorbers .

A\ Roof
» /\bsorber

Pushback
Coupler

Figure 7: Rail vehicle car body with integrated Crastergy Management elements [16]

This principle is described and applied by Tyrelhke [16][17] who tested a CEM design for
rail vehicles (Figure 7) which demonstrated a markeprovement in passenger safety for

speeds of up to 38 mph.

1.2. Crashworthiness across transport modes

1.2.1. Aerospace

The aerospace industry primarily relies on the anntation of Active Safety systems to
help protect passengers. Not specifically desigoebsorb energy on collision, aircraft have
a number of built-in levels of system redundangpiftally a triple redundancy system [18])
to reduce the likelihood of failure which may lgaca crash, as well as using collision
avoidance systems to prevent in-air impacts. énetvent of a ground impact, the aircraft

systems attempt to reduce the likelihood of evenakation which may lead to passenger
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injury. For example, fuel cut-off valves engagetevent fire spread, whilst passenger
restraint systems (seatbelts) are supplied to gaepengers in position until the crew can

initiate the evacuation procedure.

Aircraft landing gear systems deploy a number @rgwshock absorption solutions, ranging
from complex hydraulic oleo struts (Figure 8) tmpler bungee cord strapping which allows

the whole strut assembly to flex (Figure 9).

Servicing valve

| Quter cylinder
| Tapered metering pin |

| Orffice plate

. Torgue arms

| Inner cylinder (piston) |

Wheel axle ;
Towimgeve. |

Figure 9: Bungee cord absorbers on an Americane&&dl01 biplane [20]
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Passive absorbers have been investigated for usartim Entry Vehicles by NASA [21] to
eliminate the requirement for active systems usingprber devices constructed from foam-
filled composite cellular materials with additiomabuirements that the design be able to

withstand not only omni-directional impact loads blso penetrative loads.

The application of crashworthiness principles olicbpter design has been intensively
reviewed by Shanahan [22] with the author notireg tinplementing these principles will
“involve trade-offs between the perceived risk ofegh and increased cdsadding that
“crashworthiness is not inherent in most aircrafsiges since features that enhance crash
performance do not usually improve operational perfance or efficien¢y The author
notes however that crashworthiness in helicopteusddbring about two major benefits: a) a

reduction in injury and b) a reduction in repaists

HELICOPTER FUSELAGE

ENERCY ABSORBING INTERSECTION ELEMENT SINGLE FRAME FLOOR SECTION
BEAM (CRUCIFORM]

Figure 10: Energy absorbing elements in a helicanibfloor [23]

Aspects of the performance characteristics of gnabgorbing subfloor elements for
helicopters is discussed by Kindervater et al. [28¢re the authors note that energy
absorbing keel beams have the capacity to limitddeeleration forces caused by impact,
while the company “Bell Helicopters” have perceitbd potential benefits of subfloor

energy absorbers manufactured from composite ratges far back as 1983 when they filed

10



a patent to protect the concept for helicoptepgtant which was subsequently granted in
1986 [24].

1.2.2. Automotive

In order to implement crashworthiness into theglesif road vehicles the automotive
industry needs to consider impacts from all latdrnadctions. To achieve this they use both
vehicle design and vehicle systems to protect toagants, applying both passive and active
safety technologies. Anti-lock braking, tractiaantrol, active suspensions etc. all contribute
to the initial prevention of an accident. Fromasgive safety perspective crumple zones
which are designed to crush on impact absorb ertbeygby reducing the peak forces
experienced by passengers, while seatbelts analggifirevent further injury by reducing the

likelihood of impact with internal fixings.

The Formula One industry not only uses composaesghtweight purposes but they also
employ these materials to absorb impact energytira@ontrolled crushing. To ensure the
safety of the driver, the Formula One governingyhdde FIA (Fédération Internationale de
I'Automobile) enforce strict safety guidelines ceming the crashworthiness of Formula One
racing cars. Each car must be designed to incatpdour impact structures: front, rear, side
and steering column [25]. Current FIA test proceduequire the energy absorbed by each of
the four impactor segments to be between 15% a#e@3he total energy absorption. To
achieve this composite energy absorbers are engpl@ygure 11) to control the crush
sequence, thus reducing the forces transmitteuetdriver whilst containing the damage

within the impact absorbing structure [26].

11



B P
-
- r"

.:. e f
d Side impact \\

structure

Figure 11: Side impact structure of the 2014 Sa@3& Formula 1 car [27]

1.2.3. Rail

The rail industry focuses on linear impacts towdhasfront and rear of the train, with a suite
of pre-defined collision scenarios being descriivetthe European and British

Crashworthiness Standard for rail vehicles [28it(fer discuss in Section 1.3).

Protection is achieved primarily through structutesign, catering for crumple zones
throughout the entire train length, thereby abswyldarge amounts of energy whilst reducing
the forces experienced by the passengers. Theapriemergy absorbers located at the front
of the driver’s cab are designed to absorb the ntgjof the impact energy. These tend to be
of a tubular design, with a controlled crumple gattwhich absorbe energy to a specified
depth into the front/rear end of the vehicles whiethuces the likelihood of passengers
experiencing excessive peak loads. Figure 12 teftie result of a typical front-end impact,
whilst the types of energy absorbers used withenréhl industry are described in Section 2.1.

12



Figure 12: Front end collision between rail vehdalkepicting cab crush and maintenance of drivewsigal space (note
undamaged driver's window) [29]

1.2.4. Maritime

The maritime industry considers the maintenandeutifintegrity as their primary method of
crash survival. In the event of an impact, miningshe effects of a hull breach will improve
overall passenger survival rates. Double-skinngls$ land watertight bulkheads assist in
containing the spread of water through the shipetiwemaintaining buoyancy.
Crashworthiness has not been readily adopted ontoreercial ship design due to the
perception that the mass of the vessel will inditdave to increase, thereby reducing its

commercial competitiveness [30].

1.2.5. Summary

Due to the differing crashworthiness requiremeatsfich of these transport modes, the
implementation of crashworthiness within each viehitesign is specifically tailored to meet
that transport sector’s needs. This leads to ¢éveldpment of crashworthy technologies
which meet functional requirements but do not ma&mal use of the available design

space. For example, tubular energy absorbersaglipmgitudinally on a train will meet the
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rail industry requirements but they do not také ddvantage of the volume available within

the front end of the driver’s cab.

Treating the design of a rail vehicle and its egexigsorbing elements separately can lead to a
conflict between achieving the specified design iaedrporating the crash requirements set
by industry and standards. This in turn can leagininecessary design iterations in the
development stage, or the implementation of mopeesive energy absorber solutions to fit
within an immovable design envelop. A more unifeggpbroach is required, one which
incorporates energy absorbing elements into thignléy maximising the energy capacity of
the available space. lItis this approach, in aoction with lightweighting targets (as

discussed in Section 1.5), which forms the corestigations of this thesis.

1.3. A Focus on Rail Vehicle Crashworthiness

1.3.1. Crash Energy Management

In a recent review of British, European and U.Seagch, the UK Rail Safety & Standards
Board (RSSB) [31] noted a common approach to actgenail vehicle crashworthiness

comprising:

1. Crashworthy design aimed at preserving occupanivalrspace and the maintenance
of low deceleration levels.

Identification of a series of crash scenarios basehistorical impacts.

Energy absorption criteria based on the crash siosna

Conceptual design and build of vehicle (proof-oficept).

Crash performance validated through testing.

o gk w N

Development of design standards and requirementadastry-wide application.

Common conclusions from the studies reviewed withis report indicate that Crash Energy
Management (CEM) is required in order to have itisted crush zones throughout the
vehicle. Achieving this goal is dependent on a benof factors identified by Lim [32] such
as: the gap between coaches, the effect of thdesuthe number of coaches in the

14



impacting trains. Lim concludes that while evestiilbution of energy along the rake is

theoretically possible it is not achievable in pice

Additionally, the effects of rail vehicle articuiah cannot be ignored. Xue et al. [33]
describe the differences between the support angliog patterns in articulated and non-
articulated vehicles and the effects it can havéhercollision performance. The primary
difference in construction and layout between atéted and non-articulated trains is as
follows; a non-articulated train consists of aasgif car-bodies, each of which is supported
by two inboard bogies where the connection betweicles is provided by a central
coupler, whereas an articulated train will be sparmanently coupled using shared bogies
between each car (see Figure 13). Xue et al. adadhat due to the inherent stiffness of an
articulated vehicle there is little scope for ttadorm part of a collapse structure without

compromising the stability of the vehicle post-tras
As a result of the articulated layout the endsheftrain are required to absorb significantly

more energy when compared with non-articulatedalesj which can absorb energy

throughout the rake.

Non Articulated

Figure 13: The difference between non-articulated)(and articulated (bottom) train configurati@3].
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As such, the cab ends of the vehicle should beydedito absorb higher levels of energy than

the trailing coaches, this being especially relévararticulated designs.

CEM is the principle of controlling the force-crushaviour of a vehicle during high energy
impact. For rail vehicles this involves developspgcific areas of the vehicle which are
intentionally designed to crush in a predictabld eontrolled manner. By distributing these
areas along the entire vehicle rake (specificaltha ends of individual coaches) as
recommended by Roberts et al. [11] more energybeaabsorbed throughout the unoccupied
areas of the train. The ultimate goal of CEM iptovide a dedicated survival volume for
passengers whilst dissipating by plastic structcmashing and deformation of the vehicle
carbody the energies involved in rail vehicle cadins.

Conventional Equipment

Crash Energy Management Equipment

Figure 14: US Federal Railway Authority crash testisig a conventional vehicle (showing significased of occupied space
- top) and a CEM equipped vehicle (occupied spareuires intact - bottom) [34]

The US Department of Transportation undertook aisggnt study into the design of CEM
devices [16]. This study and subsequent full-stedés [34] have shown that without CEM
the impact can lead to the total destruction ofitgacting coach as well as derailment of

trailing coaches (Figure 14).
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The impact scenarios governing the crashworthiogsasil vehicles are contained within EN
15227"Railway applications — Crashworthiness requirengefur railway vehicle bodies”
[28]. According to the classification system of EB227 a vehicle operating on a regional
network with level crossings (which forms the bdsisthis thesis, see Section 1.5) is a
“Category C-I” vehicle for crashworthiness purpos€ategory C-1 vehicles must consider

the following primary collision scenarios:

» Collision Scenario 1:a collision with an identical train unit at 36 Km(Figure 15).

Figure 15: Collision Scenario 1 as defined by EN2I5R28]

» Collision Scenario 2:a collision with an 80 tonnes wagon at 36 km/lydiré 16).

Figure 16: Collision Scenario 2 as defined by EN2I5R28]
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» Collision Scenario 3:a collision with a 15 tonnes deformable obstatke speed that

is 50 km/h below the maximum operational speedhefvehicle (Figure 17).

2200 mm

Figure 17: Collision Scenario 3 as defined by EN2IGR28]

Under each of the collision scenarios outlined &pawrail vehicle’s design for

crashworthiness should seek to:

* Reduce the risk of overriding. This is simulatgdeldsuring that the criteria for
deceleration and survival space (see below) arataiaed when an initialertical
offset of 40 mmis employed between the two vehicles in Collisgmenario 1 (Figure
18).

* Absorb collision energy in a controlled manner.

e Maintain survival space and structural integritytiod occupied areas. For a cab this

means that the driver’s survival space should renmact throughout the collision.

Figure 18: Collision Scenario 1 with 40 mm offsetlafined by EN 15227 [28]
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1.4.Rail vehicle structural load requirements

The initial design development phase of a rail giehwill have the static structural
requirements as defined in the EN 12663 stantRadway applications — Structural
requirements of railway vehicle bodie35] as one of its key design drivers. EN 12663 —
“Structural requirements of railway vehicle bodie§his standard provides the minimum

loading requirements which a vehicle must withstemachieve certification.

According to the classification system of EN 126B8mbardier's Spacium train (which

forms the design basis for this work, see Sectiéril), as a passenger carrying fixed unit is
classified as a “Category P-II” vehicle. The |dnginal static loads relevant to the cab of a
Category P-Il vehicle are summarised in Figure b@ne each load case has been assigned a
number for reference (LS-1, LS-2, etc.) within BN standard. It should be noted that the
loads are applied individually, not collectively.

1.4.1. Longitudinal loads

Longitudinal forces defined in the EN 12663 enghed there is sufficient structural rigidity
along the length of the vehicle to ensure that dpms not caused to the structure as a result
of operation loads (e.g. coupling, shunting, aenadhyic loading etc.).

In the event that these longitudinal loads are &sige, for instance during a high energy
impact, the structure will suffer a rapid catashigfailure and its ability to further sustain the
longitudinal loads will be compromised. As the supprogresses the load required to buckle
the structure decreases as the vehicle weakennde@m further damage to the impacting
coach. In a multi-coach train, should the leaccbgaerform in this manner it will absorb the

majority of the impact energy, ultimately resultimgts total destruction.
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Figure 19: Longitudinal static loads superimposedaail vehicle driver’'s cab

1.4.2. Vertical loads

The vertical static loads due to both operatindqeand lifting are also specified in EN
12663. Although such load cases generally appéydomplete vehicle there is the possibility
that load introduction points (e.g. for lifting)wd be located in the vicinity of the cab and
may require the cab to transfer the applied loadsralingly. Therefore, such vertical loads
cannot be neglected with respect to the cab. Termne the effect of such load cases an
analysis of the full carbody (i.e. the entire droag) would be required which is beyond the
scope of this thesis.
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Figure 20: Vertical loads as defined in EN 12663tf@ driver’'s cab.

EN 12663 defines a 100 kN vertical load which @did equally between the two
anti-climbers (Figure 20). The vertical load iphgd in combination with a 1,000 kN
longitudinal compressive load, 500 kN at each elntiber.

1.5. Lightweighting of rail vehicles

While the solutions presented in the Section 1.8 maet the requirements with respect to
crashworthiness the current desire for low-costggnefficient rail vehicles is driving the
adoption of lightweight composite materials intormetructural applications. With increased
pressure being placed on the rail industry to redueight [36] an increasing number of rail
vehicle manufacturers are looking to advanced caitgmaterials to achieve significant

weight reductions in their vehicle design.
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Recent studies by Ford [37] have indicated thatgrhave generally become heavier over the
last thirty years (Figure 21). Whilst these insesin vehicle mass can often be attributed to
the provision of enhanced passenger environmeintsdiaditioning, improved accessibility,
information systems, etc.) they clearly lead touhdesirable side-effect of heavier trains.
Everything else being equal, a heavier vehicle @dlisume more energy/fuel in operation

than a lighter one, thereby making it more cosilyun.
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Figure 21: Increase in rolling stock mass 1975-23¥0

Increased energy/fuel consumption also impliekedihood of higher C@emissions within
the energy supply chain. Furthermore, heaviengrare more likely to cause damage to the

track, thereby resulting in higher costs for infrasture maintenance and renewal.

The Office of Rail Regulation stated in a repog][&at the railway industrycannot afford

to become complacent about its current environmemteantagg adding that ..in some
respects, for instance the weight of trains..., toistry’s performance is deterioratirig

This sentiment is echoed in the UK’s Rail Technistthtegy 2012 [38] which calls for lighter
more efficient trains as part of its strategy tbwide improved rail capacity and performance.
It identifies lightweight materials as being onetludé key enablers in reducing energy
consumption and thereby encourage the shift ofgra®s's and freight from more energy-

intensive modes.
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A report produced by the International Union oflRalys (UIC) and Fundacion de los
Ferrocarriles Espafioles (FFE) [39] details the &mental links between a train’s mass and
its energy consumption. The findings indicateraatly proportional relationship between the

vehicle mass and the following aspects:

* Energy needed to overcome mechanical resistanseaight track.
* Energy needed to overcome mechanical resistancareas.
» Kinetic energy dissipated in speed reductions.

* Manufacturing energy used in constructing the Vehic

The primary recommendation of this report with extgo reducing energy consumption for
rolling stock is to reduce the vehicle mass pet. s€his can be achieved in potentially three

ways:

1. Capacity optimisation - increasing the capacity by introducing more seat
2. Design optimisation- increasing the capacity by increasing the sfzéetrain to
accommodate more seats.

3. Mass optimisation— using lighter materials to achieve a reductiooverall mass.

While these solutions can be readily applied toplgsenger compartments of rail vehicles,
the driver’s cab presents unique challenges ineaaiy significant mass reductions due to its

requirement to meet the EN standard for crashwoets.

The benefits of reducing the mass of rolling stack further investigated by Eickhoff et al.
[40] where aspects such as energy savings andwraakwere compared across routes and
vehicle types. The paper estimates annual cosigawef between € 630 per tonne (for inner

suburban routes) and € 2,440 per tonne (for intgrroutes).

In addition to the energy and cost savings whichlmaachieved by adopting a lightweighting
strategy for rolling stock there is a g@enefit which can further improve the environménta
credentials of rail travel. In a report by the da@ation of Train Operating Companies
(ATOC) [41] they noted that passenger rail accotmt9.5% of the total UK C@emissions
and that in the period 1995/6 to 2007 there wa®% @ecrease in the G@missions per
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passenger kilometre, largely brought about by @ees in passenger growth. Noting that
newer rolling stock is more energy intensive ibadtates that achieving the optimum mass is
under active consideration as a means of impraiagverall energy efficiency of modern

trains.

Key to achieving the safety, crashworthy and lighighting targets in the rail industry is the
development and application of composite structaagmble of absorbing crash energies

without compromising safety of the driver or pagges.

1.6. Scope and objectives of thesis

It is the achievement of rail vehicle crashwortlssméhrough the use of a lightweight
structural design philosophy that is the primargaarn of this thesis. Of particular interest is
the development and implementation of crashwort#sigh solutions to meet the stringent
requirements of current European Standards foweduicle collisions.

The objective of this thesis is to merge and hais®the requirement for crash energy
management with the industry’s desire to develap@nduce lightweight and more efficient
rolling stock by creating an innovative design $olu for the driver's cab using composite

materials.

1.6.1. Extending current knowledge

Conventional rail vehicle cab structures are tyjpydaased on welded steel assemblies, often
with a thin non-structural fibreglass cover and @esequently relatively heavy.
Furthermore, current cab designs tend to be vempéex, having high part counts and
assemblies with fragmented material usage. Tlisdgause they must meet a wide range of
stringent industry demands relating to proof logdorashworthiness, missile protection,
aerodynamics and insulation. Assembly costs fastiex) cabs are high resulting from the
manpower and time required to weld steel plate timodesired configuration and from a

design perspective there is little in the way afdiional integration.
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By contrast, with the next generation cab describdHis thesis the intention is to exploit the
opportunities for design integration that are aféat by composite sandwich material
technology in order to produce a lightweight comstion in which the structural, crash,
aerodynamic and insulative functionalities areiseal in a single integrated package (Figure
22)

Fibreglass cover

Steel frame

Crash energy absorbers

Figure 22: The contrast between a conventionabtaicture (left) with fragmented components andemiais, and the
highly integrated composite sandwich solution depetl by O'Neill (right). The figure is a modifie@nrsion of that
presented by Cortesi et al. 1991 [42].

The driver’'s cab provides a particular challengatmrporating lightweight materials due to
the structural and crashworthiness requirementsegdlan this area of the vehicle by
European standards [28] [35].

Current energy absorber designs lend themselvaséb construction forming a tubular shape
aligned axially with the direction of impact. Ap@ortunity exists to employ the predictable
crush characteristics of aluminium honeycomb totrtteecrashworthiness requirements to
produce a lightweight design to react-proof loaad absorb high energy impacts.

The basis for the lightweight cab design describdtiis thesis, named “D-CAB”, was
Bombardier's SPACIUM 3.06 commuter train (see FegB). This currently features a
conventional cab assembly consisting of a steatgmy structure, steel energy absorbers and
a thin non-structural fibreglass shell. One of phienary objectives for this thesis was to meet

the existing requirements of the SPACIUM cab usiogiposite sandwich materials so as to
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realise significant savings in mass, cost andgarht. With the principles of lightweighting
and CEM in mind, this thesis details the desiga @iflly composite energy absorbing driver’s
cab based on Bombardier's SPACIUM vehicle [43] shawFigure 23. With the
aerodynamic outer skin and driver’s survival spalceady pre-defined, the challenge
addressed by this thesis was to integrate lightweigergy absorbing elements within the

given volume without encroaching into or penetigtime existing design surfaces.

Figure 23: Bombardier's SPACIUM Vehicle — picture Bmardier [44]

This thesis addressed the issues surrounding sparty between design space allowances
and the implementation of crashworthiness requirgsneFocussing on the rail industry, it
investigated the reconfiguration of unused regloetsind the aerodynamic shell of the
driver’'s cab and developed a crashworthy desigrthviriade optimal use of the available
space whilst reducing the overall mass of the aesig

For example - typical steel tubular energy absariban weigh up to 900 kg [45] , but it is
envisaged that significant weight can be removealigh the use of volumetrically enhanced,

lightweight, energy absorbing structures.
The objective of Chapters 2 & 3 of this thesiignivestigate the energy absorption

properties for materials and various energy absatbsigns, and develop a straightforward

methodology for enhancing the available volume gisinese materials.
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This encompasses:

» Areview of the methods of energy absorption cutyeteployed in the rail and other
industries, discussing the materials used and timplementation within the energy
absorbing design.

« Enhancement of various 2-dimensional and 3-dimeasigeometries to maximise
their energy absorption potential constrained leygbometric properties of energy

absorbing materials.

The objective of Chapters 4 - 7 of this thesi®igage the materials identified in Chapter 2 and
the methodology derived in Chapter 3 to designlyaeaand manufacture a rail vehicle
driver’'s cab (based on Bombardier's SPACIUM desgumh that it meets the industry’s

crash energy management and lightweighting req@ngsn This includes:

e The design of a rail vehicle driver’s cab structuseng composite materials to
produce a lightweight crashworthy design.

« The maximised use of available space for a neviMigight upper energy absorber
design.

« The maximisation of the space within the desigrnetope of a lower energy absorber
to produce a unique and lightweight energy absorber

« Compliance investigation of the design with Europstuctural and crashworthiness

standards.
» Details of the patents filed which protect the dasideveloped in this thesis.
* Realisation of the design through the manufact@igefall-scale prototype.

e Mass, part-count and cost reductions achievabtrigir the discussed design.
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1.7.Context of thesis:

1.7.1. A note on rail industry fire requirements.

The introduction of the European fire safety staddaN 45545 [46] has resulted in the rall
industry needing to reassess existing materialgeisas prompting the researching and
validation of new materials, which are cost-effeetihigh-performance and lightweight. The
EN 45545 standard outlines a holistic approach a/ttee importance of the vehicle
architecture and the interdependences of its daesti components are emphasised. The
design, functional and material requirements instla@dard efficiently support passengers
and staff to evacuate the vehicle and to reaclheepf safety, if an emergency event should

occur.

As a result of the introduction and adoption of %45 EU-funded projects such as Fire-
Resist (co-ordinated by this author) [47] were lelidhed to undertake research specifically
targeting the fire performance of novel materiald the achievement of complaint to EN
45545.

The scope of the De-Light project (on which thiedis is based) did not include fire testing or
simulation to prove the fire performance of the enals developed although its importance
for commercial application was recognised and ackedged. Research in this field was
carried out within the follow-on Fire-Resist praj@chere a more focussed research approach
to fire performance would be achieved through aadded project budget, partner capabilities

and testing capacity.

Among the results achieved from this project wasdesign, development and prototyping of
a rail vehicle interior which was fully compliamt EN 45545-2 Hazard Level 3 (HL3). This
was achieved using fire-resistant cork and furamaséch structures for the bulkheads, tables,

wall panels, window pans, and luggage racks (Figdje
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Figure 24: Fire-resistant rail vehicle interior éped from lightweight furan-based materials as githe Fire-Resist
project.

1.7.2. Material choice

Where possible the materials chosen for the maturiaof the cab were in keeping with the
lightweighting philosophy discussed in Section IMarket forces and project constraints had
to also be considered in the material selecticengure costs are kept low to achieve a
solution that would fall within the affordabilityrpfile of the rail industry in order to increase
its economic attractiveness. Off-the-shelf matenwere chosen to avoid any requirement to
develop new materials or processing methods whmhdvhave been beyond the scope and
budget of the De-Light project.
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The materials chosen for the construction of thelpathe project were:

1. High density polyurethane foam (HD-PUR)was chosen as the core for the primary

load bearing structure of the driver’s cab (i.en+emergy absorbing elements).

This material was chosen for its dimensional siigbasy of cutting and shaping by
hand and machine and is compatible with a wideearigesin systems (epoxy,
polyester and vinylester resin systems). Sourcad Easycomposites [48] by AP&M
this material suits their primary production neéalsthe marine industry and is used to

produce boat bulkheads. Table 1 below summairmematerial properties for HD-

PUR.
Table 1: HD-PUR properties extracted from materéhdheet [49] .
Property Units HD-PUR Notes
Nominal
) kg/m? 96 -
Density
Upper temp.
pp ot p °C 100
limit
. . < 0.5%, 70°C for 7 days
Dimensional %
- < 0.5%, 50°C, 100% rh for 7 days -
stability

< 0%, -20°C for 7 days
(BS.4370 Pt.1 1968

Compressive
kPa 1050 Method 3)

Strength .
Normal to major plane
i (BS.4370 Pt.2 1973
Tensile
kPa 1060 Method 9)
Strength

Parallel to major plane

(BS 4370 Pt.1 method 4)
Cross break

kPa 1600 Perpendicular to major
strength
plane
(BS4370 Prt. 2 Method
Closed cells % > 95% 10)
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2. The polyurethane foam was faced and encapsulateg M3 05 chopped strandmat
supplied by Owens Corning [50]. M705 CSM is progllicsing medium fibre, multi
length Advantex®E-glass [51] which is bonded together using anlsiom binder.

M705 CSM is well suited to the hand lay-up proogbgh is the preferred
manufacturing method of AP&M, the De-Light projecpgrototyping partner, due to
its ease of handling and ability to conform to céewprontours and moulds. Table 2
and Table 3 below contain a summary of the matprigberties for the M705 CSM
and Advantex® glass.

Table 2: Summary of material data for M705 CSM [50]

Property Units M705 CSM
Nominal CSM weight g/m’ 450
Procured roll width cm 95

Table 3: Advantex® e-glass fibre properties [51]

Property Units Test Method Advantex
Single Filament Tensile Strength MPa  ASTM D2101 3,100 - 3,800
Young's Modulous of Elasticity GPa Sonic 80-81
Fibre Density g/cc  ASTM D1505 2.62

3. The preferred epoxy resin system used by AP&M dmaden for production of the
cab prototype waSicomin SR150Qused in conjunction witBD2507 hardener
This epoxy system is used due to its low toxiaiypd wet-out of fibres and excellent
adhesion to glass, aramid, carbon and polyestezsfibThe system was developed to
meet the varying needs of the marine, aerospacawodotive industries,
specifically for prototyping and tool making.

The mechanical properties of the SR1500/SD2507 yepsin system are summarized
in Table 4.

! Advantex® is a registered trademark of the OwemiBg company.
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Table 4: Properties of the SR1500/SD2507 epoxy rggtem. [52]

Tt SR1500 / SD2507
epoxy resin system

Curing cycle 14 days @ 23 °C
Tension
Modulus of elasticity N/mm? 3300
Maximum resistance N/mm? 80
Resistance at break N/mm? 74
Elongation at max. load % 3.7
Elongation at break % 4.5
Flexion
Modulus of elasticity N/mm? 3450
Maximum resistance N/mm? 123
Elongation at max. load % 4.8
Elongation at break % 7.8
Charpy impact strength
Resilience kJ/m? 19
Glass Transition
Te °C 55

1.7.3. Quasi-static testing limitations

Due to financial constraints of the De-Light prdjand the in-house test capabilities of the
project partners, the testing conducted withingit@pe of this thesis is quasi-static in nature.
This author recognises the importance of undergpymamic testing of composite materials
due to the magnification of properties that canuoeehen lower strain-rates are used.

The effects of strain-rate is discussed furthe3ection 1.7.6 and serves as a reminder that
quasi-static limitations will mean that further &sas and investigation is required to fully
determine the cab structure’s dynamic energy atisorpFor the purposes of preliminary
design and for the scope of this body of work sactapproach is deemed acceptable.
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1.7.4. Current dynamic and crash performance testing inetindustry

The development of a crashworthy rail vehicle beguith the establishment of a crash
concept based on the vehicle specification, rantetfacing rail vehicles and applicable
standards (Figure 25). Using this cash concept¢hecle manufacturer can produce a 1D
analysis on the energy absorption profile for tekigle and target performance for CEM
devices. Once refined this leads to a detailed &echitecture which forms the basis of the

vehicle specification for the final tender documgzg].

To perform the 1D analysis, the following key infation is needed to proceed:
1. Conceptual crash performance for the train

2. 1D Analysis criteria — spring/mass/damper systamgpresent the train
3. Construction — general construction parametersngéty, material, joints, coupling.
4. Seat Layout — number and distribution of passengeatsring cars.
5. Seat Profiles — for preliminary passenger impaetyans
6. Drivers Desk - for preliminary driver impact anasys
Crash 1D Train
. . Tender
Concept Analysis Architecture Document
INFO needed:
1: Concept —3  Risk
2: 1D Analysis criteria Review
3: Construction &
4: Seat Layout Mitigation

5: Seat Profiles
6: Drivers Desk

Figure 25: Development of crash performance antysisgpre-tender submission)

Once Notification to Proceed (NTP) has been gratitedail vehicle manufacturer will begin
a lengthy test and analysis programme to produeesituired safety documentation for
submission to the Notified Body (NoBo) who will Géy the rolling stock as being fit for use

on the rail network.
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NTP + 6mths NTP + 9mths NTP +

i Crash [ Crash . Crash 15mths
Notice
To l:> Component Component Component
Proceed Anf:lysis 'Fest Correlation
ﬂ ﬂ 3D Cab | Cab
Cab E:) E:} Test

Model Test Correlation

ﬂ Whole

Train

‘If”xr Simulation
- -:-H-/
Interior 3D Occupant
Assessment Occupant I:> Injury
Mock-up | Analysis Simulation

1L
Reporting and
Approval

Figure 26: Test and analysis programme for a tyjitarcity train

Individual elements of the CEM system are assegsidg) finite element modelling supported
by crash component testing (Figure 26). The corapbtesting validates the finite element
model which is transposed into a whole train sirtioa(the vehicle itself is not validated for

crashworthiness by physical test).

Figure 27: Rail cab structure dynamic testing. Rgliimcline test trolley (left) and just prior to imgt (right). Images
courtesy of Bombardier.
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The driver’s cab undergoes full static and dynatesting (Figure 27) to ensure correlation is

achieved between actual response and finite elemedelling results.

Two levels of testing are adopted:

— Component Level
= Coupler Criteria Modelling or Supplier report.
= Energy absorbing devices.

— Vehicle level

= Cab assembly as tested.

The simulation outputs (verified by testing), irdétbn to the occupant injury simulation
deliver the required NoBo reports to achieve sadgiyroval for network running.

1.7.5. Dynamic modelling of composites for the rail indugt

Performing sequences of large scale series of digniasts can quickly become financially
inhibitive and for the rail industry the preferragproach to validating rail vehicle
performance is through simulation rather than $atile testing. The industry is of the
approach that validation is through simulation hvitie simulation being verified by smaller

scale (i.e. component level) testing.
Listed in Table 5 is a selection of finite elemsattware available to the rail engineer to

determine material static & dynamic performanceyeal as vehicular performance in static

and dynamic running modes.
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Table 5: A selection of finite element softwareitalae to the rail industry.

Software Package Notes:

ABAQUS FEA software with emphasis on linear and
nonlinear and heat transfer applications.

ANSYS/LS-DYNA Nonlinear structural dynamics spéisian (impact,

large deformation, nonlinear materials, etc.)
ANSYS/MECHANICAL | Complete structures/thermal/acoustics modelling.

GENESIS Integrated finite element analysis and emical
optimization software for structural analysis.

LUSAS Structural analysis software

MSC NASTRAN Structural analysis software for statdynamic,
and thermal analysis (linear and nonlinear)

PAM suite FEM software optimized to study restrapstems

(PAM-SAFE), impacts (PAM-SHOCK) and cra
analysis (PAM-CRASH)

°2)
>0

RADIOSS Structural analysis solver for highly namelr
problems under dynamic loadings

STARDYNE The world’s first commercially availablEinite
Element Analysis software.

STRUDL Structural Analysis and structural enginegri
software

VAMPIRE Rail vehicle dynamics modelling software

Composite materials introduce significant complesito computational analysis relating to:
* Modelling of constituent parts (resin, fibres, etbrough a micromechanical
approach.
* Anisotropic properties of components (e.g. fibneediion) modelled through a
macromechanical approach using lamina.
* Non-homogenous composition (e.g. foam cores witdlgular microstructures).
» Crack propagation across material boundaries.

* High strain rate performance (ballistics).

Tools such as LS Prepost and ANSYS Composite PréRws assisted in the creation and
evaluation of complex finite element models wherdtimlaminate build-ups can be quickly

generated to represent complex composite strucbdés

In order to generate the finite element models déisedhil vehicles the software requires a
Property Card and a Material Card which are nuralyi@ssociated to describe its

characteristics (geometric for the property, medwarcharacteristics for the material).
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For the material cards, it data required dependd®rchosen material which is being
modelled: Metallic materials are usually modellsthg parameters which are representative
in all directions (isotropic). Composite materigdgjuire more parameters due to differing

characteristics in each direction (anisotropichderties include:

* Young's Modulus (K E, E)
* Poisson’s Ratiowy, vyz, Vxz)
* Shear Modulus (@, Gz, Gy)
* Tensile Strength

» Compressive Strength

e Shear Strength

Within LS DYNA the material cards for compositesidse categorised into four families
[55]:

- Long fibre reinforced plastics

- Short fibre reinforced plastics

- Cores and foams

- Adhesives and matrix.

The following is the list of the material cards #adle in LS-DYNA, classified per family:

1. Long (Continuum) Fibre Reinforced Plastics.
- MAT_22 (*MAT_COMPOSITE)
- MAT_54/55 (*MAT_ENHAMCED_COMPOSITE_DAMAGE)
-  MAT_58 (*MAT_LAMINATED_COMPOSITE_FABRIC)
- MAT_59 (*MAT_COMPOSITE_FAILURE_option_MODEL)
- MAT_116 *MAT_COMPOSITE_LAYUP)
- MAT_117 *MAT_COMPOSITE_MATRIX)
- MAT_118 (*MAT_COMPOSITE_DIRECT)
-  MAT_158 (*MAT_RATE_SENSITIVE_COMPOSITE_FABRIC)
- MAT_161 (*MAT_COMPOSITE_MSC)
- MAT_162 (*MAT_COMPOSITE_MSC_DMG)

- MAT_261 (*MAT_LAMINATED_FRACTURE_DAIMLER_PINHO)
37



MAT_262 (*MAT_LAMINATED_FRACTURA_DAIMLER_CAMANHO)

2. Short Fibre Reinforced Plastics

MAT_187 (*MAT_SAMP-1)

3. Cores and Foams

MAT_26 (*MAT_HONEYCOMB)

MAT_126 (* MAT_MODIFIED_HONEYCOMB)

MAT_77 (*MAT_OGDEN_RUBBER)

MAT _181 (*MAT_SIMPLIFIED_RUBBER/FOAM)

MAT _183 (**MAT_SIMPLIFIED_RUBBER_WITH_DAMAGE)

4. Adhesives and Matrix

MAT_138 (*MAT_COHESIVE_MIXED_MODE)
MAT_184 (*MAT_COHESIVE_ELASTIC)
MAT_185 (*MAT_COHESIVE_TH)

MAT_186 (*MAT_COHESIVE_GENERAL)

Each material card has two types of parameters:

- Numerical parameters: used for a purely numeriagb@se or within post-processing.

It often influences the quality of the results &raded on recommended practices.

- Physical parameters: parameters that charactéezpehtysical material. These

parameters are characterized using sample teatsomptions (external

references/sources).

Within the rail industry there is currently a foaus the analysis of composite materials

relating to their capability to withstand high veiky localised impacts. Flying ballast as a

result of passing trains, projectiles such as roo&tles etc. intentionally thrown from

bridges and impact strike with tree branches amats has generated a greater research

interest in the performance of composites unddr kigpin rate conditions.
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Hague et al. [56] studied the creation of validatestiel parameters to predict the
performance of unidirectional and plane weave caneastructures and used these to assess
the resistance behaviour of the material to crbalistic and blast-loading conditions. This
work was built upon by Onder et al. [57] who aseddbe validity of using quasi-static punch
tests to mimic the performance of E-Glass fibre/psler resin plates under high velocity
impacts (V>50m/s). The complexities of modellirgrposite materials under high strain

rate conditions and deriving definitive conclusiamsthe finite element results are discussed
in Section 1.7.6.

1.7.6. Effects of strain rate

Conclusions concerning the effect of strain ratéhenenergy absorption capacity of fibre
reinforced plastics is divided across authors, wime reporting increases in energy

absorption with loading rate and others descrilioible decreases.

A literature study into the effects of strain ratethe mechanical properties of composite
structures conducted by Barré et al [58] highlightsdiscrepancies in research data in this
matter. The author’s compiled data, reproduced agreable 6, demonstrate contradictory
findings for a variety of materials. For examplee data shows a decrease of the ultimate
stress ¢") for unidirectional glass/epoxy specimens (REE 2) but a contradictory increase
in the ultimate stress from other authors (REFSiB&3). For UD carbon/epoxy systems, the
longitudinal elastic moduluge(;) was found to have demonstrated a 20% increasE (iR&

23) yet remain unchanged elsewhere (REF line 6).
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Table 6: Strain-rate observations for carbon-,s3leend Kevlar-epoxy systems [58]

Material

UD carbon/epoxy
UD glass/epoxy
UD glass/epoxy
Dry glass fibre
Angle-ply
glass/epoxy

UD carbon/epoxy

UD S-glass/epoxy

UD boron/epoxy

UD Kevlar
49/epoxy

UD steel/epoxy
UD carbon/epoxy

Plain glass/epoxy

Satin
Kevlar/polyester
Satin
carbon/polyester
Satin
glass/polyester
Plain,satin, UD,
glass polyester,
glass epoxy
Plain
carbon/epoxy

UD carbon/epoxy

Plain UD
glass/polyester

Plain glass/epoxy
Laminates
cardon/epoxy

UD glass/epoxy

UD carbon/epoxy

Dry Glass fibre

Test

Tensile
Tensile
Tensile

Tensile

Tensile

Tensile

Tensile

Tensile

Tensile

Compression

Tensile

Tensile

Tensile
Tensile

Tensile

Tensile

Tensile
Compression

Compression

Compression
Interlaminar
shear
Tensile

Tensile ring

Tensile

Strain rate
(s™)
Static-5
Static - 5
Static - 30
Static - 30

Static - 30

Static - 27

Static - 27

Static - 27

Static - 27

Static - 10°
10*-10°

10*-10°

10*-10°
10*-10°

10*-10°
107 - 2x10°

102 - 2x10°
102 - 6x10°

Static - 600
10*-10°
10*-10°

Static - 500

500

2x10™ -
2x10"

Observations

Decrease of E and 0"

Increase of E and 0"

E increased 50%, ¢ multiplied by 3
o" multiplied by 3

E unchanged, ¢" increase of 20-30%

E;;and 01, unchanged; E,,, G;, (off-
axis), 0,,, Ty, increase of 40-60%
E;;and O, unchanged; E,,, G;, (off-
axis), 0,5, Ty, increase of 40-60%

E;;and 01, unchanged; E,,, G;, (off-
axis), 0,,, Ty, increase of 40-60%

E;; and o;; increase of 20%; E,,,
G12 (off-axis), 05, T1, increase of
40-60%

E unchanged, ¢" increase of 100%
E;;and o3, unchanged

E and 0" increased by 2.5 and 1.7
times (resp) in the 0 and 45
directions

E increased 100%, " increase of
50-70%

E increased 100%, ¢" increase of
50-70%

E increased 100%, ¢" unchanged

¢" increase of 100%

0" unchanged

01, increase of 50%, o5, increase of
30%

Increase of 0" more for woven
material than for UD

Increase of E and ¢
T3 increase of 20-30%

Increase of E, decrease of 0"and &v

0,1 unchanged, E;; increased 20%,
Gy, increased 30%, E,, and 05,
multiplied by 2-4

Increase of 0"
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Barré et al. [58] surmise that no general rulelmaproposed for the influence of strain rate, a
caution also reflected by Carruthers [59] who sstgythat under different strain rates the
energy absorption capability is likely to be a fiime of material, fibre orientation and

geometry.

Farley [60] undertook a number of crush tests shaaepoxy, kevlar-epoxy and glass-epoxy
tubes to determine the mechanisms which controtixghing process under static and
dynamic loads. In comparing the energy absorbedtithor concludes that the test
specimens exhibited essentially the same energyratiin, failure modes and post crushing
integrity across the static and dynamically loageecimens. However Mamalis et al. [61]
reported that geometry can have a significant erfae over a material’s high strain-rate
performance, noting that conical specimens prodéroed glass fibre chopped strand mat

exhibited a decrease of 35% in specific energy rbsn.

Schmueser & Wickcliffe [62] also reported that eyyeabsorption was lower in dynamic tests
than that observed in static tests. For carbomepgass-epoxy and aramid-epoxy tubes they
surmise that static testing may over-estimate pleeiic energy absorption by up to 30%.
Mamalis did however state that there was no defmividence of a decrease in the specific
energy absorption for thin-walled tubes (< 4 mmdemhigh speed crushing (up to 24 m/s).

For very high rate of strain Hague et al. [56] segjghat the energy absorbing capabilities of
the fibres in conjunction with the geometrical dgofation is less important, as the structure
responds in a local buckling crushing mode, wighdlathors preferring to focus on the
magnitude of the dissipated energy through mechensich as delamination, debonding and

fibre pull-out.

Current literature on the matter of the effecttodis-rate on composite material energy
absorption remains undecided, however it is recaghthat material choice and structural
configuration can play a major role in improvingfpemance in this respect. Additionally,
Carruthers [59] reports that composite sandwialctiires can exhibit a magnification of
dynamic properties where the yield strength anthpeé plateau can both increase with strain

rate. As such, caution should be used in drawiregticomparisons between quasi-static and
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dynamic crush performance, with a dedicated sdithyoamic crush tests being the preferred

option to accurately determine the energy absarméapabilities of composite structures.
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Chapter 2: Review of energy absorbing structures ahmaterials for
crashworthy design
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2.1. Crashworthy Design & Energy Absorbers

A major part of CEM is the deployment of energyabesrs in the driver’'s cab located at the
front and rear of trains which have the capacitgtieorb significantly higher amounts of
energy when compared with passenger coach endsme&bhanics by which these devices

absorb energy fall into the following categories:

» Deformation Tubes

e Crumple Columns

* Guided Crumple Columns
* Tube Inversion

* Expansion Tubes

* Metal Splitting

* Peeling Technology

« Recoverable energy absorption — pistons

2.1.1. Deformation Tubes

Deformation tubes represent the simplest form efgyabsorption. The process involves
the progressive axisymmetric folding of the walla@ircular tube undergoing axial
(longitudinal) loading. The folding mechanisms anakterial plastic deformation which
underlie their energy absorption properties ard wederstood: Bardi et al. have performed
an experimental analytical study of the onset dibpse of steel tubes under crush loads, as
well as modelling to a significant degree of accyrdne geometric characteristic of folding
under such loads [63]. Reid focuses on thin wadleel tubes to compare this buckling mode
with external inversion (Section 2.1.4) and axg@itsng (Section 2.1.6), noting that the non-
fracture modes exhibit high mean load profiles veitfective strokes of approximately 70%,
whilst the fracture mode compensates for its lowean load profile by having effective
strokes approaching 95% [64]. The manner and moldesrly stage folding were further
investigated by Bardi et al. in a series of expernits on stainless steel tubes, which identified
uniform axial wrinkling as the first instability eauntered under constant displacement
loading [65].
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Alghamdi noted in a review of energy absorber cttarsstics that a reasonably constant
operating force is one of the key reasons why retabes prove to be a popular energy
absorber solution [66]. This paper also noted tinbretical studies usually ignore dynamic
(inertia) effects and treat the problem as a gstadie case, which is acceptable at low impact

velocities.

Deformation tubes can be prone to Euler bucklingcivigreatly reduces their energy
absorption capabilities. To better understandtttieria and set-up that influences the onset
of Euler buckling, | undertook a series of quaaiistcompression tests on steel tubes to

determine the material’s failure mode under axaabling.

These compression tests were performed at the Maahd&ngineering laboratories of the

University of Gdansk in Poland.

Six 350 mm mild steel tubes, diameter 50 mm withm wall thickness were tested. Three
of the specimens have trigger holes which weregdesi to promote the onset of local
buckling and folding (#4, #5 & #6), see Figure 28.

Figure 28: Steel tube test specimens.

Each specimen was axially crushed to determinenibde of failure and susceptibility to
Euler buckling.
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Test preparation:

» Each specimen was mounted vertically on a flalasarfvithin the machine.

» Each specimen was loaded axially using a flat seré the maximum displacement
rate allowed by the machine (5mm/sec).

* The load variation with respect to displacement eagsured.

» 3 specimens with trigger holes were tested firsbfeed by remaining specimens.

Measurement system consisted of data acquisitiekdP@utolog 2180 system (2000

measurements/sec. at 16 bits) and connected laptaper interface device and data recorder.

Three values were measured and registered durnigsir time, load and displacement of the
load application plane. Measurement of the load @eased out by Hottinger HBM C1/250
load transducer (SN 50453, range: 2500 kN, clasgaidracy: 0,1). Measurement of
displacement was done by Hottinger 1-WA/500 MM-gplacement transducer (SN
121110070, range: 500mm, class of accuracy: O,ie was recorded as output from

internal clock of Autolog 2180 system.

The location of transducers is presented in Fi@9rand actual view Figure 30.
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support case “a’

- "
Support platform
of
test device
. spherical cup
specimen
displacement transductor ;
| spherical surface

load transductor

of
test device

Figure 29: Specimen support cases.

support case ‘b"

Support platform
of

test device

Figure 30: Test machine set-up in case “a”.
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After preliminary tests of specimen #1 and #4 wheghibited Euler buckling (not the desired

crush mode), it was decided to reduce length ofesofmest specimens as follows:

e Specimen #2 was cut into two subparts: #2a lengB®0@ mm (without trigger holes)
and #2b (without trigger holes) with length as testicutting of 97.3 mm.

* Specimen #3 was cut into two subparts: #3a lengltbs® mm (without trigger holes)
and #3b (without trigger holes) with length as testicutting of 148 mm.

» Specimen #5 (with trigger holes) was leave ancktesiith preliminary length 300
mm.

e Specimen #6 was cut into two subparts: #6a lengB®@ mm (with trigger holes) and

#6b (without trigger holes) with length as resdltotting of 97 mm.

RESULTS & DATA

Test configuration “a”

Specimens #1, #2a, #3a, #3b, and #4 were all testedt configuration “a”. The results

obtained are shown in Figure 31, Figure 32, Fi@®erigure 34 and Figure 35 respectively.

Load [kN] #%°

350 4 .
—specimen: 01
300 4
250 4
200 4
150 A

100 A

50 1

0

0 20 40 60 80 100
displacement [mm]

Figure 31: Results obtained with specimen # 1.
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Load [kN] 400

350

300 A

250 A

200 A

150

100

50

o]

——specimen: 02a

400 1
Load [kN]

350 A

300 -

250 A

200 A

150 4

100 A

50 1

20 40 60 80 100
displacement [mm]

Figure 32: Results obtained with specimen #2a.

—specimen: 03a

400
Load [kN]
350
300
250
200
150
100

50

20 40 60 80 100
displacement [mm]

Figure 33: Results obtained with specimen #3a.

——specimen: 03b

20 40 60 80 100

displacement [mm]

Figure 34: Results obtained with specimen #3b.
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Load [kN] 350 ]
——specimen: 04

300 A
250 A
200 A
150
100

50 A

0 20 40 60 80 100

displacement [mm]

Figure 35: Results obtained with specimen # 4.

Test configuration “b”

Specimens #2b, #5, #6a, and #6b, were all testegsirconfiguration “b”. The results
obtained are shown in Figure 36, Figure 37, Fid&and Figure 39 respectively.

Load [kN] 4°0
400

350
300
250 A

200

150 1 = specimen: 02b

100

50

0

0 20 40 60 80 100
displacement [mm]

Figure 36: Results obtained with specimen # 2b.
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Load [kN]

Load [kN]

Load [kN]

350 4

300

250 -

200 A

150 -

100 A

50 A

0

= specimen: 05

400

350

300

250

200 +

150

100

50

400 1
350 -
300 -
250 -
200 -
150 A
100 A

20 40 60 80 100
displacement [mm]

Figure 37: Results obtained with specimen # 5.

—specimen: 06a

T T T T T T T 1

20 40 60 80 100 120 140 160

displacement [mm] 6A

Figure 38: Results obtained with specimen # 6a.

—specimen: 06b

T T T T d

20 40 60 80 100

displacement [mm]

Figure 39: Results obtained with specimen # 6b.
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Table 7: Failure modes of steel tube specimensrumdal compressive load.

PEAK
TEST FAILURE
CONFIGURATION FAILURE MODE LOAD (kN)

SPECIMEN #1 a Euler Buckling 347

SPECIMEN #2A a Euler Buckling 371
Axisymmetric folding followed

SPECIMEN #3A a by Euler buckling 375
Axisymmetric folding followed

SPECIMEN #3B 3 by Euler buckling 369
Axisymmetric folding followed

SPECIMEN #4 a by Euler buckling 332

SPECIMEN #2B b Axisymmetric folding 390
Axisymmetric folding followed

SPECIMEN #5 b by Euler buckling 331
Non-axisymmetric mode with

sl b 2 circumferential waves 352
Axisymmetric folding followed

SPECIMEN #6B b by non-axisymmetric mode 381

with 1 circumferential wave

Table 7 describes the different failures mode chespecimen. All specimens which
underwent loading using support case “a” exhibieater buckling due to the movement of
the support platform during loading. However,hmstupport case “b” specimens, local
buckling was dominant due to the perfectly (andtioorally) aligned compressive load

throughout the test.

The average peak load for the specimens is 36 IvkN,maximum of 390 kN and minimum
of 331 kN. These values fall short of the LS-1 RBDstatic load requirement specified in
Figure 19. In applications where true axial aligmicannot be guaranteed this test
demonstrates the sensitivity with which the buakimode can be affected and it is clear that
the effectiveness of steel tubes as energy absochenot be fully realised. Improvements
can be achieved by modifying the design to inclgiaeips of tubes, and varying the wall
thickness or material to manage the peak load arghstrength. However, these
modifications come with an associated increaseadysction and design costs due to

increased complexity.
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2.1.2. Crumple Columns

Crumple columns are an extension of the deformdtibas as described in Section 2.1.1 in
that their energy absorption mode is through f@dind plastic deformation of the material.
The primary difference between crumple column agidmnation tubes is that the cross-
section of the absorber is non-circular. Examples square/rectangular tubes (Figure 40),
truncated cones (Figure 41) [67] [68], truncatechpyid (Figure 42) and hexagonal tubes
[69]. The benefit of these structures is that taeytailored to meet specific design and
capability requirements; for example the truncatede being more suitable for racing car
nose cones [70] due to aerodynamic requiremensssush they seek to make optimal use of
the available space by employing non-circular ampeted volumes, often using composite
materials to achieve the required geometry [26][7T§is however requires considerable
design and manufacturing effort to achieve stahlsltperformance making them less

suitable for cost-sensitive applications. -

Figure 40: Square cross-section steel crumple aolpost-impact [72]

Figure 41: Axially crushed composite cone [71]
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Figure 42: Truncated pyramid energy absorber fomita 3 car [70]

2.1.3. Guided Crumple Columns

Guided crumple columns are a derivative of crungplemns which are specifically designed
to improve the functionality of the device in theeat of an off-axis loading. This is typically
achieved through the use of guide pins attachédetanpact head, which pass through a
series of guide holes to keep the folding of thengle column aligned with the direction of
impact. In the design depicted in Figure 43 thielgpins ensure the anti-climber remains in
a vertical plane to guarantee the folding mecharmbthe steel casing (crumple tube) remains
effective for the full stroke of the absorber.

Whilst this solution functions well it is achievatithe expense of weight, with energy
absorbers for the rail industry having a mass pf@aamately 200 kg per absorber [45]. The
pins and plates add significant mass to the fiealgh without specifically adding to the
absorption capacity of the device.
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Crumple tube

‘A\ _~ Backplate
Y

Anti-climber

Guide pins

Figure 43: Cross-section of a guided crumple colemergy absorber (for rail vehicles) [45]

2.1.4. Tube Inversion

This type of energy absorber functions by the fugnnside-out or outside-in of a thin-walled
ductile tube (Figure 44) with energy being absoragad result of the plastic deformation of
the metal. This system was introduced and deplbye@eneral Motors in their steering
columns in 1969 [73].

Figure 44: The inversion of a thin-walled metatlibe [74]
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The energy absorbing efficiency of these structuras investigated by Guist et al. who
determined that the inversion load was directlypprtional to the wall thickness and
inversely proportional to the tube diameter [75he work concluded that greater energy
absorption efficiencies are achieved as the walkiiess is increased. In many cases a die is
used to encourage and progress the inversion @oeéh the geometry of the die being
critical to achieving the inversion without undesirouckling occurring [66][74]. However,
the inversion process is highly prone to cracking buckling of the tube due to its sensitivity

to the ratio of die fillet radius to tube inner nagl r.4/r, (Figure 44).

2.1.5. Expansion Tubes

Expansion tube energy absorbers consist of a gidamdnetal deformable tube (primary)
within which fits a secondary rigid tube which aatsa die to expand the primary tube
(Figure 45). Asymmetrically aligned, the secondaitye is forced into the primary tube on
impact and through this mechanism the crash ensrgynverted into plastic deformation
energy by circumferential expansion [76]. Thisusioin however can have a significant
weight penalty due to the weight of the punch [77].

Deformable tube

S

y — B Rigid tube

Figure 45: Expansion tube energy absorber befopadin(left) and after impact (right) [78]

Individually these mechanisms do not absorb largeuats of energy (typically 1 MJ)
primarily due to the effective stroke of the absarbeing 50% of the total length. However,
they can be arranged to function in parallel tooab$arger collision energies [78]. This type
of absorber is dependent on the punch geometryastigated by Kim et al. where an
optimum angle of 3Don the punch head achieved the maximum energyatitsg with no

discernible increase in energy absorbed aboveatigke [79].
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2.1.6. Metal Splitting

Metal splitting can be considered a progressiotuloé inversion as described in Section 2.1.4
but where the die is designed to encourage thiisglof the material, thereby absorbing
energy through bending, tearing and friction [80his mechanism is more suited to
geometries with corners (e.g. square tubes) wheggssconcentrations at the corners

propagate the failure mode linearly and in paraili¢h the loading direction (Figure 46).

ME25451
=25 =43

— -' —

Figure 46: Metallic tube of square cross sectiamalestrating metal splitting [80]

The experiments conducted by Huang et al. inditetethis process is relatively efficient at
absorbing energy, with 15 kJ of energy being alebger kilogram of mild steel [81].
However, the thin-walled nature of the absorbeessitates a long crush stroke to achieve
high levels of energy absorption. In their worl2G9 mm long mild steel specimen of 3 mm
wall thickness and 50 nfnsection could only absorb 3 kJ of energy. Theiiregnent for the
SPACIUM vehicle is 1,100 kJ per absorber (see 8e@i2). This makes it prohibitive for

rail applications due to space constraints.
In addition, this type of absorber is very depenadengeometry to provide the stress

concentrations and on the manufacturing qualithefspecimen, with imperfections and

voids reducing the overall effectiveness of theickev
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2.1.7. Peeling Technology

Peeling technology absorbs impact energy througmaeent deformation of a strip of steel
cut from the shaft (usually cylindrical) onto whittte buffer or anti-climber is mounted.

Also, by converting mechanical energy into thererargy additional impact energies can be
absorbed. The mechanism by which this is achiéalesk the form of a cutting knife which
engages with the surface of a steel shaft andeashifift passes over the cutter a strip of metal
is removed (see Figure 47). The level of absodretgy depends on the section size of the

cut strip, giving a broad range of adjustment delpenon the needs of a specific application.

hstal pesiing . Cutting knife

Steal bulfer-shaft _

Figure 47: Energy absorption through metal peeling

Energy absorbers based on this technology areag®ilo the rail sector through products by
Axtone Group who have developed a number of salgtto meet the needs of passenger and

freight vehicles [82].

The problem with this solution lies in the spacguieed to achieve energy absorption. As
demonstrated in Figure 48 the buffer shaft musepate through the driver’s bulkhead in
order to achieve full deployment of the absorbEmis requires significant space behind the
bulkhead as well as the requirement to introdudeshinto the highly-loaded bulkhead to
receive the buffer shaft.
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Figure 48: Single stroke peeling technology eneatgsorber detailing bulkhead through-penetration

To overcome this bulkhead penetration problens, gassible to introduce a “receiving” shaft
on which the cutting knife is mounted. Howevers tffectively reduces the stroke (and

therefore the energy absorption capacity) by half.

Cutting knife
/

RRRRRRRRRR%802208%
Impact

Bulkhead

(é@>$»}}5}55}»}5»?}»»}»‘ I

Figure 49: Single stroke half-length energy absousing peeling technology

Neither of these peeling technology solutions odfeolumetrically considerate energy
absorbing capability, with the space requirememtdmommodate the length of the absorber
heavily impacting the overall rail vehicle design.
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2.1.8. Recoverable energy absorption — pistons

Typically classified as shock absorbers, theseog#isid filled devices absorb energy by
forcing high pressure gasses or fluids throughrédit®e. These systems are generally
recoverable through the deployment of a returmgpaihich will return the absorber to its
original state.

Figure 50 details the internal structure of a fixeifice energy absorber. As the impact is

received by the piston rod it forces the pistondheto the cylinder. The fluid in the cylinder
is thereby pressurised and forced through thecerifi the piston head, providing a resisting
force in the piston rod. The displacement accutouleompensates the system for the rapid

displacement of the piston head.

.x\ﬁmmm \

x\\“‘

Figure 50: Fixed orifice shock absorber [83]

@ cCylinder(@ Piston rod®) Piston head4) Orifice hole(8) End cap and seal assembly (low press@)

Piston head seal (high pressu(@) Piston rod displacement accumula8) Return spring

Whilst a number of variants of this system exismprove the efficiency of the basic design
(such as metering tube and metering pin desigesgdmplexity of the design increases as

efforts to reduce the peak force are embodied [83].

Ultimately these systems are design and manufactumiensive and are best suited to low
energy, repetitive impacts as opposed to high gnaslsions as defined by the

crashworthiness standards for rail vehicles. Afsi® based on this technology are available

60



to the rail market through the product range ofdQtdgernational [84]. However the
maximum energy absorption level achievable is 7fekédrsible and 420 kJ non-reversible
[85], making them more suited as low-impact bufessopposed to crash energy absorbers.

2.1.9. Summary of energy absorber designs

The type of structure used to absorb impact energik be dependent on the
nature/magnitude of the expected impact and theesgaailable to incorporate the absorber
into the final design. As such, absorbers tenokttailored to meet the specific requirements
of the final industrial application. It is usethlerefore to review the capabilities of the energy
absorbers described in Sections 2.1.1 to 2.1.&speaiiteria specific to the rail industry. The

following assessment categories were chosen:

» Design Complexity— This refers to the level of development and desifort
required to create an energy absorbing solutiorchvineets the rail industry’s
requirementsRange: Low — Medium - High

» Geometric sensitivity— This criterion assesses whether minor changégin
geometry of the device, either at the design stagga manufacturing tolerances, can
have a large impact on the effectiveness of theggrebsorberRange: Low —

Medium — High

» Off-axis functionality — This aspect is in direct relation to the ofis&se in the
EN15227 standard which stipulates that absorbest function as desired under a
vertical offset of 40mm (see Section 1Range: Poor — Average — Good.

* Material quality dependency —Some energy absorbers are highly sensitive to the
guality of the materials employed to absorb enefdys category assesses whether
material imperfections can have an exaggeratedatgrathe capability of the device
to absorb energyRange: Low — Medium - High

* Manufacturing quality dependency— Quality in the manufacturing processes used
to produce the absorber can have an impact oaslidlity to function correctly.

This criterion assesses the dependency betweenfactuming quality and absorber
functionality. Range: Low — Medium — High

» Penetration through bulkhead— If a portion of an energy absorber is desigied t

penetrate the bulkhead on which it is mounted therspace in that area must be left
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clear to ensure full and complete functionalitytleé device. This design is not
particularly advantageous in space-constrained/ediicle designs such as trams.
Range: Yes - No

» Effective stroke —For each design only a percentage of the mechanisngth will
actually perform the energy absorption. The remgitength is often occupied by the
residual material, or where by design the absdnasrreached the limit of its capable
stroke.Range: 0-100%

Table 8: Assessment of energy absorber systems

Design complexity

Geometric sensitivity

Off-axis functionality Average

Material quality
dependency

Manufacturing
quality dependency

Penetration through
bulkhead

Effective stroke (%)

50-75%

Of the eight technologies assessed in Table 8¢f@mation tubeshave the best overall
capability for meeting the rail industry’s requirents.

Whilst these may seem to be a viable solution h@rg@y absorption due to their predictable
folding mechanism my research and testing has shioatritheir performance is greatly
dependent on the loading mechanism and directiberwise they can be prone to Euler
buckling, which greatly reduces their energy absonpcapabilities. It is this poor off-axis
performance that makes them unsuitable for deployme trains.

As a result, vehicle manufacturers invest heavilthe design of technologies such as guided
crumple columns or peeling technology to meet tNeskandards and in particular to achieve

the 40 mm offset impact requirement. Significardvebacks of these two methodologies are
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the weight penalty incurred by the interior struetaf guided crumple columns and the

bulkhead penetration caused by the peeling techredo

Therefore a design solution which can utilise thedtable crush of deformation tubes,
coupled with a simple and effective off-axis sauatwould be of significant benefit to the ralil

industry.

2.2.Composite Materials as an Energy Absorber

In instances where structural crashworthiness mayey role in energy absorption, the choice
of materials for use within these areas is critidar crumple zones it is necessary to use
materials which can withstand the expected statid$ whilst at the same time being

deformable under high impact loadings to allowtfa absorption of energy.

While metals such as steel and aluminium domirteedil energy absorber market,
considerable work has been undertaken to detertneperformance of composite materials
under crash loads to assess their energy absomptiperties. Carruthers performed an in-
depth analysis of these materials noting that fibneforced plastics (FRPs) have
demonstrated excellent energy absorption pote®®l His approach also considered wider
issues relating to composite materials, such asstractural capability and manufacturing

issues, which could be potential barriers to indaistiptake.

2.2.1. Energy absorbing composite tubes

Fibre-reinforced energy absorbing tubes have baesstigated in numerous bodies of work
which study the effect of composition variationsasash performance:

Ramakrisna et al investigated the effect of fimehaecture on the load/displacement
response, crush morphology and energy-absorptioabdéy of carbon fibre tubes under
axial load [86]. The authors conclude that thecHfr energy-absorption capability increased

with fibre content, noting that tubes with lessitti®% fibre content crushed irregularly.
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Hull investigated the micro-mechanisms which unddHe progressive crushing of
composite tubes [87]. The author determined thatrhechanisms come into play during
crush: fragmentation and splaying. Hull surmideat the transition between fragmentation
and splaying can be constrained by the orientatidibres in the hoop direction, thus
decreasing the likelihood of shear fracture actibedube wall under load. The progressive
crush mechanisms he observed over a broad rargassf speeds suggest that the energy
absorption of the studied tubes is not strain dafgendent.

A study into the effect of braided fabrics was cactéd by Karbhari et al [88] who produced
test specimens using a resin transfer moulding (Rgidcess with braided biaxial preforms
of Tex glass and triaxial hybrids of glass/Kevlarkon fibres. The author surmises that the
triaxial hybrid delivers enhanced specific energgaption level and that the bucking modes,
based on the rate of crush, appear to be depeadéhe strain rate sensitivity of the

constituent fibre tows.

Pitarresi et al describe an experimental evaluaifdred-core sandwich structure for the ralil
sector [89]. The author investigate the perforneasfcsandwich structures which use internal
corrugations, webs and tubes as stiffeners bettbeesandwich facings. These were designed
to improve the crush performance by increasingtrerall stiffness of the foam-core

sandwich panels, and promote stable high energyéaby inhibiting de-bonding. Tubular

test specimens were produced using a variety @socarapped in glass fibre mats and
impregnated with epoxy resin using vacuum assigsit transfer moulding (VARTM). The
author concludes that such structures are a cfesttiwe means of achieving energy
absorption, and that higher energy absorption dhiped can be achieved through thicker
sandwich facings, optimised trigger mechanismsramdorcement in the hoop direction,

commensurate with the findings of Hull above [87].

The restriction of the approaches described irethawks lies in the design of the energy
absorbing element, which tend toward a tubulargielsased on composite materials, rather
than fully using the volume occupied by the absay®lement. This places the solution into
the “black metal” category which substitutes exigtdesigns with composite materials rather
than reviewing the design approach and utilisiregatailable volume to achieve maximum

energy absorption.
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The following sections will explore some of the lbutateriaf options available in order to
exploit the available space within a given voluméh the objective of applying these
materials to achieve significant energy absorptwthout compromising the lightweighting
objectives discussed in Section 1.5. Thereforem®band honeycomb materials will be
investigated due to their relatively low densityldheir ability to undergo large deformation

whilst maintaining a near constant stress value.

2.2.2. Foams

2.2.2.1. Rigid Polyurethane Foams (PUR/PIR)

Rigid polyurethane (PUR) is made by reacting aitiqpolyol (long-chain alcohols derived
from vegetable sources) with a liquid polymericciganate in the presence of a blowing agent
[90]. The mixed components then react exothermalfprm a rigid thermosetting polymer
and since the blowing agent evaporates duringettashermic reaction a rigid closed cell low
density insulation product is created (Figure S2)R has a very low thermal conductivity
due to the gasses trapped in its closed cell sireiend is often used as an insulator for

building applications.

Figure 51: Sheets of PUR foam [91]

Rigid polyisocyanurate (PIR) is produced using @aress of isocyanate. In the presence of a
catalyst the isocyanate reacts with itself to fasotyanurate. PIR is characterised by greater

2 Bulk materials in this context relates to low-dgnsomposite or metallic materials which have tapacity to
readily occupy large volumes.
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heat stability delivering higher working temperatlimits making it suitable for applications

which demand a higher fire performance [92].

I

Figure 52: PIR foam block with aluminium facings [93

The material can be manufactured in a wide rangkepsities ranging from 30-700 kg/m

[94]. Itis considered a non-structural materia¢ do its poor load bearing capacities, and its
energy absorption efficientys only 50% when compressed statically [95].s ltrierefore

more generally used in composite sandwich strustwieere the material which encapsulates
it forms the load bearing element (Figure 52). €hergy absorption of such structures was
extensively investigated by Pitarresi et al. [8%laene polyurethane foam was used as a
lightweight filler material to produce the finalrfa and shape of the energy absorber test

specimens.

2.2.2.2. Aluminium Foams

Aluminium foam is a rigid cellular structure progatcfrom molten aluminium that contains a
large volume fraction of gas-filled pores (Figuf.5The material is manufactured by
introducing gas bubbles or additives (such as ofass spheres) into the molten metal
matrix creating a product that is similar to a haretallic sponge. It is worth noting that gas-
filled structures tend to be irregular, with poizes of between 1m to 10 mm and exhibit

non-uniform distribution of pores due to growth adlescence of bubbles [96].

The potential use of this material in transporuistties was investigated by Baumeister et al.

who concluded that the material itself does noteggnt an optimum energy absorbing

3 Defined as the ratio of the absorbed energy upslected stress level divided by the stress if8BIf
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element [97]. He argues, however, that the mateoiald efficiently dissipate energy if it is

integrated into the whole body structure.

Figure 53: A block of aluminium foam. Note irregufgore sizes.

Under compressive loading its mechanical respansgical of highly porous cellular solids
with an initial linear elastic region followed bystress plateau, leading to densification and a
corresponding marked increase in stress-strairegiiigure 54). Energy absorption is
achieved through the deformation of the aluminimanh structure via the progressive
collapse of the cells under load. The cellulaurebf the material means that it can exhibit

collapse strains of approximately 80% [98].

Densification
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Figure 54: Mechanical response of aluminium foamanrcompressive load [98]
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It is this property which makes aluminium foam #ahle candidate for use in energy
absorber designs. The response of the materialogfiular level has been investigated by
Cheon et al. [99] with particular reference to plagential use of the material in the

automotive sector.

2.2.2.3. Steel Foams

Steel foams can be manufactured in a similar matongiuminium foams (introduction of
compressed gas or additives) or through powderilaegg in which hollow steel spheres are
compacted with steel power and sintered togeth@][(Figure 55). The suitability of this
material as an energy absorber was investigatéthbgoso et al. [101] for racing car
applications, concluding that the best performamas achieved by the lightest and most
expensive of the steel foams investigated. Thes barrier to the use of metal foams was
analysed by Maine et al. [102] citing that when paned to the solid metals from which they
derive, the production processes are time and fabtensive leading to a more expensive
end product. Additionally, the impetus for commailisation is not currently strong and as

such steel foams remain a highly specialised natfen advanced applications only [103].

Figure 55: Steel foam manufactured from hollowIstp@eres [104]
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2.2.3. Honeycombs

Honeycomb materials have been widely used by ttespace industry to provide flat or
slightly curved panels exhibiting excellent strémgi-weight ratios. A cellular material, it is
primarily manufactured using expansion or corrugatechniques (Figure 56). Its principle

properties are governed by: cell size; cell wattkhess; cell wall material.

The expansion method lends itself to lower dertsityeycombs (up to 160 kgfjrwhereas
the corrugation method is mainly used for highersity honeycombs or materials that cannot

be formed using the expansion process. Honeycoatbrials fall into two main categories:

metallic and non-metallic.

Sheet Cleaned, Corrosion Protected, and Printed with
Adhesive 5trips

Sheets Stacked and Cured in Press

/ fBLECk Sliced into Sections
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Expansion Method
Block Slice Expanded

Sheet Cleaned, Corrosion Protected, and Corrugated

/with Rolls

Corrugated Sheets Bonded Together

Core Sections Sliced to Final Thickness

Corrugation Method

Figure 56: Manufacturing methods for honeycomb nite[105]
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2.2.3.1. Metallic Honeycombs

The more common metallic honeycombs on the mariegp@duced from aluminium,

stainless steel and in some cases titanium. Hidests steel and titanium varieties have been
developed to meet specific applications, but tenahium honeycomb (Figure 57) comes in

a commercial grade (3003) as well as specificajiaaes such as 2024, 5052, and 5056
[106]. Widely used in the aerospace and deferdesitnies [107], these materials are now

becoming a regular feature of designs for the nearial and automotive industries.

Figure 57: Sample of aluminium honeycomb beforft)(end after (right) axial compressive loading§10

One of the unique properties of aluminium honeycasrthe predictable and uniform manner
in which axial crush loads are absorbed. Eachicélie honeycomb acts as a tube

progressively folding under load until the samgleampletely crushed.

|
20 |
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Displacement (mm)

Figure 58: Load-displacement profile of aluminiuonkycomb under axial compressive crush loading][108
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The load-displacement curve generated is lineaalyls/constant (Figure 58), which allows
for the rapid calculation of the total energy absar (the hatched area in Figure 58). The
load value at which this “plateau” forms is knowsthe crush strength. This value varies
depending on the aluminium type, wall thickness egltisize. It is generally accepted that
the crush strength of honeycomb in the orthogomattons to the cell axis is 10 times less
than the axial crush strength [109]. Knowing &xel crush strength value can allow the
designer to quickly determine the material denityse to absorb a given amount of energy

— see Section 5.1.2 for a worked example.

2.2.3.2. Non-metallic Honeycombs

Whilst honeycomb structures can be manufactured fimost any thin sheet, the most
commonly used non-metallic honeycombs are Nomean{ar fiber paper coated with
phenolic resin - Figure 59) and Kraft paper (a pdqmard or cardboard shaped into
hexagonal cells - Figure 60). The cores, when &atnare often dipped in phenolic, epoxy

and thermoplastic resins to improve high-tempeeaparformance and toughness.

These materials are highly customisable, beindyeast, shaped and draped into complex
curvatures. However, the manufacturing processittiing the blocks to size and shape
exposes the edges of the material along the sadaces [106]. Left untreated these can

quickly absorb moisture which considerably redubesstrength of the core.

Figure 59: Nomex honeycomb cores of various thiskas [110]
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Figure 60: Sandwich boards with Kraft paper honeye@ore [111]

Under crush loads their behaviour is relativelynedjictable. Initially, in the elastic phase of
the force-displacement curve, the phenolic restaks throughout the height of the
honeycomb followed by an initial folding of thewstture. Thereafter the failure mode

becomes more complex, with tearing and de-bondamgiiating the crush response [112].
Table 9: Comparison of Aramid and Aluminium honeybsnData source: Hexcel [113])

Compressive

Aramid Density o :
Honeycomb (kg/ms) Bare Stabilised Normalised
(HRH-10) Strength Strength Modulus Modulus
(MPa) (MPa) (MPa) (MPa)
HRH-10-1/8-1.8 28.8 0.72 0.79 55.16 1.92
HRH-10-1/8-3 48.1 1.99 2.24 137.90 2.87
HRH-10-1/8-4 64.1 3.58 3.96 193.05 3.01
HRH-10-1/8-5 80.1 4.82 5.31 255.10 3.18
HRH-10-1/8-6 96.1 7.24 7.76 413.69 4.30
HRH-10-1/8-8 128.1 11.55 12.62 537.79 4.20
HRH-10-1/8-9 144.2 13.79 14.48 620.53 4.30

Compressive

5052 Alloy .
. Density
Aluminium (kg/m’) Bare Stabilised Normalised
Honeycomb Strength Strength Modulus Modulus
(MPa) (MPa) (MPa) (MPa)

1/8-5052-.0007 28.8 1.97 2.07 517.11 17.96
1/8-5052-.001 48.1 3.79 3.93 1034.21 21.50
1/8-5052-.0015 64.1 6.76 7.03 1654.74 25.82
1/8-5052-.002 80.1 10.34 10.76 2413.17 30.13
1/8-5052-.0025 96.1 14.48 15.51 3447.38 35.87
1/8-5052-.003 128.1 18.62 19.99 6205.28 48.44
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Table 9 gives a comparison of the compressive nusdofl a selection of aramid and
aluminium honeycombs. To account for differing siéas, the modulus is normalised with
respect to the material density, allowing a reiglisdmparison to be made. As can be seen
from the data the aramid honeycomb has a normatisegbressive modulus range of between
1.9 and 4.3 MPa/kg/fnwhereas the aluminium has a range of 17.96 @4B8Pa/kg/m.

Coupled with the unpredictable response under dagting, it is evident from these figures
that aramid/paper honeycombs are unsuitable farrblmgy energies of the scale required by
the rail industry. See Section 5.1.2 which defitmescriteria for the down-selection of

aluminium honeycomb materials for rail vehicle abgo applications.

2.2.4. Summary of energy absorbing materials

The properties of a selection of lightweight matksrhave been discussed and their
application to the rail industry as energy abs@loan now be explored. While each of these
materials have the capability of making optimal aggven space, not all have the energy
absorbing capabilities required to offset the imd@ rail vehicle, or are too expensive to
produce in sufficiently large quantities for thd madustry. In addition, the properties of
these materials (especially the foams) can be yidgybendent on the manufacturing process,
with their inherent properties being heavily afegtby the quality and process of
manufacture. These irregularities make it diffid¢ol predict the response of the material
under crush load, and as such will be dismissed fronsideration for use as an energy

absorber.

Of the bulk materials investigated, aluminium hareyb offers the best solution in fully
utilising the space available while still offeriaghigh degree of predictable crush behaviour.
Its predictable crush profile, availability in ange of densities and a proven track record in
other industries makes it the ideal candidateke farward for use as an energy absorber for
rail crashworthy applications.
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Aluminium honeycomb is produced for the marketaatangular blocks and can be machined
to size using high speed steel or carbide-tippéiau[114]. Shaping the honeycomb to fit
more complex geometries could weaken the sidewélise honeycomb, causing non-axial
crushing and thus reducing the energy absorptipaaty. To minimise the cutting

operations and potential damage to the honeycod®wsil structure Chapter 3 will seek to
capitalise on the unused volumes available withihvehicles by means of strategically

introducing aluminium honeycomb rectangular blocks.
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Chapter 3: The Deployment of Energy Absorbing Materals and
Structures within Fixed Space Envelopes
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3.1. Introduction

As discussed in Section 1.2.3 the majority of intig@enarios for the rail industry are linear
in nature and occur along the longitudinal axitheftrain. Xue et al. provide further insight
into the mechanics of rail collisions and surmlsa in order to minimise or prevent irregular
structural weaknesses during impact that symmairitlarge cross-section structures should
be favoured by design engineers [33]. Materiaiahto fulfil the energy absorption
requirements must also act along the same axispgédams and honeycombs the primary
lightweight material solutions. However from thaterial properties discussed in Section
2.2, foams do not adequately meet rail industryiregnents. As such, aluminium
honeycomb when axially aligned with the directidriravel offers the best solution for the

development of a lightweight energy absorbing stmec

This material however has its limitations, onelam being the machinability of the
honeycomb. Aluminium honeycomb is usually supptecthmercially in rectangular blocks
and subsequent shaping (either through cuttingindimg) may weaken the structure and
reduce its capacity to absorb energy. As eachactdlas a tube which folds under loading,
any off-axis cut will reduce the effective lengthtlee tube, thus reducing the stroke over

which it can absorb energy.

While a number of Computer Aided Design (CAD) papscan readily determine the total
volume occupied by a particular 3D geometry, tleeihon of linearly aligned block elements
into such geometries is not a standard CAD capgbilihis chapter investigates
methodologies to rapidly determine the “block vokirof a given space, thus maximising the
amount of honeycomb material that can be placekinvé fixed volume. This will allow the
designer to rapidly and cost-effectively develoglistic design solutions based on the shape

and nature of the material as supplied.

Additionally, CAD packages can be prohibitively exgive for small enterprises and SMEs
who may wish to become involved in the rail indysiupply chain. This chapter delivers an
approach to producing design solutions withoutrniéed for, or reliance upon, CAD packages

or the numerical methods contained therein.
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Three cross-sections are investigated which foerctbsest approximation for the front end
of rail vehicles: triangular, circular and ellipgic These sections are then mapped into 3D
geometries, bearing in mind the directionality gbamum crush strength of aluminium

honeycomb.

3.2. Maximising Triangular Cross-sections

To determine the maximum rectangular area thabeanscribed inside triangle OAB as in
Figure 61, the slopesimand m of lines OB and AB respectively must be expressadrms

of x.

B (XBi yB)

R (x+L,y)

A (Xa. Ol
X+L X

Figure 61: Maximum rectangular area inscribed given triangle

At point Son line OB, the distandd is equal to the y co-ordinatg) ( The slope at this point

can be expressed as follows:
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At pointR on line AB, the distanc is equal to the y co-ordinatg)( The slope at this point
can be expressed as follows:
—YB 4

m2: =
Xq—Xg X4—x-—1L

y:yB(xA_x_L)
X4 — Xp @)

Equating (1) with (2) and expressing in term4 @fives:

XX
L=x,—— 3
Xa X5 3)

The area of the rectangle is:
A =HL 4

Substituting (1) and (3) into (4) and simplifyinyes:

A(x) = —x? <>;4y23) +

X
x(AyB>, 0<x<xy (5)
B

XB

(5) is a polynomial equation with a negative legdinefficient. It has a maximum value

when the slope of the curve is equal to zero.

Differentiating (5) and equating it to zero gives:

d(A
“) = —2x (xAyB> + <xAYB) =0 (6)
dx xg? Xp
Simplifying for x gives:
Xp
= — 7
X > @)
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Therefore, the rectangle with maximum area thatvfithin triangle OAB has a length (L) of

half the base of the triangle (OA) and height (Hhalf the perpendicular heigfit.

This result however does not take into accountgegeometric constraints in the
manufacturing of energy absorbing materials sudmoagycomb which may not be
manufacturable to the height recommended by tipsogeh. As such, this methodology
needs to take into account possible material matwiag boundaries with respect to the
overall height of the triangular cross-sectionwai as a minimum base size for each

rectangle to make energy absorption viable.

Using the similar triangles method described bydeafi15] it is possible to develop a

simplified approach to maximising the area of artgle based on restricted parameters.

Figure 62: Maximising the area of a triangle wiglstangles of given parameters

Where the height (H) of the rectangle is known,lémgth of the first rectangle {J.can be
determined by cross-multiplying the ratios of tlegtical heights of triangles OBA and SBR
to their respective bases.

* This can also be established using the similangfies methodology outlined in [115].
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(a — H) L1
Rearranging for Lgives:
b(a—H
L, _ba=m
a
Similarly:
b(a — 2H)
2T
b(a — 3H)
ST
The sequence can be expressed as:
b(a —iH
, = ble— i)
a

for i = 1---n wheren <%

(10)

11)

(12)

(13)

Determining the total area covered by the honeycwtittin this 2-dimensional space is

simply a matter of multiplying (13) bil.

Aror = HL;

3.2.1. Mapping Triangular Sections to 3D

Mapping these 2D areas into 3D space will be depetnoh the final desired shape and on the
design into which the honeycomb blocks will be impmyated. A simple linear extrusion of

the shape in Figure 62 could represent the froatwide automotive vehicle. As such, the
volume which could be occupied by the honeycombbmadetermined by multiplying (14) by

the width (W) of the vehicle.
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For the rail industry where the nose cone of (}@meple) high speed vehicles is more akin to

that shown in Figure 63, the 3D volume can be apprated as a square pyramid.

AR

= mﬁ?a .'f; _M _‘m 1

-

pe——r—— T TH—
e — T

i )
+
4

LS

Figure 63: Nose detail of the high speed Shinkad&&00 (Japan) [116]

This means that equation (13) needs to also beéegpgtross the width of the vehicle,
yielding:

by (ay —iH
w, = owlaw = i) s)
aw

for i = 1--n wheren < =¥
The total area formed is:

Ator = LiW; (16)
The total volume of the space occupied by honeycoraterial is:

Viot = LiW;H a7
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3.3. Maximising Semi-circular Cross Sections

P (x.y)

&

0 R

Figure 64: Maximum area of a rectangle inscribed semi-circle

The area of the rectangle shown in Figure 64 caesxbeessed as:
A = 2xy
And the equation of the circle can be expressed as:
x% + y? = R?
Rearranging (19) foy gives:
y =+/R%2 — x2

Substituting (20) into (18) gives:

A(x) = 2x+/R? — x?

82

Y

(18)

(19)

(20)

(21)



To get the maximum area of rectangle, the derieativ(21) is found and set to zero.

' 2 _ 9,2
Ao = 2(R" —2x4)
1/R2 — x?
2(R* = 2x%) _ 0
R*—x?
xX= % (22)
Substituting
(22) into (20) gives:
R
y= ﬁ (23)

Therefore the dimensions of the largest rectangle a

L=RV2
H_R
V2

This is the maximum single rectangular area thatbeinscribed in a semi-circle. As before,
manufacturing constraints will determine the maximieight (H) of the rectangle that can be

placed within the semi-circle. Subsequent rectasgies can be determined as follows:
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Figure 65: Optimising rectangles to fit in a sefincle

Applying Pythagoras’s theorem to triangle OAB igtiie 65 gives:

e ()
(24)
~ Ly =2+/R2 — H?
For triangles OCD and OEF this gives respectively:
L, = 2,/R? — (2H)?
(25)
L; = 2{/R? — (3H)?
Where Ly, Ly, and Lzare the bases of the inscribed rectangles.
Continuing the sequence until the area is fillezlds:

L; = 2{/R? — (iH)? (26)

. R
fori = 1---n wheren < =
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3.3.1. Mapping Semi-circular Sections to 3D

The 350 high speed vehicle manufactured by Talggu(E 66) is an example of how a semi-
circular cross-section can be extruded linearlpssthe width of a vehicle to approximate
the existing structure. For such a design equd86ihcan be multiplied by the width (W) of
the vehicle to rapidly determine the volume occdpig honeycomb.

Figure 66: Talgo’s 350 high speed train [117]

For a train which has a more bulbous or hemispaktfiont, the design in Figure 65 can be
rotated through 1800 best represent the design. As such, equa@®ncan be multiplied by

itself to give the area:
Aor = 4(R?* — (iH)?) (27)
The volume is therefore:

Viot = 4H(R?* — (iH)?) (28)

. R
fori =1.--n wheren < =
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3.4. Maximising Semi-elliptical Cross-sections

Y
(O, b)
A (-x,y) B (X, Y)
(-a,0) D C
(a, 0) X
E (-X,-y) F (X,-y)
(0,-b)

Figure 67: Maximum rectangular area inscribed irelipse

To determine the maximum area of the rectangle ABCBEigure 67, the maximum area of

rectangle ABFE must first be determined.

The equation for an ellipse is:

xZ yZ
p + ﬁ =1 (29)
Rearranging for y gives:
y = é a? — x2 (30)
a
The area (A) of rectangle ABFE is defined as:
A= (2x)(2y) = 4xy (31)
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Substituting (30) into (31) gives:

b
A(x)=4x5\/a2—x2, 0<x<a

This equation has a maximum between 0amdhen the slope is equal to O.

Differentiating gives:

Ao = %[%x(az - xz)%]

= % [(a2 —x2)% + %x(a2 — xz)_l/z(—Zx)]

4b
= ;(a2 —x?)7"%(a? — 2x?), 0<x<a

Setting (33) equal to 0, and simplifying for x:

' 2
A =0 o x? :%
a
S = —
V2
The base of the rectangle, DC, is twice the vafue o
2a
2x = —=aV2
V2

(32

(33)

(34)

(35)

To determine the heighy, of the rectangle, the area of the maximum redtamgist be

determined. Substituting (34) into (32) gives:
A( ? ) 2ab
—_— —_— a
V2
Substituting (34) (35) and (36) into (31) y=id

2ab=4<

)y

NI

<
I
NIl =
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While this solution will maximise the volume thatrcbe occupied by a block of honeycomb,
manufacturing constraints will again predetermime height (H) of the block. As such,

eqguation (29) needs to be resolved in terms of tH méspect to x.

Y
(0, b)
\ P2 (X2| H)
Lo = 2()(2) P1 (X]_, H)
L]_ = 2(X1)
X
(a, 0)
Figure 68: Optimising a semi-ellipse for honeycoofildefined thickness (H)
SubstitutingH for y in equation (29) and rearranging foat point R gives:
HZ
X1 =a (1 _F> (38)
And at point B this gives:
(2H)?
X =a <1 52 (39)

Continuing the sequence until the area is maxinyselds:

(40)

Ly =2x; = 2a <1 - (iH)2>

bZ
. b
fori = 1---n wheren < =
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with the total area being calculated as:

iH)?
Agor = HL; = 2Ha (1 ¢ bz) > (41)

3.4.1.  Mapping Semi-elliptical Sections to 3D

Elliptical areas can be mapped or extruded linearlgotationally. As with the other sections
explored in this chapter, defining the volume fdinaarly extruded shape can be achieved

simply by multiplying equation (41) by the desinsaith (W).

Rotating and mapping the shape in Figure 68 thrdi@fh about the y-axis yields a 3D
compressed hemisphere, a shape often used in skearees of high speed trains such as the

E6 series from Hitachi (Figure 69).

Figure 69: Elliptical nose on Hitachi's E6 seridsrtkansen high-speed train [118]
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The area defined for each honeycomb block as ét i@sinis rotational sweep is:

iH)?
A; = L;* = 4a? (1 _¢ bz) ) (42)
With the total volume occupied by the honeycombemak being defined as:
iH)?
Vior = 4Ha? <1 - ( bz) > (43)

. b
fori =1---n wheren < o

3.5. Summary of Fixed-space Mapping

This chapter has presented some of the prelimieguations which can be used to fill a
specific volume using blocks of aluminium honeycombhe ease of application of these
equations is demonstrated in Section 5.1.1 to elebnergy absorbing capabilities which
meet the demand of the rail industry.

From an engineering perspective, these equatiorestha capability to dramatically reduce
the amount of time taken to develop an energy &esatesign which needs to fit within a
fixed volume. By varying the densities of the aloimm honeycomb greater or lesser
amounts of energy can be absorbed within that serhiene. This makes the design and
manufacture of absorbers which are capable of blygpsignificant impact energies a cost
effective solution. This will better enable thd madustry supply chain to deliver low-cost

mass-produced absorbers to meet the wide and vageds of the rail industry.
Chapters 5 and 6 further develop this methodologymiplementing the materials discussed

in Section 2.2 in an existing driver’'s cab desigd define the energy absorption capabilities

realised through the methodologies set out indhapter.
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Chapter 4: Design of a lightweight rail vehicle calfor energy absorption
and load transfer
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4.1. Crashworthiness Requirements

European rail vehicle crash requirements are dpddii EN 15227 which sets out three

major collision scenarios for rail driver’s cab:
» A collision with an identical train at 36 km/h.
» A collision with an 80 tonnes buffered wagon atka@/h.

* A collision with a 15 tonnes Large Deformable ObkgLDO) at \{; - 50 km/h. The
maximum operational speed of the SPACIUM vehicl&d8 km/h. Therefore a
collision speed of 90 km/h will be employed in thése.

The first two crash scenarios are reacted primaslyhe lower buffer-level energy absorbers
(Figure 70) and will be discussed in Chapter 6e Tfird scenario must be reacted at a higher
location in the cab leading to the introductiortved additional energy absorbers located
above the buffer-level absorbers as shown in FigQreHere there is an opportunity to
reduce weight by utilizing the available volumethis area and introducing lightweight

structures in an energy absorbing role (See Chéapter

Structural steel
pillar (welded
Upper energy frame)

absorbers

Lower energy

absorbers
Coupler

Figure 70: Typical embodiment of energy absorbes iail vehicle drivers cab (image courtesy of Bardker)
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The energy absorption capabilities of the varioesiaks as shown in Figure 70 can be
superimposed to generate the overall load-displanécharacteristic for the SPACIUM cab.
This is shown in Figure 71 for the first 1 m oflepise. The total energy absorption capacity
of the complete system is approximately 3.3 MJ [119

5000

4000 | [4]
= 3000 ]
x
: |
o
S 2000 {1] ]

1000 \

0 T T T T
0 200 400 600 800 1000

Displacement(mm)

Figure 71: Load-Displacement profile for existingACIUM design by Bombardier [119]

Explanation of marked points:

1 = engagement of coupler; 2 = exhaustion of coyf@e engagement of buffer-level energy absorbdrs;
engagement of upper energy absorbers.

The high energy absorption requirement for theafahe SPACIUM vehicle can be

attributed to the train’s articulated design. Timisans that adjacent carriages in the train
share a common bogie, rather than having their amiue bogie sets. Whilst there are
benefits to reducing the overall number of bogrea rake through articulation (reduced
weight, reduced cost, reduced rolling resistanite), articulation does make crash energy
absorption through the deformation of intermedcaeiage ends more problematic, as
discussed in Section 1.3. This therefore placea@eased energy absorption requirement on
the front of the vehicle.

93



4.2. Designing within Existing Volumes to achieve Crasharthiness

To achieve the goal of a lightweight volumetricadlyhanced cab for crashworthiness the
structure is divided into discrete sections fromefto aft which allows for the stepwise
absorption and reaction of crash energies impaot¢ide cab during collision.

Figure 72 shows the zones as identified for the GIRMM design to define distinct areas,
each with their own energy absorption or loadirgumeements.

; %,Z/ ® Reaction Zone

////// ’ > ® Secondary Crush Zone
//////

® Primary Crush Zone

E Bulkhead /// y’

| [ veperEnerar |- ////
I / ///
=

w

Figure 72: Energy absorption zones of the innoeagivergy absorbing driver’s cab

4.2.1. Primary Crush Zone

The purpose of this zone is to:
— React small impacts (such as with buffer stopsh witpact energy of less than
0.2MJ
— Be aligned with the secondary crush zone so iretieait of larger impacts it

will function in unison with the lower absorbers.

Uniquely, for the first time in cab design, thisashieved through the introduction of a
detachable composite nosecone. The frontal nas@sevhich is the area most likely to

suffer incidental in-service damage was designdzkteasily removed for repair or
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replacement. Removing the nose also provided &as3ss to the primary energy absorbing

devices for inspection or replacement purposes.

Figure 73 shows the typical reaction of a rail tah low energy buffer-stop impact. In this
scenario the cab skirt, valances and shell praititke energy absorption and as a result the
main energy absorbers get partially utilised or dged as they absorb the loads from the
impact. In Figure 74 however, the cab’s compasitee cone begins absorbing energy on
impact, crushing in a controlled manner and thgsidating the impact energy and reducing

the forward momentum of the train, leaving the nemergy absorbers undamaged.

Cab contour 4
(representation) J

Main energy
absorbers partially
damaged

Figure 73: Typical result of low energy buffer-stogllision

Extent of Primary
Crush Zone

Extent of Secondary
— Crush Zone

Nosecone absorbs
impact in primary crush
zone

Main energy
absorbers
undamaged

Figure 74: Low energy buffer-stop collision absatliy nose cone alone, without damage to the marggrabsorber
(secondary crush zone)
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For high energy impacts (collisions where the neaiargy absorbers would be expected to be
fully utilised) the nose cone serves a secondarggqae: to react and transfer a proportion of
the crash loads, as well as initiating a stagedcamttolled crush sequence from the primary
crush zone through to the secondary crush zones ektension of its primary functionality
means that the rail cab as a whole can absorlsicollenergy more efficiently than through
using the main energy absorbers alone.

4.2.2. Secondary Crush Zone

This zone houses the primary upper and lower eredsggrbers and is designed to react the
three crash scenarios defined in Section 4.1. dBseyn of the Secondary Crush Zone

elements is described in detail in Chapters 5 & 6.

4.2.3. Reaction Zone

The Reaction Zone is specifically designed to wéhd the loads imparted on the structure as
a result of a collision, thus protecting the driv@io react the loads introduced as a result of
the crash scenarios whilst still achieving a sigaiit reduction in mass, a step-change was

required in the design and manufacture of rail dlehcabs.

A major innovation in cab design was achieved tglotine replacement of the main structural
members and fibre-glass cover of existing cabs aitintegrated composite sandwich
structure. This brings a range of potential beéséficluding reduced mass, reduced part
count, reduced assembly costs, and opportunitrdsifictional integration such as:

* The use of the sandwich core material as a themsalator.

* The use of the inner sandwich facing as cosmetielpag for the interior of the cab.

* The incorporation of ducting for electrical wiringly conditioning, etc. within the core

of the sandwich.
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In the existing SPACIUM cab construction steelgrgl (formed from welded plate) located
behind the energy absorbers perform the load waetid distribution activities. The “D-
CAB” solution developed and described by this thesakes optimal use of this volume by
replacing the hollow steel pillars with a foamldd composite sandwich construction. This
involved replacing the existing two steel pillarslaseparate outer fibreglass cover with a
fully integrated composite sandwich structure, fmgrcomposite pillars and reactors (see

Figure 75).

Composite Composite cab outer
(integrated with pillars and

/ reactors)

Energy absorbing
nosecone

Composite /

Reactors

Figure 75: Exploded view of D-CAB components

This sandwich construction is produced from gl#s®freinforced polymer (GFRP)

composite layers and polymer foam cores. The sahd® significantly reinforced in the
“pillar” region (where the upper energy absorbéacites) and the lower “reactor” region
(where the buffer level energy absorbers attacbyder to provide the necessary stiffness and
strength for resisting the energy absorber colldmses without permanent deformation or
damage (Figure 76). The pillars are comprisedafks of foam core with layers of glass-

fibre either side, while the reactors are glaseefinbes formed around a foam core.
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“Pillars™ :
supportupper /3
energy
absorber

“Reactors”
supporthuffer-
level energy
absorbers

Figure 76: Detailed view of the pillars and reastor

Figure 77 shows the primary load paths within thR€EB structure under crash loading. The
load inputs to the structure are shown as orarmgavay whilst the green arrows show the
subsequent load paths into the main vehicle bodlyshie pillars and reactors function as

one unit with the outer cab shell, transferringltveal upwards and rearwards, and downwards
and rearwards. It is this unigue monocoque stradtat ultimately delivers the structural
strength required to meet the static and crashslaadiefined by the rail standards.

Figure 77: Load paths through upper and lower gnabgorbers (orange) into composite pillars andtoga (green)
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The joint between the pillars and the reactors demsgned to accommodate the shear forces
experienced in this area, as well as to provideeans of transferring some of the loads from
the upper absorber down into the reactors.

To realise this joint the width of the individuaam columns in the pillars was specified to
match the width of the individual reactor tubesisTallowed the insertion of a series of 5
mm thick continuous GFRP layers that extend froenditiars down through the floor level
and into the base of the reactors (Figure 78higwway, the whole pillar-reactor assembly
became an integrated multi-layer GFRP-foam sandeacistruction.

5mm glass layers
extending  from
pillar through to
reactor

Reactor tubes

Figure 78: Details of the pillar-reactor joint

99



4.3. Testing of Lightweight Reaction Zone Design

In order to determine the strength of the read&ments, a number of test specimens were

manufactured and subjected to compressive loasl tdsto solutions were evaluated:
A. Square arrays of high density polyurethane foarascband wrapped in M705 e-glass
with SR1500/SD2507 epoxy resin system (Figure T8tailed specifications for
these materials are given in Section 1.7.2.
B. Extruded glass reinforced plastic (GRP) (Figure 8is material was a trial material

produced by Exel Composites and due to disclo®stictions | am unable to

disclose specific material properties and configares at this juncture.

4.3.1.  Test Specimen Specification

Specimens “A”

These test specimens were manufactured at AP&Vph4,d@ortugal, using a hand-layup
process of M705 E-glass in chopped strand mat BonchSR1500/SD2507 epoxy resin
system (full details in Section 1.7.2). These cosgul of foam cores of square cross-section,
wrapped in 2.5mm of glass reinforced epoxy theargged in a 2x2 array and the entire block

wrapped in another layer of 2.5 mm glass reinforgalxy.
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Figure 79: Glass-fibre wrapped tubes, specimens “A”

For ease of manufacture it was agreed that thesealgag the length of the foam cores could
be rounded-off to allow for easier layup of thesgléibre over the cores. The dimensions of

the specimens are given in Table 10.

Specimens “B”

These were manufactured be Exel Composites, Rungeagiand, using continuous fibre s-
glass and polyurethane resin in a pultrusion pote$orm a box-section which is then cut to
length. The tubes are the same cross-section@&ndiilons of the individual glass epoxy tubes
prior to assembly. The concept is to use thesestals a cheaper and less time consuming
method of manufacture when compared with the hayald of glass epoxy tubes. The
dimensions of the specimens are given in Table 10.
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Table 10: Reactor test specimen dimensions

Specimen Type Length Width Depth Wall thickness
(mm) (mm) (mm) (mm)
“A” 300 215 215 5
“B” 200 100 100 4

Figure 80: GRP extruded tubes, specimens “B”

Target performance

The target load for each of the “A” test specimeas be determined from the load-
displacement curve for the existing Bombardier loalesorbers (see Figure 112, Section
6.4). Each individual absorber has a load platédy200 kN, reacted over an area of
0.277 m2 (derived from Bombardier CAD models).

As the area of the test specimens was 0.0%6his gives a target load of 200 kN for each
specimen. Each of the “B” test specimens was 5Qddihg a quarter the area of specimens
“A”). This was equivalent to the strength requitedesist the peak buffer-level energy
absorber collapse load of 1,500 kN (see Figureid B&ction 6.2) in the full cab.
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4.3.2. Test Set-up

Due to the limitations of the test equipment witk faculty, it was not possible to undertake
large scale dynamic testing which would have bessirdble for such test specimens,
therefore quasi-static testing was used. As dssmligh Section 1.7.6 caution should be used
when determining the energy absorption propertieeuquasi-static load conditions where a
magnification of properties can be expected depwndn material choice and specimen
geometry. Consequently this structure underwetticstnd dynamic finite element analysis

by Grasso which assessed its performance undewblghity impact [120].

Target performance

These specimens reside in the reaction zone, trertdfe test specimens needed to
demonstrate that they were capable of reactingé ¢d 200 kN (derived from the crash
scenarios in EN 15227 [28]) without damage to thecture. Additionally, it was
important to establish that quasi-static testingaaying load-rates would not induce

failure in the specimen up to 200 kN loading.

Specimens “A” were tested on the universit#igery-Denison 5000 kN compression loading
machine (Figure 81). Load rates of 40 kN/min, kR@min, 240 kN/min and 1,000 kN/min
were applied to the test specimens up to a lo@D0fkN. This was undertaken to investigate
whether the dynamic toughness and failure of tleeispens could be induced using higher
loadings rates. Due to the limitations of the niiaelis was not possible to get a continuous
data readout during the experiment, however afieh ¢est the specimens were inspected to
identify if cracks of failure had occurred. Aftauccessfully reaching this load target and
determining that failure was not evident, each gpen was subsequently loaded at a rate of
1,000 kN/min to failure.
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Figure 81: Reactor test specimen loaded in Averyigzen5000 kN compression loading machine

Specimens “B” were initially tested on the universi DARTEC Universal Test Machine
(x100 kN), see Figure 82, however the compresdi@mgth of the specimens was found to

be greater than the machine’s capacity, so thespestimens were subsequently transferred to
the university’sAvery-Denison 250kN compression loading machinerehleey were

subsequently loaded to failure at a load-rate @@ kN/min.
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Figure 82: DARTEC Universal Test Machine

4.3.3. Results

Table 11: Results summary for Specimens “A”

Specimens Mass Density’ Loadrate Failure
(kg)  (kg/m®  (to 200kN) load
(KN/min) (kN)

A-01 3.7 266.8 40 592
A-02 3.6 259.6 120 488
A-03 3.7 266.8 240 546

! Density calculated for entire test specimen, poiridividual glass fibre or foam parts.
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Table 11 summarises the results obtained from s gvrapped test specimens. It was
noted during testing that all specimens initiallydd in the bond between the tubes, followed
by catastrophic failure of the external glass wiagisee Figure 83).

Figure 83: Failure mode of Specimens “A”

The average density of the specimens was 264.4°kgittn an average compressive failure
load of 542 kN. The broad variation in the faillwad of the specimens can be attributed to
variations in the manual manufacturing processdhay-up) used to produce the test
specimens. The average failure load of 542 kNvdedia Factor of Safeltpf 2.7 for this
design solution.

Table 12 summarises the results obtained from RE st specimens. It was noted during
testing that all specimens failed at the cornezs &gure 84). This was as a result of failure
in the matrix caused by localised stress conceof@terived from compression induced
(Euler) buckling.

! Actual load bearing capacity versus design loacciap
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Table 12: Results summary for Specimens “B”

Specimens Mass Density’ Load rate Failure

(kg)  (kg/m®) (to failure) load

(KN/min) (kKN)

(kg) - (KN/min) (kN)
B-01 0.530 1725.3 1000 165.0
B-02 0.531 17285 1000 164.8
B-03 0.530 1725.3 1000 157.1
B-04 0.542 1764.3 1000 161.6

Figure 84: Failure mode of specimens B-03 & B-Opeetively

Figure 85 shows the load-displacement curve focispens B-01 to B-04. The blue portion

of the line represents the load-displacement cgererated by the DARTEC controller. The

red portion of the line is the projected lineamrapblation of the graph to the failure load as

determined by the Avery-Denison test machine.

! Density calculated for entire test specimen, poiridividual glass fibre or foam parts.
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Figure 85: Load-displacement curve for Specimend Bo(B-04

There is good consistency in the failure load ffar tB” specimens which can be attributed to
the automated process by which they are manufat{esgrusion). The average density of
the specimens was 1735.8 kgMwith an average compressive failure load of 1&R1 The

average failure load of 162.1 kN gives a Factd8afiety of 3.2 for this design solution.

Using the data from the above results and the matiate in Section 1.7.2, calibration
models were prepared in ANSYS to calibrate the natearameters used by Grasso [120] in

his simulations.

4.3.4. Conclusions & Recommendations

Specimens “A”

In all three test specimens the compressive falhad exceeded the design requirement.
Based on the average failure load of 542 kN agdinestequired design load of 200 kN, the

glass-wrapped foam solution provides a design FattSafety of approximately 2.7.
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All three specimens failed in the following manner:
* Longitudinally in the bond between the tubes,

« Complete catastrophic failure of the outer glagsidcrack propagated around the

circumference of the specimen)

The variation in load rate did not affect the ollaesponse of the specimens.

Specimens “B”

In all four test specimens the compressive failoagl exceeded the design requirement.
Based on the average failure load of 162.1 kN againe required design load of 50 kN, the
extruded GRP solution provides a design safetyfaaftapproximately 3.2.

Using these results Grasso [120] could generateseptative finite element models and
validate the simulation activity in LS-Dyna (Figus6). To populate the material card, the

data in Table 13 was used.

6o% 23 D008
17434:08

Figure 86: LS-dyna model created to validate thiputs of the finite element modelling [120]

Based on these results it has been shown thaesigrdconcept of using composite tubes to
react the loads from the lower energy absorbesaagsessful. Each of the two types of tubes
exceeded the desired design load criteria withtyédetors in excess of 2.5.
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Table 13: Material properties used in the LS-Dyabdation models.

Mechanical properties of M705

CSM with SR1500/SD2507
epoxy resin system
Ex 16000 MPa
Ey 16000 MPa
E, 17000MPa
Viy 0.132
Vyz 0.132
Viz 0.33
Gyy 3500 MPa
vz 4000 MPa
Gy, 4000 MPa
PUR Value
E 56 MPa
v 0.33

The complete finite element model of the cab wasadyically modelled in LS Dyna by
Bombardier and statically modelled by Grasso [128]extract of which is shown in Figure
87, who'’s analysis concluded that there was acb&ptdress distribution throughout the

reactor tubes for the LS-1 load case (see Figuye 19

LS-DYNA KEYWORD DECK B
ime = 1

Contours of Maximum Principal St

max ipt. value
min=-0.0397099, at elem# 64425
max=0.165921, at elem# 66079

Fringe Levels
1669¢-01
1.464e-01
1248e01
1.042e01 _
B8367e-02
631102
4254e02
2198e02
1416e03
-1915e02
3971e-02 |

Figure 87: Reaction zone maximum principal stress faeEN12663 static loads [120]
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The conclusions drawn from these models is thathfergeometries and materials used the
structure is compliant with rail vehicle static ashghamic loadings, demonstrating uniform

stress distribution throughout the structure [120].

4.4. Novelty of Design: Patent Granted

The work undertaken and described in this chapgesents a unique and innovative
approach to the application of composite matematsil vehicle primary structures. The
opportunity to file a patent to protect the degppiiosophy was investigated and
consequently a patent [121] with Bombardier waetfilo protect the concept of a “Light-
weight compound cab structure for a rail vehicl&@he patent was granted internationally
with the number W0O/2012/038383A1 and is availabteugh the World Intellectual
Property Organization (Figure 88).

B niobile | Deutsen | Espafiol | Frangais | B | 230 | Portugués | Pycokai | $3

wWIPO = PATENTSCOPE
=

= it = IC.ANl Machine translation

32. {(W02012038383) LIGHTWEIGHT COMPOUND CAB STRUCTURE FOR A RAIL VEHICLE
PCT Biblio. Data | Description | Claims | National Phase | Mofices  Drawings | Documents

Latest bibliographic data on file with the International Bureau Permalink &
Pub. No.: W0oi2012/0 Internati ication No.: PCT/EP2011/066252

Publication Date: 29.03.2012 International Filing Date: 19.09.2011

IPC: B61D 17/04 (2006.01) &

Applicants: BOMBARDIER TRANSPORTATION GMBH [DE/DEL, Schineberger Ufer 1 10785 Berlin (DE) (For All Designated States Except US).

PROCKAT, Jan [DE/DE]; (DE) {For LS Only)

O'NEILL, Conor [IE/GE]; (GB) (For US Only)

CARRUTHERS, Joseph [GB/GBY; (GB) (For US Only)

ROBINSON, Mark [GBI/GBI (GB) (For US Oniy)
Inventors: PROCKAT, Jan; (DE).

O'NEILL, Conor; (GB).

CARRUTHERS, Joseph; (GE).

ROBINSON, Mark; (GB)

Agent: BROYDE, Marc; Bugnion S.A P.O. Box 375 CH-1211 Geneva 12 (CH)
Priority Data: PCTNB2010/002365 20.09.2010 1B
Title {EN} LIGHTWEIGHT COMPOUND CAB STRUCTURE FOR A RAIL VEHICLE L }
{FR) STRUCTURE DE CABINE DE CONDUITE COMPOSEE ET LEGERE DESTINEE A UN VEHICULE SUR RAIL
Abstract: (EN)An integrated self-supporting and deformation-resistant modular drivers cabin

structure for mounting to the front end of a rail vehicle body and for providing a driver
space and a windshield opening, is composed of a composite sandwich structure with a
single, common, continuous outer skin layer, a single, comman, continuous inner skin
layer and an internal structure wholly covered with and bonded to the inner and outer skin
layers, the internal structure comprising a plurality of core elements. The driver's cabin
structure comprises at least: side pillars each having a lower end and an upper end, and
an undercarriage structure at the lower end of each of the side pillars. The fibre-
reinforced sandwich located in the side pillars is provided with several layers of fibres
ariented to provide a high bending stiffness The fibre-reinforced sandwich of the
undercarriage structure is such as to transfer static and crash |loads without flexural
buckling.

(FR)La présente invention a frait & une structure de cabine de conducteur modulaire,
résistant a la déformation et autoportante intégrée destinée 3 étre montée A 'extrémité
avant dun corps de vénicule sur rail et destinée a fournir un espace conducteur ainsi L
qu'une ouverture de pare-brise La structure de cabine est constituée d'une structure en c i ey
sandwich composée qui est dotée dune couche de protection extérieure unique, - S
commiine at eontiniie diine eouche de nrotection intérisure uninne commine et

Figure 88: WIPO Patent Search showing this authr@ise highlighted as inventor (extracted Feb 2(015}]

111



This patent application was driven by the industige desire by rail vehicle manufacturers

to remove weight from rolling stock as discusse8eaation 1.5.

Protecting the concept and the design philosophindehe cab ensured that competitors
such as Voith would not be able to adopt such anaaeh in future vehicles. Indeed, the
Galea design produced by Voith [123] stops shodebivering a fully integrated cab, using
aluminium honeycomb in a more piecemeal approaghdtect the side pillars rather than
delivering dedicated energy absorption acrossrtird bf the cab for the LDO crash scenario.
The composite pillars derived for this design agacements for existing structures and are

not integrated with the side walls or subfloor danstion (Figure 89 and Figure 90).

Cab
windscreen

Figure 89: Voith's Galea cab concept showing coritpgsllars (A) and protecting aluminium honeycosthucture (B)
(photo taken at Innotrans 2012, Berlin).
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Figure 90: Close-up view of the Galea'’s roof struefulemonstrating the lack of full structural intgpn with the cab - the
composite pillar (A) is connected to the cab s{®&)lby means of a rudimentary composite spacer (@ptp taken at
Innotrans 2012, Berlin).

4.4.1. Patent Abstract

“An integrated self-supporting and deformation-s&snt modular driver's cabin structure for
mounting to the front end of a rail vehicle bodyldar providing a driver space and a
windshield opening, is composed of a composite wartdstructure with a single, common,
continuous outer skin layer, a single, common, icoious inner skin layer and an internal
structure wholly covered with and bonded to thesmand outer skin layers, the internal
structure comprising a plurality of core elemeiitse driver's cabin structure comprises at
least: side pillars each having a lower end andpger end, and an undercarriage structure at
the lower end of each of the side pillars. Thedileinforced sandwich located in the side
pillars is provided with several layers of fibrageoted to provide a high bending stiffness.
The fibre-reinforced sandwich of the undercarriagyacture is such as to transfer static and

crash loads without flexural buckling.”
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4.4.2. Patent Primary Claim:

“An integrated self-supporting and deformation-stmnt modular driver's cabin structure for
mounting to the front end of a rail vehicle body driver's cabin structure having a front end
and a longitudinal direction, the driver's cabirusture providing a driver space and a
windshield opening, the driver's cabin structuresisting of a composite sandwich structure
with a single, common, continuous outer skin lagesingle, common, continuous inner skin
layer and an internal structure wholly covered vaitid bonded to the inner and outer skin
layers, the internal structure comprising a pltyadf core elements, the composite sandwich
structure comprising a unitary matrix for bondihg internal structure, the inner skin layer
and outer skin layer, parts of the outer skin ldyang directly exposed to the outside, parts
of the inner skin layer being directly used as mnall for the driver's cabin, the driver's
cabin structure comprising at least:
- side pillars each having a lower end and an uppey @mprising a fibre-
reinforced sandwich, and
- areactor structure located towards, and integnatttd the lower end of
each of the side pillars, the reactor structuradpeginforced such as to
transfer static and crash loads to the main badgtire of the rail vehicle
and including a central cavity open towards thatflend of the driver's cabin

to accommodate a coupling element for the rail cletii

4.4.3. Patent Detall

Referring to Figure 91 and Figure 92, a modulantfiend structure (10) for a rail vehicle,
consists of three modules: a lower strength princangh zone (12), a higher strength
secondary crush zone (14), which is located betnagrimary crush zone and contains the
majority of the cab’s energy absorption capabilyd a reaction zone (16) which is able to
resist the collapse loads of the two frontal crzshes whilst protecting the driver and

ensuring that any forces are properly transferoetié main part of the coach body.

The nose (12) is designed to be easily detachedeaatiached to facilitate repair or

replacement following minor collisions and conttésito the overall energy absorption
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capability of the cab. Energy absorbing matealg structures are suitably deployed within

the available design envelope of the nose.

Figure 91: Annotated front view of cab [121]
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Figure 92: Annotated vertical cross-section of [d#t]

115



The secondary crush zone (14) includes lower, bidfeel energy absorbers (18) and upper

energy absorber (20) — see Chapters 5 and 6 resggct

The lower, buffer-level energy absorbers are tweroghangeable discrete energy absorbers
(18A) (18B) with an aluminium honeycomb sandwiclmstouction which provides excellent

performance levels in terms of constant and cootistabsorbed energy during a crash.

The upper energy absorber (20) consists of a bliged energy absorbing zone, which runs
across the width of the cab as illustrated in Feg28. The main function of the upper energy
absorber is to resist the collision with a deforlaaibstacle. As the deformable obstacle
provides a distributed load input to the cab, tbe of a distributed energy absorbing zone, i.e.
a zone that extends continuously from side to sfdbe front-end, is preferable to the use of
discrete energy absorbing elements. The uppeggmésorber is be formed as a multi-layer
aluminium honeycomb sandwich (see Section 5.1rladdition to providing an energy

absorption capability, the crossbeam provides erdgthmissile protection for the driver.

ﬁﬂ - L.

24 /\)\f 26 g
28 TN Ny ‘/3_3;\
//l' e il
30B
_\_—_-——/
20
\—/‘/

Figure 93: Annotated horizontal cross section of [d21]
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The driver’s cabin structure comprises side pil[@&A, 30B) each having a lower end and an
upper end, a reactor structure (32) at the lowdrareach of the side pillars, and is integral
with a roof structure (34).

The reaction zone (16) forms an integrated selpstng and deformation-resistant driver’s
cabin structure (22). This structure, depicte#ligure 94, is composed of a sandwich
composite structure produced from glass fibre cgodd polymer (GFRP) layers with a
single, common, continuous outer skin layer (24ingle, common, continuous inner skin
layer (26) and an internal structure produced feord polymer foam (16) wholly covered

with and bonded to the inner and outer skin layers.

Figure 94: Annotated horizontal cross section f gidlar [121]

The reactor structure (32) in the lower buffer oagi (Figure 95) consists of an array of
bonded square-section foam cores wrapped in glaesréinforced polymer (GFRP) to
produce a macro-cellular structure to transfer soadhout flexural buckling. The pillar
regions (30A, 30B) above the reactor structure etswsist of an assembly of GFRP and foam
cores. Each vertical column of foam in the pillersandwiched between continuous vertical
layers of GFRP to produce a multi-layer sandwichstiuction to provide a high bending
stiffness to the side pillars.
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Figure 95: Annotated vertical cross section throcah pillars and reactors [121]
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Chapter 5: Design of a lightweight space constraimkeupper energy
absorber
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5.1. Design for Crashworthiness

As well as meeting the crash criteria set out ictiSa 4.1 the upper energy absorber design
must also provide the same energy absorption prafilset out in the Bombardier
specification [124] and detailed in Figure 96. dhill ensure that the absorber meets the

same standard as existing cabs in order for ietddemed a suitable replacement.

It can be seen from Figure 96 that a single absdra® a stroke of approximately 500 mm

and a uniform crush plateau of 700 kN. This presid useful energy absorption capacity of
approximately 350 kJ (i.e. area under the grapio). the combined upper absorbers this gives
a crush plateau of 1400 kN and an energy absorpépacity of 700 kJ.

2500

Upper
energy absorber

2000 H

Force (kN)
= [
o (&)
o o
o o

500 ~ Energy

Absorbed
=350 kJ

O T T 1 T
0 200 400 600 800 1000
Displacement (mm)

Figure 96: Force-displacement characteristic ohgle upper energy absorber in the Bombardier calgde

In addition to the crash loading, the rail vehslieictural loads specified in EN 12663,
“Structural requirements of railway vehicle bodi¢35] place a requirement on rail cabs to
react longitudinal proof loads of 300 kN in thispgp absorber area. This compressive force

is distributed across the front of the cab at tiraes height as the upper energy absorbers and
the new design must also satisfy this condition.
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5.1.1. Design Concept

Based on these European standards and Bombargigrerents a new design concept was
created for the upper energy absorbers in whicdl@minium honeycomb beam, stabilized by
aluminium plate, would be located across the fodrihe rail cab. It would be positioned at
the same location as the existing upper absorhersi@signed to fit into the existing cab shell
without making changes to the cab’s external aagranyc surface. The beam will be
mounted on the two pillars described in Section3vhich will transmit the loads rearwards

into the main vehicle body.

To determine the general dimensions of the beagnvdlume available within the design
needs to be reconfigured for a rectangular shagaré-97 shows a horizontal cross section
of the cab of the Bombardier SPACIUM vehicle atltteation of the existing upper energy
absorbers. The shape can be approximated by aeflgmee (red) with major axis of 3.408 m

and minor axis of 0.955 m.

A D B

Figure 97: Front of the Bombardier Spacium cab &demi-elliptical approximation.

The rectangular shape of the new energy absorbebeaalculated using equation  (35) to
determine the length of the base and equationt@d¢termine the height (see Section 3.4).
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Using equation (35) the base length of the honeycbeam is:
AB = (1.704)(V2) = 241m
Using equation (37) the height of the honeycombrbesa

CD = 0—85 =0.6m
V2
From these equations the length of the rectandnaiaeycomb beam was determined to be
2.410 m and the height to be 0.6 m. The maximupthdavailable was measured to be 0.675
m (i.e. the depth of the existing energy absorb&his is the first iteration and will be
assessed as a single beam to identify if a suitadleycomb can be used to comply with the
energy absorbing requirements. If compliant, fartiterations as describe in Section 3.4 will

not be deemed necessary.

Aluminium
Honeycomb
Beam

Large Deformable
Object

0.675
D

1.75

Figure 98: Location of the honeycomb beam absasliterrespect to the Large Deformable Object crasmario

Figure 98 depicts the positioning of the new howoeyls absorber with respect to the LDO
crash scenario, and Figure 99 shows the concegégadn with the honeycomb cells axially

aligned with the direction of travel.
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Figure 99: Conceptual design and assembly of homelydzeam upper absorber

5.1.2. Honeycomb Selection

Due to the significant energy absorption requiretmenthe LDO crash scenario, it is this
requirement that drives the honeycomb materiactele of the upper energy absorber. The
energy absorbed in the collisida,f9) can be approximated as the product of the masshcr
load Pcrush-meap @nd crush distancefusy as given in (44).

Eabs ~ (Pcrush—mean)(scrush) (44)

- Eabs = (Ucrush) (Aupp) (Lupp) (80%) (45)

whereaocsnis the crushing stres8,,,is the area of the upper absorliep, is the length of

the upper absorber (measured fore to aft) and &pesents the assumed useful stroke of the
absorber.

Rearranging (45) gives:

Eabs
(AUPP) (LUPP) (80%)

Ocrush = (46)
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Section 5.1 defines the energy absorption requingie 700 kJ. Substituting this value and

the dimensions in Section 5.1.1 into (46) gives:

o.. .= 089aVPa

crush —

The material chosen to meet this requirement weséed from the selection tables
provided by Hexcel for their 5052 Aluminium Alloye®agonal Honeycomb [113]. From the
Hexcel table in [113] (reproduced here in part abl@ 14), the most suitable honeycomb
density with a crush strength of 0.896 MPa is QR./8-5052-.0007.

Table 14: Properties for 5052 Aluminium Alloy Hexagl Honeycomb [113]

Compressive

CR 111 5052 Alloy . Crush
o Density
Aluminium (kg/m?) = Strength
Honeycomb 4 Bare Stabilised (MPa)
Strength Strength Modulus
(MPa) (MPa) (MPa)
1/8-5052-.001 48.1 3.79 3.93 1034.21 1.793
1/8-5052-.0015 64.1 6.76 7.03 1654.74 3.103
1/8-5052-.002 80.1 10.34 10.76 2413.17 5.171
1/8-5052-.0025 96.1 14.48 15.51 3447.38 7.239
1/8-5052-.003 128.1 18.62 19.99 6205.28 9.308

The stress experienced by the absorber under ktatimg conditionsdiay) for the absorber
can be determined from the proof lo#&{.r) and the load are@\gaq) which is assumed to be

of 0.1 m height across the front of the absorber.

proof
Aload

Ostat = (47)

Using (47) and a value of 300 kN for the proof Idaun Section 5.1 gives:

O = 124MPa

stat
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From the Hexcel data sheet [113] it was determthatithe compressive strength of CR Il
1/8-5052-.0007 honeycomb is 2.07 MPa. This meaausthe CR 11l 1/8-5052-.0007 material
satisfies both the crash and proof load requiresaeHbwever, the compressive strength of
the material is significantly higher than requisara less dense material may also fit this
requirement. An alternative aluminium honeycomicCe¥f 111 3/8-5050-.002 presented in the
Hexcel data sheet [113] has a compressive straidil838 MPa but its crush strength may
not be sufficient given the geometry of the conaaptiesign. Both materials will be

investigated to determine their suitability.

5.2. Design Optimisation

The two material options selected in Section 5ptd¥ide the material properties which can
be used by finite element analysis software to lbgvihe conceptual design into detailed
geometry. Aluminium honeycomb is an orthotropidenial and provides the maximum
energy absorption when the cells are axially akigweh the load. To determine the
feasibility of the beam design it was necessamynierstand the load paths through the beam
and its supporting structure. Excessive lateralentical loads may lead to cell buckling,

weakening the structure and reducing its energgrabisn properties.

5.2.1. Load Path Analysis

The first aspect of the conceptual design invettgjavas to determine the reaction of a
stabilized honeycomb beam under uniform loadingpseued at two locations by pillars. The
beam was modelled using a 10 mm aluminium seri@8-G56 backplate to transmit the loads
into the pillars. A static finite element modelsvaeated in ANSYS Workbench using the

material properties in Table 15.
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Table 15: Material properties of aluminium platel &moneycomb used in finite element model

Aluminium CR Ill 1/8-5052-.0007
6106-T6 Aluminium honeycomb

Density (kg/nT) 2770 49.6
z-dir (axial) 517
Young's Modulus (MPa) : 71000
x-dir
5.17
(lateral)
y-dir
(vertical) 517
Poisson’s Ratio 0.33 0.05
Xz 310.3
Shear Modulus (MPa) YZ 26000 151.7
XY 2.3
Compressive Yield Strength (MPa) 230 0.9
Relative volume at full compaction 0.2

The backplate was given fixed supports in two liocest and the front of the beam was

subjected to a 1 mm displacement load (Figure 100).

Figure 100: Upper absorber beam in ANSYS showikgtion of supports (A) and displacement load (B)

The total deformation of the beam was analysediaagroportional displacement vector
results are shown in Figure 101. From this figure clear that the portion of the honeycomb
beam between the supports does not deform as geba lmw magnitude vectors, indicating
that the honeycomb will not crush in this region.
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Figure 101: Upper absorber beam with flat backpdatewving proportional vectors of total deformatiorder load

This analysis was confirmed by testing a small darapstabilized honeycomb under

conditions commensurate with the finite element ehod

5.2.2. Test Set-up

The stabilised honeycomb sandwich specimen was faemwed by Alcore Brigantine to the

dimensions in Table 16.

Table 16: Dimensional properties of stabilized h@oenb specimen.

Property \(ﬁlxs
Length 100
Width 50
Depth 15
Skin thickness 1
Cell wall thickness 0.05
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The stabilised honeycomb specimen was mounted omst®el blocks (25 x 25 x100 mm) to
represent the non-continuous support of the mogmtithars within the cab design, see Figure
103. The test was carried out on Newcastle UnityesDARTEC Universal Test Machine
(Figure 102).

Figure 102 DARTEC Universal Test Machine at Newcastle Universit

Load was introduced by means of a steel faceplatented on the upper load head of the test
machine at a rate of 0.5 kN/s until the honeycomiivben the mounting blocks and the load
head reached a fully compressed state. Displadesnernoad were measured via the
DARTEC’s ZWICK controller and associated Workshdps@ftware.

Steel faceplate

Test specimen

Mounting blocks

Figure 103: Test set-up for stabilised honeycomiepa
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5.2.3. Results

Due to material availability only one specimen wested and this author recommends more
comprehensive test programme to better undershenchéchanics of failure in such
structures under simply-supported loads. As sadctll statistical analysis is not available,

however the indicative nature of the test allowsme@onclusions to be drawn:

During the test the honeycomb above the mountiogksl crushed while the material between
the mounting blocks pushed downwards into the upstipd area. As the crush continued,
this movement deformed the lower skin of the saobywtausing it to be pulled laterally
across the mounting blocks. This led to laterébheation of the honeycomb cells which

weakened the structure.

The load-displacement curve for the test specimehown in Figure 104. The curve is
typical of honeycomb materials, however the lackrashing in the specimen between the
support blocks infers that the total energy absibdmeild be considerably higher for the

specimen.

10

Load (kN)
(6]

Stroke (mm)

Figure 104: Load-displacement curve for stabilisedeycomb panel.

The test demonstrated that the unsupported pasfitime panel, i.e. the region between the
mounting blocks, did not exhibit any crushing ie titoneycomb (Figure 105a) leading to an
arched protrusion. Those regions of the panel kvtid crush were significantly weakened

by the lateral deformation caused by the movemetiteosandwich skin (Figure 105b). This
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movement caused the walls of the honeycomb celsitkle rather than fold progressively
(the failure mode which absorbs the most energy).

Figure 105: Sandwich panel after testing exhibitifay lack of honeycomb crushing in unsupportedoregnd, (b) lateral
deformation of cells due to skin movement.

5.2.4. Refining the model

It is concluded from this test that a stabilizediéycomb panel will not react impact loads in
the desired manner if it is not sufficiently reirfed with a suitable backing plate, i.e. it will
form a hemispherical protrusion which could intrahethe driver’s survival space.

The recommendation from this test is to supportctdrgral honeycomb beam using a curved
steel backplate which will introduce load pathsiirthe centre of the beam out to the pillars.
This will ensure that the honeycomb begins crusimrg predictable manner across the entire
front face of the beam delivering improved enerigyamption. Figure 106 below shows the

recommended conceptual design for the upper eradrgyrber using aluminium honeycomb.
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Figure 106 Optimized upper energy absorber design.

The CAD model was modified with a curved backplaéeng introduced to resist the through

penetration of the beam between the pillars. Asrbea finite element model was created in
ANSYS using a mesh size of 50 mm for the aluminhoneycomb and 20 mm for the curved
mild steel backplate (Figure 107). Table 17 shtivesmaterial properties used in the static

structural analysis.

Table 17: Material properties of mild steel and émomb used in finite element model

Mild Steel CRII _1/8-5052-.0007
Aluminium honeycomb
Density (kg/nT) 7850 49.6
z-dir (axial) 517
Young’s Modulus (MPa) : 206000
x-dir
5.17
(lateral)
y-dir
(vertical) 517
Poisson’s Ratio 0.27 0.05
XZ 310.3
Shear Modulus (MPa) YZ 80000 151.7
XY 2.3
Compressive Yield Strength (MPa) 248 0.9
Relative volume at full compaction 0.2
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Figure 107: Meshed model of refined upper energpdier

The same 1 mm displacement was applied to derietreto indicate the magnitude of the
displacement across the beam (“B” in Figure 108) tavo supports (“A” in Figure 108) were

located to represent the interface with the pillars

Figure 108: FE model loads and supports for theedfbeam

Figure 109 shows the resulting displacement vedtorthe refined beam. This figure shows

significantly more deformation in the honeycomboasrthe entire width of the material,
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indicating that the curved backplate is resistimglbads and causing the honeycomb to
uniformly deform. Higher magnitude vectors betwésn supports indicate substantial
deformation in this region. This improved deformoatof the material will ensure that the

entire honeycomb in the beam will crush and absodrgy during impact.

Figure 109: Upper absorber beam with curved batislaowing proportional vectors of total deformatimder load

5.2.5. Energy Absorption

Using the design developed in Section 5.2.1 theefelement model underwent dynamic
analysis by Grasso [120] using an anisotropic modplemented in LS-DYNA using
MAT_HONEYCOMB (MAT-26) and the material propertidescribed in Table 17. Two
densities of aluminium honeycomb were modelledei®anine which was the most suitable
and lightweight material that satisfied the crastthioess requirements; CR 11l 1/8-5052-
.0007 (49.6 kg/r) and CR Il 3/8-5050-.002 (48.1 kgiin
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Figure 110: Load displacement curve and targetlpriufr CR 11l 1/8-5052-.0007 aluminium honeycomb

Figure 110 & Figure 111 show the load displacencentes for the CR 11l 1/8-5052-.0007
(labelled as “3.1 pcf profile”) and CR 11l 3/8-505002 (labelled as “3.0 pcf profile”)
honeycomb respectively. Whilst CR III 1/8-50520@0meets the target energy absorption of
700 kJ the profile of the load-displacement curveeeds the target profile. The CR 111 3/8-

5050-.002 honeycomb offers the opportunity to fertteduce weight and as can be seen in
Figure 111 the energy absorbed was 80anrdithe target profile is now achieved. This
makes the CR 11l 3/8-5050-.002 aluminium honeycdah@bmaterial of choice for the energy

absorber.
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Figure 111: Load displacement curve and targeilprfdr CR 11l 3/8-5050-.002 aluminium honeycomb
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5.3.Conclusions

From the design calculations (Section 5.1.2) thellCR8-5052-.0007 aluminium
honeycomb material was chosen as the ideal hondydamsity to meet both the 700 kJ
energy absorption and 1400 kN crush plateau tardédsvever, having optimized the design
by identifying the load paths through the uppermabsr it can be seen in Figure 110 that the
CR 11l 1/8-5052-.0007 material is providing excesergy absorption. The total energy
absorbed is 140 kJ higher than necessary anduka ptateau is approximately 300 kN
higher than the target profile.

The load-displacement profile of the CR Il 3/8-80902 honeycomb as shown in Figure
111 is a much better match to the target profilee total energy absorbed is just 101 kJ
above the requirement and the crush plateau isl&thkN higher than the target. This
material also meets the 300 kN proof load requirdro€EEN 12663 (see LS-5 in Figure 19).

Materials of a lower density as detailed in thes@88oy tables in [113] such as the CR IlI
5/32-5052-.0007 or CR Il 1/4-5052-.001 materialrd meet the proof load requirements so

further optimization is not possible within this t@aal listing.

Based on these findings the CR 11l 3/8-5050-.0@2rahium honeycomb mounted on a mild
steel curved backplate and axially aligned withdhrection of travel will provide sufficient
energy absorption capacity to react the large dedbie object crashworthiness scenario. In
addition it will possess sufficient strength toattine proof loads required in this area of the

driver’s cab.

As a single beam design solution is compliant agjdhe European standards, further
iterations (as described in Chapter 3) to maxirthsedesign space are not strictly necessary
and would require additional refinement of the mateselections based on densities and
crush strength which would incur additional costghie manufacturer without contributing to

the achievement of compliance.

The estimated mass of the D-CAB upper energy absadiution is found to be 128 kg,
which is a saving in excess of 60% when compardde@xisting SPACIUM upper

absorbers.
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Chapter 6: Design of lightweight space constrainebwer energy absorbers
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6.1. Introduction

The design of a pair of buffer or lower-level enealpsorbers to meet the crashworthiness
requirements described in Section 4.1 can be ciwallg, especially if the goal of the
redesign is to reduce the overall mass of thevediicle. Indeed, one of the more difficult
crash scenarios defined in EN 15227 [28] is the #Qoffset case for a collision with an
identical unit. This requirement is driven by tieed to minimise the likelihood of over-
riding occurring during impact, i.e. when one of thehicles is forced over the top of the

other.

The Bombardier SPACIUM driver’s cab was again usethe basis for the design, and for
the lower energy absorbers the intention was tota@ the overall geometry, position and

performance of the existing devices.

6.2. Crashworthiness Requirements

Bombardier’s required lower level energy absorlefgymance is defined in Figure 112.
Each device should have a crush force of 1,200rdNaacrush stroke of 900 mm. This

should provide a useful energy absorption capadigpproximately 1,100 kJ.

2500
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energy absorber
2000 A
é 1500 *\
[
e i
uc: 1000 ~ |
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Figure 112: Force-displacement characteristic sihgle lower energy absorber in the Bombardier g [119]
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6.3. Design Considerations

In order to produce a lightweight absorber thattsi\dee crashworthiness requirements
aluminium honeycomb was again chosen as the emdgpyrbing element. The predictable
crushing behaviour of the material means thatdked energy absorbed by the design can be

quickly established (see Section 2.2.3.1).

Unlike the upper energy absorber where a beammdyeomb was designed to stretch across
the front of the vehicle, the volume of space aladd for the lower absorbers is heavily
restricted. This is primarily due to the preseatthe coupler which cannot be designed out.
As such, the new design must fit within a volumejédice no greater than that which is
occupied by the original absorbers and must bdddda the same position to meet load path
requirements. This provided the absorber desigelepe which could not be penetrated by

the new design.

6.3.1. Prior Art

The existing energy absorber design consists tded sase mounted on supports with
bespoke anti-climbers located at the front (FigLk8). The mode of energy absorption for
this type of design is through folding of the steste as the load is applied. The amount of
energy absorbed is related to the type and thickoksteel used, the trigger mechanism
employed, and the folding mechanism of the casamgsymmetric or non-axisymmetric) [63].

Steel case N EaC“P'EfEIIEEUPﬁGFt}I

., ~

Anti-climbers —

Figure 113: Typical energy absorber design [119]
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Crushing is triggered to begin just aft of the ahitnber, progressing rearward until fully
collapsed. To ensure the absorbers remain aligmtdheir counterpart during offset
impacts, the internal structure consists of guide pnd guide plates. The pins penetrate
through holes in the guide plates, thus keepingtiteclimber in a vertical position

throughout the impact.

Guide plates Backplate

Anti-climber
. (support)

Guide pins

Figure 114: Internal structure of original absogjdr19]

Whilst this design succeeds in meeting the enebbgpiption requirements for the vehicle

there are three key aspects of this design solwttdoh should be noted:

1. Mass— These devices are designed primarily to abswebgy and therefore mass has
not been a principle design driver. As a resu#, rtiaterials used and the internal
design make it a particularly heavy design solution

2. Through penetration — The guide pin/plate mechanism keeps the amtibsr
aligned during impact but as a result the pins patethrough the support plate and
into the space aft of the bulkhead. Whilst thisas a safety concern, it impacts the
design of the structure behind the absorber, Iggidia heavier design solution in this
region to compensate for this phenomenon.

3. Unused volume— The method by which energy is absorbed is bynseéfolding of
the steel outer shell of the absorber. The intestmacture (pins and guide plates) do
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not themselves absorb energy but merely guidedidenfy process. As such there is a

significant volumewithin the design which is not being used to absorb gnerg

In the following sections each of these key aspedtde addressed to produce an absorber

design that is both lightweight and meets crashwoess standards.

6.3.2. The Issue of Mass

The first step in reducing the mass of the enelppeber design is to investigate the materials
currently employed and the method by which thestenads are deployed within the design

to absorb energy. Steel has traditionally beed dse to its known properties, its relatively
low cost and its ability to absorb energy througldinhg. Modifying the thickness of the steel
and optimising the trigger mechanism means thatrttdaterial can be employed to absorb
varying amounts of energy as required. Howeveg,tduts relatively high density, steel does

not represent a lightweight solution to energy gitson requirements.

Aluminium produces a lighter solution from a madéperspective, however operationally it
lacks the ductility of steel to absorb sufficieneegy should a straight swap of materials be

implemented. As such, the design needs to be ressketl if aluminium is to be utilised.

Rather than attempting to mimic the large-scaldif@g mechanism of the prior-art,

aluminium can be used in the form of thin-walledds of smaller diameter, thereby
facilitating energy absorption through folding omach smaller scale. Individually these
tubes absorb a small proportion of energy, but whenerous tubes are combined to function
in unison (such as in aluminium honeycomb), lang@ants of energy can be absorbed

without significantly increasing the mass of theaiber.

140



6.3.3. Preventing Through-penetration

As discussed in Section 6.3.1 the function of thielg pins is to ensure that the anti-climber
remains in a vertical position throughout the crasuence. When the absorber is fully
crushed these pins protrude through the bulkheaghich the absorber is attached. On rail
vehicles where space is available behind the balilieis is not significant issue (although it
does require local reinforcement due to stressanations around the introduced holes in
the bulkhead). However, in space-constrained degqsuch as trams), penetration through
the bulkhead is undesirable. Therefore a soluigaquired where the anti-climbers remain
in a vertical position by means of a mechanismaiinen guide pins (Section 6.4 describes in

more detail how this can be achieved).

6.3.4. Optimal use of the Available Volume

By removing the guide pins as suggested in Seéii8r3 and the associated guide plates, the
volume available within the design is dramaticatigreased. By introducing an energy
absorbing material such as aluminium honeycombthivolume the design can make
optimal use of the available space and therebyass its energy absorption capabilities.
Increasing the potential to absorb energy withendbvice decreases the requirement to
absorb energy through the outer casing, to thet pdiere it is no longer necessary for this
part of the structure to absorb energy at all.sTHompletely removes the requirement for a
dedicated steel casing which can now be repladed lighter materials such as aluminium,
thereby driving down the mass of the design witlemmhpromising its capacity to absorb

energy.

6.4. Design of a lightweight Self-correcting Energy Absidoer

To address the shortcomings of the original deaigew and innovative absorber design was
developed. As discussed in Section 2.2.3.1, alwmirnoneycomb has excellent and

predictable energy absorption properties. In a&oldiio this the material also has one other
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key and inherent property, that of self-alignmewthen aluminium honeycomb crushes, each

cell acts as individual tubes, the folding of whpniovides the energy absorption (Figure 115).

Figure 115: Folding mechanism of aluminium honeybamalls

Once fully compressed, the block of honeycomb foarssff, rigid panel which can become,

through innovative design, a load-bearing structuthkin the energy absorber.
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Figure 116: Self-aligning crush sequence of alunmimhoneycomb
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Figure 116 describes the mechanism by which a médakuminium honeycomb causes a
load to self-align with the axial direction of thells.

A) Should the applied load be offset (as in the crasthwness standards), the
honeycomb begins crushing at one side of the nateri

B) When this area becomes fully crushed, it formsfeydate which cannot crush
further (see Figure 57 in Section 2.2.3.1).

C) This forces the applied load to be absorbed irgauticrushed portion (area of
least resistance) thus causing the absorber tbdbgh” bringing the
frontplate back into vertical alignment.

D) This process continues until the entire honeycotabkis crushed.

To utilise this unique property to create a salfrahg absorber a new crushing methodology
was devised. Rather than having the crush sequxagse at the point closest to the impact
(i.e. directly behind the anti-climber) the crustdesigned to begin at the point furthest from
impact (i.e. at the support plates). This movescéntre of rotation of the anti-climbers to a
point furthest away from the point of impact, th®reeducing local rotational effects which
could lead to the anti-climbers becoming disengagéds is especially relevant during a

collision with a significant vertical offset betweabsorbers.

This shifting of the rotational centre can be acbdethrough intelligent deployment of
aluminium honeycomb within the energy absorberth&athan filling the available volume
with a single block of the energy absorbing matenamerous blocks of honeycomb can be
arranged inside, stacked on top of each otherraedlayered with thin aluminium sheet (this

prevents interpenetration of the honeycomb blonts @ach other).

Arranging the energy absorption blocks in ordeinofeasing deformation resistance (and
therefore density) in a direction moving away frtma backplate provides the advantage of
initiating the deformation of the energy absorliex bbcation furthest from the point of
impact. Figure 117 shows a cross-section of the flesign for the lower energy absorber,
detailing the internal structure using multiple Bgoomb blocks of different densities

increasing in steps from lowest density (brownhitghest density (orange).

143



Figure 117: Cross-section of energy absorber desigwing individual honeycomb blocks

As a result of this set-up, any rotational compadmdmieformation force will crush the
deformable material more on one side than on therotThis in turn causes a tendency for
the uncrushed part of the material to become mas#yecrushed than the crushed part, which
in turn initiates a rotational component of defotima force opposite to the original rotational

component.

6.5. Simulation

To prove the functionality and capability to thevkr energy absorber design a series of
simulations were conducted at NewRail [120] agdimstimpact requirements as set out in
EN 15227. Achievement of validation of absorbesiges for the rail industry is achieved
through simulation, with the material propertiesigedetermined through physical testing.

To characterise the honeycomb behaviour within dyod&EA models compression tests
were conducted on CR Il 1/8-5052-.0007 aluminiunndycomb blocks (Figure 118). Two
blocks having dimensions 100 x 75 x 50 mm wereetest a fully supported mode under
compression using the University’s DARTEC Universakt Machine (Section 4.3.2 Figure
82).
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Figure 118: Aluminium honeycomb test specimen

The specimen was aligned within the machine suatitkvould be uniformly loaded on the
upper face and continually supported on the loweef The specimen was then loaded at a

rate of 0.5 mm/s until the honeycomb had reachiedlyacompressed state (Figure 119).

Figure 119: Fully compressed state of aluminiumegyagomb block
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Aluminium Honeycomb Block Compression Tests
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Figure 120: Compression profiles of two aluminiuanaycomb blocks.

Using this material data, Grasso [120] derivedrthmmerical curves through simulation and

implemented them in the absorber design derive&eution 6.4

To demonstrate the self-correcting capabilitiethefabsorber design the results of the FEA
simulations for the 40mm offset case (see Secti8hid detailed below. Figure 121 shows
the initial configuration of the energy absorbemsdimulation, and the finite element analysis
(FEA) mesh is shown in Figure 122 which detailsittternal configuration of the absorbers.

r

o U o oy T

A

Figure 121: Initial configuration of the FEA model 40mm offset case
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Figure 122: Internal structure of absorbers and Rte&h

Figure 123 shows the simulated impact mid-way thhoilne collapse sequence. The

honeycomb blocks closest to the reaction zone @arecompletely crushed, forming solid
plates against which the remaining honeycomb bledksrush. The arrows indicate the
regions of the honeycomb which are in the procésging crushed (see Figure 116c for

comparison).

Figure 123: Mid-way through crush sequence (ndtg é@mpressed honeycomb blocks furthest from pofrimpact)

When fully crushed (Figure 124) the final configima of the energy absorber is such that the
anti-climbers remain engaged and in a verticaltposithus assisting in preventing
overriding of the coaches.

Figure 124: Fully crushed absorbers (note antifofira remain in a vertical position)
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Figure 125: Load-Displacement curve for D-CAB lowabsorbers [120]

The total energy absorbed by the energy absorbassietermined to be 1,451 kJ, which
when combined with the other energy absorbing efesnef the design (Section 7.1.1) deliver
a complete and compliant crashworthy structure iwmeets rail industry standards.

6.6. Conclusions

Within this chapter it has been shown that throoptimal use of the volume within existing
absorber designs a lightweight, fully functioniatleeffective energy absorber can be
developed. By introducing aluminium honeycomb manner such that it begins crushing at
the point furthest from impact it inherently begtosself-align, keeping the anti-climbers
engaged throughout the crush stroke thereby priemgoverriding of the vehicles.

The estimated mass of a single D-CAB buffer-levirgy absorber is 113 kg. This represents
a mass saving of more than 50% when compared texiseng SPACIUM device.
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6.7. Novelty of Design: Patent Granted

As a result of the work undertaken and describdtigichapter, a patent [125] was registered
to protect the innovative concept of a “Self-cotireg crash energy absorber”. The patent
was granted internationally with the number WO/2012884A1 and is available through the
World Intellectual Property Organization (Figures)2
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Application Number: 10739952 Application Date: 23.07.2010

Publication Number: 2459429 Publication Date: 06.06.2012
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Title: {FR) ABSORBEUR D'ENERGIE DE COLLISION AUTO-CORRECTEUR
{EN) SELF-CORRECTING CRASH ENERGY ABSORBER
{DE) SELBSTKORRIGIERENDER AUFPRALL ENERGIEABSORBER

Abstract: {FR) La présente invention se rapporte & un absorbeur d'énergie (102) destiné a
absorber I'énergie cinétigue d'un vénicule. L'absorbeur d'énergie comprend un boitier
(104} congu paur étre monté sur une carrosserie de véhicule, et des blocs d'absorption
dénergie (112, 114, 116, 118), chacun ayant au moins un matériau déformable respectit
concu pour absorber I'énergie par sa déformation et ayant une résistance ala
déformation respective. Les blocs d'absorption d'énergie sont agencés sensiblement
dans l'ordre séquentiellement croissant de |a résistance a la déformation, et I'absorbeur
d'énergie est concu pour étre monté sur la carrosserie de véhicule de sorte que les blocs
d'absorption d'énergie soient agencés sensiblement dans I'ordre séquentiellement
croissant de |a résistance & al déformation dans une direction s'éloignant de la
carrosserie de véhicule
(EN} An energy absorber (102) for absorbing kinetic energy of a vehicle is disclosed. The
energy absorber comprises a housing (104) adapted to be mounted to a venicle body,
and energy absorber blocks {112, 114, 116, 118), each of which has at least one
respective deformable material adapted to absorb energy by being deformed and having
a respective deformation resistance. The energy absorber blocks are arranged
substantially in order of sequentially increasing deformation resistance, and the energy
absorber is adapted to be mounted to the vehicle body such that the energy absorber
blocks are arranged substantially in order of increasing deformation resistance in a
direction moving away from the vehicle body.

FIG. 2
PRICR ART

Figure 126: WIPO Patent Search showing this aushmaime highlighted as inventor (extracted Feb 2[128)]

6.7.1. Patent Abstract

“An energy absorber for absorbing kinetic energg ekhicle is disclosed. The energy
absorber comprises a housing adapted to be motm#edehicle body, and energy absorber

blocks, each of which has at least one respectf@thable material adapted to absorb
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energy by being deformed and having a respectif@mation resistance. The energy
absorber blocks are arranged substantially in arfisequentially increasing deformation
resistance, and the energy absorber is adaptezirtwbnted to the vehicle body such that the
energy absorber blocks are arranged substantmatiyder of increasing deformation

resistance in a direction moving away from the giehibody.”

6.7.2. Patent Primary Claim

“An energy absorption apparatus for absorbing ktretergy of a vehicle, the apparatus
comprising: a support adapted to be mounted tdecheebody; and energy absorption means
mounted to the support and comprising a pluralitgreergy absorption portions, each of
which has at least one respective deformable nahtaiapted to absorb energy by being
deformed and having a respective deformation @sist wherein the energy absorption
portions are arranged substantially in order otisetjally increasing deformation resistance,
and the apparatus is adapted to be mounted tcethiele body such that the energy
absorption portions are arranged substantiallydeioof increasing deformation resistance in
a direction moving away from the vehicle body.”

6.7.1. Patent Detail

Referring to Figure 127 and Figure 128, an enelgpeber (102) for mounting to a ralil
vehicle has a support in the form of an aluminiwwading (104) having a steel anti-climber
plate (106) mounted to one end of the housing,amnaluminium back plate (108) mounted to
the other end of the housing. The back plate 1@8resged to be mounted to a body of the
rail vehicle. The housing is provided with a seré¢ weakened regions (110) spaced apart
along the length of the housing, to enable it tilapse and progressively fold in the event of

a sufficiently large impact on the anti-climbertgla
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Figure 128: Partly cut away view of the energy absp[125]

A series of energy absorber blocks (112, 114, 118) are arranged inside the housing and
are each formed from a crushable material sucluasirdum honeycomb material or
crushable foam material. The energy absorber blbeke different crush resistances and are
arranged in order of increasing crush resistaneedimection from the back plate to the anti-
climber plate, so that the block of weakest mal¢tia?) is in contact with the back plate, and
the block of strongest material (118) is in contaith the anti-climber plate. Aluminium
support plates (120, 122, 124) are positioned twéen the energy absorption blocks to
prevent the blocks interpenetrating one another.

In the event of a collision between two rail vebgprovided with identical energy absorbers
of the type shown in Figure 127 and Figure 128 athie-climber plates of the energy

absorbers initially engage each other such thgesdan the anti-climber plates engage and
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resist vertical sliding motion to minimise the riskone vehicle climbing onto the other
vehicle. Since the energy absorber block of sretatirish resistance of each energy absorber
is arranged adjacent the back plate, crushingiteréfore energy absorption, occurs initially
in the block adjacent the back plates. When coterishing of the energy absorber block
112 has occurred, crushing of the remaining bl¢tkg, 116, 118) occurs in order of
increasing crush resistance, i.e. progressivedydirection from the back plate towards the

anti-climber plate.

If, as a result of the two rail vehicles being Btlg offset in position relative to each other
causing an offset in height between the anti-clingdates, the impact force is applied
unevenly to the energy absorbers, producing ratatimovement of the anti-climber plates
relative to the back plates. If this rotationalvement is as shown in Figure 129, the upper
part of the block of crushable material (112) Wi crushed more than the lower part of the
block, as a result of which complete crushing eftipper part will occur before the lower

part has been completely crushed.

4108

112

Figure 129: Crushing of aluminium honeycomb in dffsese [125]

Because the upper part of the block becomes mergtaat to deformation as a result of
crushing, and therefore less prone to crushing thehower part, further crushing of the
block tends to cause an anticlockwise componerttational motion of the anti-climber
plate relative to the back plate and further cmugluf the energy absorber block tends to
correct any rotational component of movement ofathig-climber plates relative to the back
plate (108).
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Chapter 7: Key attributes, conclusions, impact andecommendations for
further work
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7.1.Key attributes of the cab — Energy Absorption, MassPart Count, Cost

7.1.1. Energy Absorption

There are five distinct elements of the D-CAB stuue that contribute to its overall energy

absorption capability, summarised in Table 18.

For the coupler, the energy absorption characiesist the original SPACIUM coupler are
determined to be 500 kJ [119]. The energy absmmpiharacteristics of the upper and lower
energy absorbers are those derived from the dynsimiglation in Figure 111 and Figure
125. For the nose and cab shell walls an averagerial energy absorption capability of 10
kJ/kg was adopted, a conservative value basedesmopis work on the crushing of glass fibre
reinforced polymer (GFRP) / foam sandwich strucye7]. The useful crush stroke of the
nose and the secondary module cab shell walls arasecvatively estimated to be

approximately 80% of their total length.

Table 18: Design elements that contribute to theAR’s overall energy absorption.

Energy Absorbing Element Initial Peak Effective Energy
Load (kN) Crush Stroke  Absorption (kJ)
(mm)
Coupler 1,800 1,000 500
Nosecone - 450 160
Lower energy absorbers 2,663 700 1,451
(combined)
Upper energy absorber 1,577 400 801
Cab shell walls - 500 460
Total Energy Absorption Capability: 3,351

! Measured mass of nosecone structure = 20 kg
2 Estimated mass of crushable cab shell wall = 5(Bkgn facings, 10 mm core)
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The energy absorption capacity of the original SRAZ cab was 3.3 MJ as described in
Section 4.1, so the figure of 3.351 MJ for the DECIA highly commensurate with this target
and demonstrates that the design meets EU stanaladdadustry requirements.

Based on the data presented in Table 18 and thalblagout of the cab, Figure 6.4 shows a
combined load-displacement characteristic for tfs metre of D-CAB’s collapse. The
dotted line shows the target (i.e. the existing SRMM design) performance as defined in
Section 4.1, Figure 71.

It can be seen that the overall profiles are dyosidhilar.
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Figure 130: Load-Displacement profile of SPACIUM dxCAB

The sequence of collapse (as labelled in Figuré s3&s follows:
1. Engagement of the coupler. The coupler has itsiavinuilt collapse mechanism.
2. Engagement of D-CAB’s nosecone. This will failthye stable, high energy brittle
fracture of the constituent GFRP material.
3. Exhaustion of the useful collapse stroke of thepteu
4. Exhaustion of the useful collapse stroke of theenoge.
5. Engagement of the buffer-level energy absorbefrgesé& will fail by the stable, high

energy plastic deformation.
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6. Engagement of the upper energy absorber. Thidailiby the stable, high energy
plastic deformation.
7. Engagement of the cab shell walls. These willlfgithe stable, high energy brittle

fracture of the constituent GFRP / polymer foamaniat.

The primary differences between the collapse responthe existing SPACIUM cab and D-

CAB can be summarised as follows:

» D-CAB provides two additional sources of energyaapson — the nose (between
points 2 and 4 in Figure 130) and the secondaryutecchb shell walls (point 7
onwards).

 The D-CAB lower energy absorbers engage slightbrlgafter 600 mm, as opposed to
579 mm for the SPACIUM cab) — point 5 in Figure 130

» The mean collapse load of the D-CAB lower energgodbers is slightly lower (1,036
N for each absorber, as opposed to 1,100 N foBE®CIUM cab) — point 5 in Figure
130.

* Although it is not shown in Figure 130, the D-CABp&r absorber have a lower
useful crush stroke than the SPACIUM absorbers (860vs. 500 mm for the upper

energy absorber).

7.1.2. Mass

The estimated mass of the D-CAB sandwich strudiwepillars, reactors, outer sandwich
shell and nosecone) is 600 kg. Add to this thesnoéshe two buffer level energy absorbers
(226 kg, Section 6.6) and the mass of the uppaggrabsorber (128 kg, Section 5.3). This
gives a total estimated mass for D-CAB of 954 kg.

While a measured mass was not available for theC3BK cab, its mass could be estimated
by applying representative steel density to the @&Ometry. Using this method, the mass
of the SPACIUM cab’s steel structure was approxedats 2,300 kg. Add to this figure the
mass of the fibreglass shell, estimated to be §@wkd the overall estimate for the mass of
the SPACIUM cab is 2,400 kg.

Comparing the masses of both cabs gives an oveesl$ reduction of 60%
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7.1.3. Part Count

As a result of the design methodology and matehalce for the D-CAB there is a
significant reduction in the number of parts regdito complete a cab assembly.

Spacium Cab D-CAB
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Figure 131: Part count comparison between SPACIUMHCAB

Figure 131 gives a part-by-part breakdown of thgom@aomponents that comprise the
SPACIUM driver’s cab and the D-CAB design.

The numbers indicatepart count reduction of approximately 37%, primarily due to the
merging of the outer shell of the cab with the mlead-bearing components (reactors and
pillars). This movement towards a more monocoauesituction lends itself to outsourcing
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the cab as a single part to a first tier supplignis would greatly reduce the assembly time
required as manufacturers could purchase cabsiasdnal units which could be quickly
aligned and jointed with the mainframe prior toteyss installation and final equipping.

7.1.4. Cost

It is worth highlighting that whilst the cost ofetltomposite materials and their processing

might be expected to be somewhat higher for theAB Gavings in secondary assembly and
outfitting costs due to the reduced part would Ibeasonable expectation. A previous study
by Ingleton [128] estimated some of the likely cdi$ferences between the two approaches.

A summary of the findings are presented in Figu2. 1

I Traditional steel frame cab = Composite GFRP / polymer foam sandwich cab
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Figure 132: Cost analysis of traditional and GFRP designs. Data from Ingleton [128]

Detailed D-CAB costings

Based on a quotation of £816 for a 2440 x 122000#8% honeycomb block (3.4-1/4-15 -
3003 AL) this gives a cost of approximately £20/Kighe cost of the aluminium honeycomb

used in the absorber design can be estimated dapkr 19.
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Table 19: Costings for aluminium honeycomb

Density Cost (/kgm®) Quantity Volume Unit cost
(kg/m®) (m°)
77 £1,538 1 0.029 £44.60
53 £1,057 1 0.037 £39.11
37 £737 1 0.037 £27.27
29 £576 1 0.037 £21.31

For the 6000 series aluminium tube it was assuimaickhis can be simplified by costing for

four plates of 10mm thick aluminium (Table 20).

Table 20: Costings for aluminium plate

Thickness Width (mm) x Quantity Unit cost Total cost

(mm) Length (mm)
10 410 x 1100 2 £68.61 £137.22
10 470 x 1100 2 £77.48 £154.96

Aluminium end plate, 650 x 600 x 10mm = £60.42
Steel anti-climber (machined) = £800.00 (estimate)
Assembly costs of 10 hrs at £50/hr = £500 (estiinate

Total cost of single lower absorber = £1,785 (€2,19

This figure compares very favourably with the cafsthe existing units (€3,500), giving a

potential cost saving of 41% per unit.

For the upper energy absorber the cost of the loomely is estimated to be £938 based on a
volume of 0.976 rand a cost of £961 /kgn The cost of producing the curved steel

backplate and aluminium plates was quoted as £1550.

Total cost of upper absorber = £2488 (€2,9%0

! Based on a rate of 1 GBP = 1.18611 EUR, correof &c. 2013
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The estimated cost of producing the D-CAB sandwichcture is approximately £11,000
based on the prototype manufactured using the nleleigeloped in this thesis (Figure 140).
Adding the cost of the upper and lower absorberssyi

Estimated cost of D-CAB of approximately £15,273 (€,8771).

The manufacturers of the SPACIUM fibreglass shetitgd a price of around £13,000 for
manufacture. Cost estimates for the SPACIUM steddvand absorbers are £20,000.

Total for the SPACIUM cab of £33,000 (€27,8261).

Therefore, the cost saving associated with the [B@&Pestimated to b84%.

7.1.5. Manufacturing the prototype

Using the designs produced by this thesis a fallesprototype of the patented D-CAB was
built by AP&M, a composites specialist company lokiselagos, Portugal. The completed
structure was a true and accurate representatitre SPACIUM elements with respect to
outer surface geometries and driver’s survival epdd¢owever it incorporates within this
volume all the lightweight, crashworthy, energy-@airng and structural elements developed

and described by this thesis.

Being a prototype build, AP&M adopted a hand-layapproach to reduce costs and allow for
the introduction of design changes as the anatyaisired. This complimented the
manufacturing approach used in the production etélst specimens “A” in Section 4.3.1.
While this method reduced the cost of the manufaabfithe prototype and suited the scope
of the De-Light project, for higher production voies this author would recommend the use
of processes such as vacuum assisted resin trangtéding to produce the cab outer shell to

desired tolerances.

The photographs in Figure 133 to Figure 140 aregired in sequence to describe the

process by which the cab and its associated mewdds manufactured.
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Figure 133: Cab shell from the existing SPACIUM véhic

The starting point for the manufacturing process waab shell assembly from the existing
SPACIUM vehicle (Figure 133). This was used tovide a reference outer surface from
which a “splash” (female mould) was taken to pragtiee main D-CAB.

Figure 134: D-CAB mould made from original cab
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The splash is completed and the original cab seelbved to produce a mould which
conforms to the shape and geometry of the origiabl(Figure 134). The composite
components of the D-CAB will be laid into this mduds part of the manufacturing and

assembly process.

Figure 135: Polyurethane foam beams for reactactre

Figure 135 shows the polyurethane foam (HD-PUR)risethhat were used as the core
elements for the reactor structure that suppoesaWwer energy absorbers. These cores were
cut from block using a band-saw and the edges wereded by hand using trimming knives
and sandpaper. Each of these foam cores was vadrappé&/05 CSM using a mandrel to hold
and rotate the pieces and subsequently brush-seduraing the SR1500/SD2507 epoxy resin
system delivering layers of fibres and epoxy regnich are gradually applied and built up to
the required thickness. These are then bondedhteig@-igure 136) using the epoxy resin to
produce the structure commensurate with that desttin Section 4.2.3.
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Figure 136: Reactor beams wrapped in GFRP

Figure 137: Polyurethane foam parts for one ofiH@AB pillars
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A kit of polyurethane foam components (Figure 1f&rthe pillars that support the upper
energy absorber were produced, hand cut from blotki-PUR using a band-saw.

The reactors and pillars are laid into the cab mhawmld the whole construction is built up
layer by layer working from the mould surface outdg with GFRP bonding the reactor
tubes to the pillar structure. Continuous vertlagkers of GFRP were inserted between the
foam pieces to produce a multilayer sandwich stinecas described in Section 4.2.3, Figure
78. The process is continued until all the reaatat pillar structures are completed and
bonded in-situ.

Figure 138: Assembly of the pillar/reactor struetim the mould, arrow shows layered constructioadion.

Figure 138 (left) shows the ongoing assembly ofpiliar/reactor structure with four layers
completed. Figure 138 (right) shows the additibthe final layers of the structure
comprising seven layers of polyurethane foam cate@GFRP. A final layer of GFRP

encapsulates the entire structure and is cureduri~gure 139.
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Figure 139: Pillars and reactors fully installed.

When cured the D-CAB was removed from the mould@aidted in accordance with rail
standards. The nosecone section was cut awayarehergy absorbing elements were
connected to the main structure before the nosewasdolted back onto the structure as
shown in Figure 140.

Figure 140: Prototype D-CAB on display at INNOTRANE®rlin 2010
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7.2.Conclusions and recommendations for future work

The intention of the work described in this thesit provide an indication of the feasibility
of making optimal use of the space envelope oflaehicle driver's cab to achieve
lightweight crashworthy capabilities. A crashwgrttab was designed from lightweight
sandwich materials and aluminium honeycomb enebbggrders which meet structural and

crashworthiness standards. The design is suppoytéslo granted international patents.

With respect to the adoption of composites in enpry structural role within rolling stock,
there is still a number of key items that will haeebe addressed before the design

philosophy presented here can be implementedlinghicles:

7.2.1. Design Optimisation

It is recommended that the following areas woutguiee further design and development
effort:

» Rationalisation of the foam core geometries forgitlar and reactor structures with a
view to reducing the overall part count. This comdude the use of the prefabricated
pultruded box sections (see Section 4.3.1) in ptddee GFRP-wrapped foam beams.

» Enhanced driver missile protection in vulnerabkaarand validation of overall
missile protection capability.

» Consideration of the optimum material selectiobatance the required level of fire
performance against cost, processing and surfaish i

» The development of improved standards to certifgyuse of structural composites in

the rail industry.
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7.2.2. Simulation

It is recommended that the following areas woutfuiee further simulation effort:

» Validation of static load compliance through finglement analysis.

» Further refinement of D-CAB’s energy absorberstipalarly in terms of their
crushing stroke and off-axis stiffness.

* Further refinement of the lower absorber casingsgure they do not encroach upon
and impact the functionality of the internal honayb structure.

» Fatigue analysis of the cab structure backed-umatgrial testing

e Structural lifetime performance in adverse envirenis.

7.2.3. Testing

It is recommended that the following areas woulguree further testing:

» Validation of crash compliance through experimetgating. Upper and lower energy
absorber elements should be tested individually anison to confirm their capability
and functionality.

» Validation of fatigue performance (joints, aerodynaloads and mounted
equipment). This should be conducted on a sub-dsdgdevel to provide life cycle

data for in-service application.

For the purposes of monitoring and inspection dytire operational lifetime of the vehicle
the following non-destructive testing technologsésuld be investigated further for rail

vehicle applications:

* Phased array ultrasonic testing.

* Pulsed thermography.

e Laser shearography.

» Passive wireless embedded sensors.

* Health-monitoring using PZT thin film sensors.
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7.2.4. Certification

Adopting composite materials for primary structuxdes within rail rolling stock will require
an assessment of the suitability of current Eurofg&andards to fulfil the certification and
homologation requirements. These standards vgliire intensive interrogation to determine
whether they can adequately accommodate the ditfetesceptibilities of composite
materials (as opposed to more traditional steeleumahinium constructions) such as: water
ingress; crack propagation; repair procedurest titection; crush mechanics; extreme
environment performance.

7.2.5. Manufacturing considerations

The implementation of more advanced manufactuecgriiques (than the hand lay-up
method used in this body of work) for rail vehiclemposite components would deliver
products of improved consistency and thus imprg@dormance. Irregularities in the hand
lay-up process and the risk of inclusions could eaa much reduced structural response
under load. Other manufacturing options availabléne industry include:

* Automated lay-up and tape-laying.

» Spray-up (mixture of resin and chopped strands).
* Filament Winding.

» Pultrusion.

* Resin Transfer Moulding.

Whilst these manufacturing techniques have thenpialeéo deliver consistent products in a
cost-effective manner, a careful balance needs &irnck to ensure that the fibre volume
fraction (V) remains within the specified design range. lasegl Y can deliver thinner and
lighter structures but they can be more susceptbbrickling as a result. At lower; Values
there is a tendency for the structure to delaminatieich would make them more suitable for

energy absorption/ballistic roles. Choosing theexd V; range for the indented design
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purpose and consistently manufacturing to thateamig deliver material solutions that can

meet the specific needs of the rail industry.

7.2.6.

Risk mitigation for implementation

Table 21 describes some of the potential risksbemders to the industrial uptake of the

lightweight rail driver’s cab design describedhmstbody of work. Mitigation and

contingencies are described to negate the effatieske risks which should be addressed prior

to implementation.

Table 21: Potential risks to lightweight cab imptartation

y
it

1%

d

Risk Likelihood | Impact | Mitigation / Contingency

Lightweight energy Medium Low Existing (proven) steel energy

absorbers underperform, absorbers could be used, albe
with a weight penalty

Difficulties in properly Medium Medium| Experimentally-based

validating the validation methods should be

performance of the cab used instead, however this

using computer would lead to higher

simulation because of th development costs.

complexities of

modelling composites.

Key joints fail Medium High | Ciritical joints should be

unexpectedly under thoroughly analysed and/or

statutory loadings. tested as part of the design
refinement process to validate
performance and minimise the
risk of failure.

Lack of relevant ralil Low Medium | Regular communication shou

industry standards for be maintained with relevant

certifying composite standards committees and

designs. certification bodies.

Difficulties in reassuring| Medium High | Planned duration of

potential customers of certification and approval

the longer term fitness- process should be extended,

for-purpose (durability) and there should be close

of the breakthrough ongoing liaison with

design. customers.
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7.3.Impact

7.3.1. Bombardier

Notwithstanding the two filed patents already proetliby this body of work (Sections 4.4
and 6.7) the composite cab design has had a signifimpact on the rail industry and the

acceptance of new and novel materials in primancsiral roles.

The current D-CAB prototype now resides with Bonalar at their Crespin facility in
France. Itis being reviewed with respect to theeptial weight and cost savings that could
be realised by implementing the design whilst thpact on their assembly process and the

readiness of the supply chain (via Tier 1 suppligysleliver the product is ongoing.

For this body of work it is the design philosophiharespect to the tailored application of
composite materials that forms the primary outputridustrial applicaiton. | have already
used the principles presented in this thesis teldgva lightweight solution for tram driver’s
cabs (Figure 141), in response to a specific redums Bombardier for their Flexity 2

vehicle.

Upper primary
structure

Cab floor
moulding

Figure 141: Lightweight tram cab proposal for Bonaar Flexity 2 vehicle
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All the structural steelwork of the existing desigs well as the exterior glass reinforced
polymer (GRP) shell are replaced by just two pamtsilded from structural composite

sandwich materials:

* A cab floor moulding consisting of a tubular comip@sandwich structure similar to
that used in the reaction zone of the cab present8dction 4.2.3.

» A single moulding for the remainder of the uppemary structure.

These two sandwich structures would be designeddommodate all the required static
loads of EN 12663. The implementation of this @piavould provide a very significant
reduction in part count and assembly time and @stsutcosts. It would also provide more
flexibility in the aesthetic design of the cab las tlesign envelope would no longer be

dictated by an underlying steel structure.

Alternative (lower cost, lighter, more efficient)ergy absorbers using aluminium honeycomb
could achieve the required crash performance withoy intrusion rearward through the
bulkhead as detailed in Chapter 4. Coupler acwestd be provided by a hinged moulding

at the front of the cab and the structural flooutdong would provide a robust mounting

point for a lower obstacle deflector.
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7.3.2. Effect on European standards

As a result of this work and the De-Light projdw rail industry was compelled to undertake
a full and comprehensive interrogation of curreiltwehicle standards in preparation for the
adoption of composite materials into the industfis led to the launch of the EU-funded
projectREFRESCO- Towards a Regulatory Framework for the use nfcitral New
Materials in Railway Passenger and Freight Carbdwtis. The objective of this on-going
multi-million Euro project is to set the framewdudt the rapid, efficient and safe
implementation of new materials in the railway sethrough the evolution of certification

processes for rolling stock.

7.3.3. Recognition by the European Commission

In 2012 the European Commission recognised theeaeiments of the lightweight rail cab
design described in this thesis as an examplenok4ting in success” [129]. The brochure
produced by the European Commission to launch threzbh 2020 funding programme
selected the cab for inclusion in their publicati@tailing research success stories (Figure
142).
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Investing i'm

Adapting Formula 1
technology to aid

At first sight, troin drivers' cabs and Formula 1 cars
may noet seem te hoave much In commen. But o
research profect funded by the Eurapean Commis-
sion has led to o potential breckthrough for the roil
industry - by adapting technology mast cormmonly
Jound in high perfermance rocing cars.

The results promise to provide the roil industry
with troins that are more envirenmentally-friendly,
easler and cheoper to produce, ond less costly for
rail companies in terms of trock maintenance, An
gll round win-win situotion.

The rail industry’s needs are dear: lightweight matenals for
trains in order to increase energy efficiency and reduce the
damage to tracks, and reduced costs. All, of course, without
compromising safety.

The problem is that conventional tran cabs, made from
welded steel units, can weigh up to one tonne each. With a
cab at each end of the tran, the potential for weight reduc-
tion is dear. On top of that, traditional cab designs tend to
be very complex, incorporating a large number of parts, all
made from different matenals. That is because they need
to meet a range of physical demands, including strength,
crashworthiness, asrodynamics and insulation. As a result,
assembly costs are high.

Formula 1 cars use extremely strong,
lightweight matenals known as car-
bon composites to help achieve the
high performance they need. But such
materials are highly specialised and
uneconomic for extensive use in trains.

The answer for the rail industry came
through a multi-year project funded
under the European Commission’s DE-
LIGHT programme, which was aimed
at developing improved light-weight
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Participants

The Netherfands, Poland, Latwia,
Finland, United Kingdomn,
Germany (Coordinator), Norway;
Portugal, Sweden, Croatia,
Romania

A N\
4 www delight-trans net

Totol

FP& | Proj 1483
FP& Proj. N° 31483 AT

materials for use in a wide range of
transport systems. After three years
of research, a team from Mewcastle
University in the UK, working in col-
laboration with Bombardier Transpor-
tation and Portuguese manufacuring
firm AP&M, succeeded in producing a
prototype lightweight train cab which
reduces the weight of the traditional
cab by a remarkable 40%.

The breakthrough technology behind
the new cab takes the form of a

€ 3 710 000

Etl k.
(EZN
ronbriation. | £ 2500 000

Durotion:

‘sandwich’ construction, in which an aluminium honeycomb
structure and a polymer foam core are enclosed in outer
layers of special glass-reinforced plastic The effect is simi-
lar to the composites used in Formula 1 - but at much lower
unit cost

Crucially, the inherent strength of the new construction
eliminates the need for steel elements. This reduces not
only the weight, but also the number of separate parts re-
quired. In addition to the 40% weight reduction, the new
cab reduces the number of separate component parts by
up to 75%. And this in tum reduces overall costs by up to
20%, as assembly and outhitting are far simipler than before.

All of this is achieved while still meeting stringent crash-
worthiness requirements.

“It's great l:cr ﬁna]l-,r see the cab in real life,” says lead de-
signer Ne nﬁmm rail research
centre. 'hre been stanng at a wvirtual model on my com-
puter screen for the last three years, and it's very satisfying
to see the real thing”

It 1= mtended that the cab will first go into commercial use
in Bombardier's Spacium trains on suburban services in
Paris.

Figure 142: The European Commission selects theifie-Rail Driver's Cab research as an example ofékting in

Success” [129]

174



7.4.Concluding remarks

Within this thesis | have presented an overviewhefaims and objectives of crash energy
management and the methods by which this can bedietwithin rail vehicles. Current
and state-of-the-art energy absorber designs atefiada are reviewed identifying the pros
and cons of each solution with respect to rail @pgbns. Using aluminium honeycomb as
the basis for energy absorption, 2D shapes andaBines are reconfigured based on the

material’s key characteristics and identified desig manufacturing constraints.

A practical application of this material in a re@hicle has been undertaken, with
Bombardier's SPACIUM vehicle forming the basis loé design. The upper and energy
absorbers have been replaced with aluminium homelyashich makes optimal use of the
available space and provides a crushing capakiliigh meets the requirements of the EN
standards. A composite cab has been developedh \itiscthe available space with
lightweight materials which have the capabilityréact rail vehicle static and impact

loadings.

Two patents have been successfully filed by theaub protect the design of the lower

energy absorbers and the composite cab.

The benefits of such a solution have been idedtitwugh the mass and part-count savings,

as well as an overall reduction in the total cdgiroduction for the driver’s cab.
This thesis has shown that lightweight energy diegrstructures can be successfully applied

within a rail vehicle’s driver’'s cab to provide anonomically viable solution which meets

crashworthiness requirements.
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