Modern Railway Track TABLE OF CONTENTS

TABLE OF CONTENTS
1 INTRODUCTION
1.1 HiStoric deVeIOPMENL ... ... a e e et r e e e st 1
12 R AW S i T oo e A s S T s s iasssiasn 1
0 R B =T o B 1 o B S A R B e e b o e 3
1.4 OpOratioNAl ASPOCYS: ;s amcs s s s s e mEs s e o e o S RS S Ao AR AR S R S 4
1:4.1 FUncHONS OF:8 TAIIWEAY COMPANY.vusosssesstsrsivssosssnssnseossosnss sonisiessfisestsssmsessiossesisnisssss searissyssssekamsovissons 4
Ti4.2 INfrASITUCIUIE ...t ettt ettt s 4
e S Sl 6 R Lo PR N P S PL e A O S e A P T P CL O PR R 5
B P oS OO i st S R A A oA saamaasons 5
1.4:5 ElOCHMCAtON. couoinsssusuuisamsinvvamisisiiminsasssisso s ssibedastasiasas somis sediuiativonns s svansis iiaronesiins sbismansinsianvans 6
1:4:6 Catonary: SYSIBITIE e siwsosnsomissimsicssysesaisisss somm ey G uTao YR T3 3 ST A TSRO OV T F s T NS RSN ERE 7
T.4.7 ROAA CTOSSINGS ..ottt ettt ettt sttt et s e e 8
14.8 Major rail Infrastructure ProJecES::iiiiiiitestiGaimiemaisisismissiaisseiaisosssiivnsasostiomsisormasossd 9
1:4:9 DevVeloping COUN O i s A R o R R S RS vl aaavwavasvani 9
1.5 Geometry OF @ ralWAY IO .mamissssssros s i et o e s e R R R0 10
T CIOBTANCES ivevomnrnvensowsnisnsisoiesios ssomssesssss i ri e s s RSah S e N SRR ST ATy SRS NG R R SR Ep e 10
152 ATIGNMENE ...ttt ettt ettt 13
1.6 Coneral track: conSIleralions : i i s i i S R i i G amsvaiias 13
T - =T 1 T 1 e R R e e o R e P o e e oy o e 13
1:8:2 Load-bearing TUNCHON.OFf the{TatK: s asmsnmsmimtin it saeaaiisei i raavesssswasisss simonnsass 14
1.6.3 Indication of rail forces and displacements ............ccooeiiriiiiiii i 15
1.6.4 Track geometry COMPONENTS ..ottt e 15

2 WHEEL-RAIL INTERFACE

2.9 WHoBL-Tail GUIANGCE. .- . uosesroscnssisersnossisonsssissssrsestosnssssmtsssasyssssnisnsseapssssss sssissassns voastinneassessprsnssosisesnses 17
2.2 Wheelset and track diMENSIONS .........ccoiiiiiiiii it e esie s e sias s 17
2 OO Y s s R B T S B B S B B D S oo s SR SN ey 18
2.4 Lateral movement of a wheelset on straight track ... 19
241 Theory - according 10 KKIMOB . cccuiiusssmnisaiim s suasinitaismsingp e s s v b 057 bR SR SR Saaas 19
2:4.2 HOOUNG IOVOIMIBNE.«..ovimmciseumunnemnssmenioiommsansissssissoipasanssasusssnssiinessudssssatsansassonsiinssspsssoasissnssons 20
2.5 EQUIVAIEBNE COMICITY .. ..ottt s e s cie e e eaa s ees 21
2.8 Worn:whee!l Profiles :.....iisiiinmiisiniiismmmiesnssiosssisisnissoroiasssssmssde ssootsssronsnaiassassossisvassaendiaos 22
2.7 Wheel-rall:contact Stre88es . cxcui ittt i s e e S A i teideassssitasi s ibaviase 23
201 HOTIZ INOOTY -vuvusuniuss s iucinissusnssadsadssssssasihs oo s b s s s oA SV SV S S5 KA Ak RS EROA S 23
2:7.:2 HOrlZ spiing CONSIANT . uce rouvoresimisssssmimpssisvsmssnssasasssssissssissioissenirnssssnssssnsnississss ssasimssassmssssavesyase 24
2.7.3 Single and two-point contact between wheel and rail ..o 25
2 T A SDreading TOMCeS s B T T S B R R S R  eawvas 26
215 e oAl O B csisamss s s ia e st o e R B N N S SN e B oo R o wtiiaeans 27
L R L L 28
2.7:7 Crodpage COBMCIBMS, «ovuresuimwsnmsisssossevisiisssnsonsssssssyisesssissssionssarssissnsaspsessasesvisevons fasssinrusisssnssios 29
2.8 TTAIN FESISTANCES ...ttt ettt ettt 4ottt et st eh et et eeaeeisa e 30
281 TyYDes Of roS O ANCOS it i R s o S sl 30
2.8:2 Required pUlling fOrCa: i s i st os st o s R B B I L B e asaswams 31
2:8:3 AGNOSION TOICO | ixicsiimsissnamnniviosioina i 3 v om e e s o s o Ao LS s SR AT S PRy 32

3 CURVES AND GRADIENTS

3t CON Ol CON S OB O S s i n i o s e s U L A M R S RS T S R SR 35

xiii



TABLE OF CONTENTS Modern Railway Track

3.2 Curvature and superelevation in horizontal CUNVES ............cccccoiiiiiiiiiiiiiii i s 35
3:2:1 CUIVE radIUS/CUNVEIUTE: s e vvisisssssvvessinissmse s ionasosn aseesesssassssssssTesssissas sasssssans ks s seo o ssaaassiivms 35

322 CUIVBBITECED ) cvvscisnasnvssness s o s iss s A T3S 0R SN SRS eSS HF A S S S S A AN S s SO Smm  hn 35
TG T LU Tt 1o o 36
3:3:7. - General considerations s s s R A s s 36
3302 ANt A OO CY s 00 oo B o v G T oA S SO A T O S S RV T s e 37
3.3.3 Effect of suspension on lateral acceleration ... s 38
3.3.4 Effect of body tilt coaches on cant defiCiENCY ..........ccvviiiiiiiriiiiiiiiiir s 38
3.3.5 Switches and Other CONSIIAINTS ..........c..oiiiiiiiiii ettt e e ee e eeaaes 39
IR B R 071 00 e e A A e P R A ) S P O B O PR 39
B3 NN T IUTIY O RTI  ar E E B B B L A SRS A R o S S 39
34 TrANSION CUINVES w.sssicsmminiers s s maib o on e m e iR TS TRV N RS S oY S0 S U o SRS e SR AR RS Co e il 39
341 GENEIAI TEIMAIKS .....ei.eiiiitieis ettt et e et e et e e e es et eeasesse et et et s ees e sbe et et e bt et et e es e eae et 39
38,2 CIOtNOIA ... ettt ettt ea et st ettt e bttt 40
8.4 3 bl para DO B sy N S R o s S S S s 41

344 CUIVE AISPIACRIMIONT: ;. i ot o R B v S e S oS s et 41
35 Cros8 16Vel IAINSIHONIE .o aussisaissssuserianssssississxusssassiasotssssonsssvimssmsssusiasns suiAs e Eap v wintsy IS oapvis sty 42
3.5.1 Relation with the transition CUMNVE ..........c.oecoiiiiiiiiiiicciec e 42
3:5.2. Langth of normal traniSiton, CUIVEL . ... semiiiiisisatrsssrsainissbouasionesssssvsseriosesissssssosssssanssssorassiosguans 43

3D D A B BN GO i L R S B S P S BN s os s 43
3.8 CUIVE TBSIStANCE: i st aenss s b o s R A S R e s 43
BT OTBOIII L v tosainiss ssnvso samean s o o H o SRS R S S o AR 43 5 A O S 6 R A B A MO AR BASAS SVS 4 AR 44

3.7.1 Gradient FESISLANCE ... vvviiiereeiieee ettt eeerat ettt e e et ae e et e e et e e ebes e bbb s e b baesaiae s raesarae s raaeesareeens 44

3. T2 MagnRUCOOFGrATIONE .....concassesrsssacsasassrsenssasspssnssnssassnssssnennsanssanssosassasssnsonsrsvarsssnsissbssepppoaisavsisisons 44
373 Vortical Iran S it Om GO iy s v e s T g N T e s B sl 45
3.7.4 Guidelines for permissible quasi-static accelerations .. .45
3.8 Alignment In MOUNIAINOUS QTS . vovesinssssssisessnsininiss s smussis wiysias s s e isss eyt s Kvaee T snsasas s et 46

3.9 Computer-aided track AESIGN .........c.ooiiiiiiiiiiiit ittt ittt sttt 48
3.10 PASCOM - software to estimate passenger comfort ................ccccoiiiiiiiiiiiiiiii s 51

3107 MU R Al OO s L S B R R s R RV B X 51
3.10.2 Case 1: Investigation of dynamic effects.... -7’4
Ji10:3 Case 2 Track HSLZUM (NI Y. ssvssssvsimsismnsnssssissssesinsirassasshonosis Hasssss e esrssassiyssesisassiiesss 53

4 TRACK LOADS

4.1 In general..... A T S T TS R SRS A S e SRR S s 55
T T [ L N T LRSI 55
4.3 LN CIASSIfICATION ...ttt e es ettt 55
A S [y o - D e D A R L e R B i B NOIA P IR R D e YN (A D PR i 56
D DO it G B R R R PSR AR s SasaTaaons 56
4.6° Calises and Nature. Of ACK JOBUS: v i i s e et s vasn s saasasaasnsaniss 57

4.7 VOO TRIITOTTES <y cimmaiscosssmisinintns sinisisress i nsss s N SE s NS RO o SRV e oA RIS E eSS AP S 57
4.7.1 Total vertical Wheel I0Ad ...........oooiiiiiii ettt sna e 57
e TR ISR it s s T A e TR 58

4.8 Lateral forces on the rail. .... w99
4.8.1 Total lateral wheel load ..... <455 99

482 DErBIMENE HIBK «1ucusiasimamsmessiomssovesimernivses e s resiyeseteps iy ens s i v oA sAes s o oA g s Ny v 59
4.8.3 Lateral fOrce 0N the rACK ..........eiiieiiicie et e e e iaae e e e ese e e s e e esas e e eesnestnaeiane 60
4.9 Longitudinal ForCes: . i oo s e R B R 61

B AN SO e e S B R S B B S B R R N RSO et 61
A 1 (o L (e 61
G0 3 TROACK CYBIOD . siarsisvessnnisrsanss sirmes sH s s H eSSy A GRS RSB 6A 3 N s SRS e AR S AN S S H SR TESAAY 61

xiv



Modern Railway Track TABLE OF CONTENTS

494 BrakINg OB o it ass e s e T o o T A A A P 62
4.10 Influence of higher speeds and increased axie 10ads ............ccccvvueirrireiiiniinnecnniine e 62
G101 SPEEA ...ttt h ettt aeenee 62
4:10.2  INCrease ME MO IOBUS: ittt iasinisasssarinssensiinssonssi ssisanss ol a5 04 Sosbonsssasmsvmmiesamusssmassssasassansssssss 63
A VYOO B i B T R e o S S B n Vi 67
412 Forcastue 10 Dad WIS . i it i s s e s A s B A ST S s w e b e 68
413 AXIC - DOX: ACCOIOTBIONS ccvsonrvunnmeesanessssunsssKrsmsss v s s exai i N e s Eoa e oL T esSH S e RN SRR SRS TR NPT 69
5 STATIC TRACK DESIGN
551 IOPOAUCHION s st e st e o S S S S B eV e e v e 71
5.2, - SUPDOTHNG MIOAOIE < vcovssvmsiversivanisnsasosssmmssimsnsie e i st misasnsiss s s st aeasans SHoTesmss ASARFHo 946 FUT ne s uHEA o8 71
5.2.1 WINKIEr SUPPOIt MO .....c..iieiiiii ettt e baa et e e e e s e e e e e e enseesnssennn e 71
R RSB Tt R T R oo N R O S B PR P PO PR 71
5.2.3 Exercise: Spring constant determination.............cccicirviiiierieiciierninnieseresees e ssessssessresesssrsessanss 72
8:2.4 CONHNUOUS Tl SUDPOTE:c:iri covnasiassnisistasoess niused vaass i eaes s s B e o s B s SR v s b s 73
5.2.5 ‘Approximation of diScrete; rall SUPPOIT, .. ccssesresssssirrsssstssssanpaosssvosssasssssisessnsscosnasssssasporssssssysssnsss 73
5.3 Beam on elastic foundation MOGEI .............oiiiiiiiiiii it 74
5.3.1 Solution of the differential @qUAtION............cc.ooiiiiiiiiicecicie e 74
B3 SOV Al W OB OaO S i i o s s B O S B S s S as st 76
8:3:3" TWO-AXI0 DOGIO inscsis i st i s e e S e IR R B A S s AR M S b e Tt v s 77
534 INSGAIVO ABHBEHON 5. vcx0srsuonissunienimsanmmssismm s s s R Feh s e T s N oo sSSP eSS 77
5.3.5 Beam with hinge (JOINEA trACK).......cc.iiiiiiiiiiiiie it 78
5.3.6 Alternative expressions for characteristic Iength L...........ccccocoviiiiiiiiiiiiiiiii e 79
5.3.7 Fast determination of vertical elastiCity CONStants..........ccccccevviviiiiiiiiniiir e 79
5.3.8 :Order of magnitude of elasficity CONStaNtS . ...c.cuiwui st @i 79
Dl - DOUDIO DEANY IMOOB. .o wvssivansnsusivsssssssnmsseassssisness (2iessnsna s s s ew s as s S (TR A SRS g AR S AV a5 5 80
5.5 Pasternak foundation MOGEL.............ooiiiiiiiiii ittt cn e s 81
D0 R SO SO i i T S B e S S S s B R B S v 83
5i0:1 Otre8ses N AN OOk CONIID: v s s s T R T O A S S S T TS ST e RS ans i 83
5.6:2 :Dynamic amplification TaCKOr ... o i cimsisasiiisimiminis i Heamosissisvses o s ms o nasronss 83
5.6.3 Maximum bending stress in rail foot centre ... .84
5.6.4 Stressesintherailhead ..........c.cccoovevrveennens .. 86
5.6.5 Rail stresses due to a combined Q/Y load..... ..88
5:6.6 'Railtables ....quaunnmnssiniiinnisaniins ... 90
5.7 Sleeper stresses... 591
5.8 Stresses on ballast bed and formation ... . 92
B.8.1 INIOAUCTION ..ottt ettt b bt e e e a e e st a b et e e et e e et ee e e e e einee 92
5:8.2- Vertical:strass on ballast e i s i s R R R AN G ST ionsi 92
5.8.3 Vertical stress on formation..... .. 93
5.8.4 Odemark's equivalence method ... .. 93
5.8.5 Classification of the quality of soils ... .. 96

5.9 Some analytical exercises.................. .97
5.9.1 Fatigue rail foot ...
5.9.2 Fatigue rail head
5.9.3 Sleeper ............ ;

5.9.4 Ballastbed................ .. 98
5.9.5 Temperature effects .. ... 98
5.10 Computer models................ «x100
5.10.1 GEOTRACK program .... ... 100
5.10.2 The ANSYS program ..... ... 102
S TWOCASS ER S UOSIGNNS 455 cimmsiennonsmsasnssones ok snssss o3 sisn 03 60A28 1085 ATeaae S ps AN S ISR RS SRP AP SERFAEIE 104

XV



TABLE OF CONTENTS Modermn Railway Track

5.11.1 Testing of the UICS54 ERS ...ttt bbb 104
51112 TostNg of Ne S AL B RS i it s s B s i o SN Si 105
5:11:3: Input and: oUtPUL O StAtC:MOe: s aui i o S R R o e S Eo v 106
B 118 BROBUME L ouivasonvnssosisoiss toamss iy smes s auis sormegs s 50T S AT TR SO0 SO S s BN A O Bkvbs 106
6 DYNAMIC TRACK DESIGN
B I OO T O s s B R S s B G A A SRRl 107
6.2 DYNEITIC DEITCIDIOS 5553 o605 43535000553 458580 5585 140504 SRS 5535043554 5 S A A AR S AR B U S KRB GES 108
B 250 IV OOMIETEN 1y osrcnsenssnsasnanssasnnssseormonsnssnsnsssnsnnsasmast snesmassn s RS as SR AL AN A A SR SRS AN RO DINEA S 108
6.2.2 ONE-MASS SPIING SYSEEIM ..ottt ettt b ettt ees e 108
6.2.3 Wheel/rail forces due to dipped rail joints ...........ccccoooiiiiiiiiiiiiiiiics w12

8:2.4 Track excitation Origins .. unanianiseasmassmimsimiiitesniiviaismeis P | 1
6:3: TraCK MOAEMING s vouivmaristuimsinsesiusm i smesvassmasinssiressesissris s sohssvsssessavissnsrs s s aris st issisismeseosss 113
881 CONOTal CONBIIOTAMIEING vouevenyssssisosmnsmsucy saysmssssesmgns s sonss e SV S AN I AR AN 113
6.3.2 Transfer function between track load and track displacement ..............c.oocoeviriiiicceiiiciennns 13
6.3.3 Beam on an elastic foundation....
6:3:4: DISCIENE. SUPPOTE: iiiswvsiivsm s ot e oo s i o s A A AT A S T v an e s
6.4 VOTHCA] WO TOBDOTIBE isussvicsmisimsn i msins snsissanssrsisassidrepb sibiewweshs ivins ssspis o ismnsnidHoss dimsnpsie s ismdasnosiiss
6.4.1 HertZian CONACE SPIINMG ...ooiiiiiiiiiii ittt et et a e es et a et et e taeeensaas
6.4.2 Transfer functions between wheel and rail................cooioiiiiriiecici e 122
6:5: Linear:-Vehlele Mook i s e T B S S B s s s 124
B 1 BT B S B O 00 430 A e s G T b s S S R s 124
6:5:2- Regponse to rregularities iy OVOL. ... smumx i ainmimeinissmossis s s orssu s siasniss 125
6.5.3 Combination Of IEVE] FESUILS .........ooiiiiiiiiiei ettt ettt ebe s 128
6.5.4 Response to irregularities in @lignment............cooiiiiieiiiii e 129
B:5:5  ReSpoNse 10 IFregUl TS T G A s e i R G B B S s 129
6:5.6 Combination of CaNt TESUIS: : .usuiusssiumuastammis s s v s s s e s s oo 131
6.5.7" ISO welghting of car body acCEIETAtONS . «c.wiwwsssuvsomiisicmnmsrorsisiainaonikingssaisesmusissisiasassnss 132
6.5.8 Calculated transfer functions for the NS measuring coach ..............cocvvieiiiiiiiciininiiiiiececins 133
6.6 Estimate of transfer functions using measured data .............ccccooiiiiiiiiiiiiiniie e 137
B0 G OOl SO GO it s L L B A St 137
6.6.2" Basic:principles for 1 input and: 1 output i cisisinmmnmsiimminsinaieaimiaamime 137
6.6:3 :Multiple Input:SiNgle: OUIPUR: (MISO). iuvuusserscssisesssssssins dxpssisssss 1o i5ses s34 esaasms desiapss ueessaasssonss 140
6.6.4 Statistical reli@bility ............c.ooiiiiiiiiiiie ettt ettt a et e ena et ne e 141
B0 O N UM Cal QDO i i s S A R T vseh e e s 143
D88 A D P B OIS i R N B R B B B e L s biiis s 144
6.6.7 Comparison between transfer functions estimated by MISO and calculated with models........ 151
6.7 Vehicle responss: analysis i TO8 M6 ... ssmmmsmsimsisverensioisssivnsss ioavesipvssbasisassassespsisieesvess 152
6.8 Relation between Sperling's Ride Index Wz and ISO-weighted accelerations................c..cccoevne... 155
6.9 Applications of advanced dynamic MOAEIS...............coocuiviiririieieriiie e ieseeeeeeeaeaerae e seesaesseeaeens 157
B I PO U OO s o o S T P R S s R bseais 157
6:9:2: The RAILINOA) oot v s 157
6.9.3 A comparison of several different track types ............ccccecvrirrnrininnininneinnenesennsseeres s 158
6.9.4 Transitions in railway track on embankments and bridges .............ccccooviiiiiiiiiiiie i 162
6.10: Track response 10:a MOVING:axIGI0BG:...iiiiiiiiinismssisinmiiciiisissssssissnstsssssgisssrstsbisstoavassasissaiatsiss 164
6.10.1 Track response at the critical train VEIOCIY ...........c..ccoiiiiiiiiiiiiiiciii s 164
6:10:2: Dynamic.responsa of a Dalast IaYer: ....c...cumum i st sdsiiamns i asastas s s s 167
8:70:3 | SUMNOSE MAMBRIONS .. cvscsussisvmsneaserasssssmummsruoymss einnisesirmea e oo i av s TR oS eV F s s savh 168
6.10.4 Brief QISCUSSION ...ttt ettt e s e e e et et s e se e enees e enesneen 170

xvi



Modern Railway Track TABLE OF CONTENTS

7 TRACK STABILITY AND LONGITUDINAL FORCES

Ll I O I ONY: o corciaincrsns v iinsaana et senesass s e b i N AR RN AN S oA AN A NN SA RN LSS 171
7.1.1 Straight track and elastic lateral reSiStancCe. ...............ccoviiiiiiiiiiiie s 172
7.1.2 Track with misalignment and constant lateral shear resistance..................ccccccoiiiiiiiiiinn, 174

7.2 Track stability: finite element modelling..........c.cccccvviiviinniiniiiiiiiiiciie et eeosee 176
T2 Ceneral CONS IO ONS v isvusssrissisroms sunse s Aawias AT e SR A SR N AF TR ST SRS RS SRR 176
7.2.2 Finite element MOGE........c..oiiiiiiii ittt 176
G2 T ROBUIS . csrsvneraroansssismmssmmmmtovi v v mi st ot dnsaprasson seremad i va TR S A LA Db s ey AR S P SO LIS S A 180
7224 ContNUOUS WEIBO A SWITCIOS: i s s R s B S i i 183

7.3 Longitudinal forces: analytical modelling:........iauiniiniaiininimasisimiiiniiioideaiimaniii 184
T30 CONOTAl CONSIIOTOIONS 55: s oy5m60mi555 5058555 53308KE 3 55608 RSP Am S AT S S oS B 43 SR DR AR 184
7.3.2 AXIal FAII MOGEL.......oiiiiiiiriiiiiiiciie ettt crete e b e e ba e e et besbe e s aaseesbaesabeesesabaeseseaesbaasasbaessanes 184
7.3.3 Modelling of the longitudinal interaction problem .............c.cccoiiiieiieiiiiic s 186

7.4 Longitudinal forces: finite element modelling ..............ccciiiiiiiiii 189
741 Ceneral CONSIABIAtIONS . i sy T R s v o s s s s 189
7.4.2 Finite element model
7.4.3 Examples of longitudinal force calculations .......

7.5 Advanced numerical models of track BUCKING ...........cccoooiiiiiiiiiiiiiiiii i
2 IO GO Y i B S R S S SR sz
7.5.2 Analysis of track behaviour using CWERRI...
7.5.3 Analysis of longitudinal forces........................

7.5.4 Track lateral behaviour ...........
7.5.5 Vertical stability of track ...
7.5.6 Buckling mechanism ............ccccoiiiiiiniiiiiiniiimesn ; .. 198
7.5.7 Approach in order to determine the allowable temperature TALL. ... 199
7.5.8 Study case: Stability Of tram track ........cuissessuerisssssnssnesnorsassmssnes ST s Bty |
8 BALLASTED TRACK
8T INIOOUCHION cosiiivisvnnissismimimiss sissss s s S S s S GsaiSA tra i s s e S ddawuitne 203
B D TV AT o conssssciniesioiios s S s s S SRS o S A A S KA A SR S RSB R A AN A AASH TRB0F 204
8.3 Ballast bed..... e 205
8.4 Rails ............. TS RTI 206
8.4.1 Functions ..... ... 206
8.4.2 Profile types ..........ccccevvinne .... 206
8.4.3 Geometry of flat-bottom rail .... RN, Y
8.5 Rail joints and welds..................... vreeennen. 208

B IO MY s e st s T s T S s s 208
852 Fishplatad Jolte v e T R R S S R B S R i 208
8.5.3 Expansion joints and expansion devices .... ... 209
8.5.4 Bridge transition structures .................c....... ...210

8.5.5 Insulated joint...................... ...210
8.6 Sleepers............... R 3 A
8.6.1 Introduction ........ 212
8.6.2 Timber sleepers ..... S i)

8.6.3 Concrete sleepers.. ...214

8.6.4 Steel sleepers ...........ccccccoueuen. ... 216
8.7 Improvements in ballasted tracks.... ... 216
8.7:1 ‘Introduction:i:inaiissman 216
8.7.2 Wide sleeper... R4y
BT 3 FrAMG BIBBPEOT i aissiovivsssvinissision covysssiaessosn s ris s rsse s e s oas oSS A LS A R e SRR RS SO S PN S 218

xvii



TABLE OF CONTENTS Modern Railway Track

8.7.4 Local ballast stabilisation by means of a chemical binder .............cccoooiiiiiiiiiiiiiie, 219
8.8 | FastoniNG SYSIOMB i iiviiiiriismsssnsissssss ssansssnsonesss sesrasssassssnssgus sHoassis st meaaoer Ss o rsbaoo s b i ot 219
O BT I O U O e R L L A S S B B s S s 219
8:8.2 'Subdivision Of faSIBNINGS v s s s v T aesass Saassmviinais 220
8.8.3 BABOPIAOS ; ccvsrnvensniisemonaosnsssnssmsesi oo contayinisynss s eame e siiss s s ues sTsne s Nt ps sFHssrassvsienssass snsisssussss 220
8.8.4 EIASHC fASENMINGS .. ..ottt ettt 221
8.8 Al pad e s i R T R B S R S s S R s 222
8.9 Track on structures with a continuous ballast bed and sleepers .............cc.ccocoiiiiiiiiiiiiniiiii. 223
8:9:1 BallasStmats s ssm i s G s e A R R e R 223
B0 ROINTOTCING TBYBIS v casisuvrssesnsbeissnsssssnesssniosyionsioessatssnsis stss fesksessi o5 anas iR A¥os s Se3igasoN s s iR R TR I paos 225
81T LEVEI CTOSSINGS ...ttt ettt ettt et 226
B2 T aMWAY T EBICK il i sinin i RS A R e s B R e A B S s 227
Bi12:1 Tramway racK CRaract O St 08 it s S B N VRGN i 227
8:12:2 Examples:of pavad-in tramway track:. ..o s oot 229
B3 CHANEITIACK cexiuscosionsomsonssingss onssssniones g et ST O3 nys N o w R RS RSN PO SR S Saassh s 230
9 SLAB TRACK
O INTOQUOCHION s v ssvisavsnivesivesarsssiossasvi st seavas oS NN S8 Mo OO s 3 TR S NS P30 ST O S s 231
9:2 Balastad HACK VOIS SIADIIECK .« .c.xvssmrsssesnossnsis masmmsss sosnmnss s isanss fuiss i susevissssssn irasiovssiensswiamess 231
9.2.1 Ballasted track ... .o.oiiiiiieii ittt 232
02 Ay Ok e S T R B s B B R R S S R v s s s 232
9.3 Designs of slab track SUPErStrUCIUIES ...........cccciiiiiiimiiiiiiicie it ces s 233
9.4 Sleepers or blocks embedded iN CONCIELE ..........cccciiiiiiiiiiiiiiiiie e 234
Ot RAVSE 2OU0). . cyesneinsanmssansnmissmssyssmisonidssseinss s s s seesnssinn Foy NSy s Ras b s H ¥ 5 (T oA S ARG5S 235
9142 ZUDNN 1ottt h et ettt n et h et et eaeean 242
9.5 Structures with asphalt-Concrete TOadDO . i i s s S RS R GG 245
9.6 Prefabricated:Slabs i aasss ameein s s o e 0 s e o e e S L TN R R TS s 246
9:6.1T ShinKanSen: SIaDITACK. .. uumsuuismasmvisae i55vsissnsis s amsoessssmes e vessr s s avaTe s s s e SRS eans 247
9.6.2 Recent design of Shinkansen SIab track ...t 248
9.6.3 BOGI SIAD trACK ...ttt 251
9.7 Monolithic slabs:and. Civil St IRe S .z i, s S o s 252
9:8 Embedded: Rail s s n s s i s o S S e G SR SR 253
9:8.17 The characteristics of embedded rall:..omimsiimmmmmeming o e s Wi 253
9:8.2 Construction of embeadded Fall HaCK:........cioirmeisissussonnionessspasmmsissssisnassons sspisssssssassgessssssessaisssss 254
9.8.3 Experiences with embedded rail ..............cccooiiiiiiiiiiii e 255
e 3 B o ¢ e, e A O O S O e OSSP R Pt 257
9:9 Flexural:stiff:slabs on:toP Of SO SOk s i R R SR S S s saine 258
9.10 Clamped and continuously supported rail StruCtUres. ............coiiiiiiiiiiiiiii i 261
D0 COTONTIEGK, vocorenssasrrrorssssrassnsossasssinsassnsissiantosssytes sy asiresssansmsnsssaies e ssRsastrbnsssseserssfanisnsasbensnrasas 261
9.10.2 Continuously supported grooved Fail ..............cciiiiiiiiiiii e 263
9103 Web-clamped: Fails s s S e T R G S S T DN i 264
9.11 EPS as subbase material in railway slab track Structures ...............cccciviiiieciiie e 265
DALY IATOAUCTION s civssisnsmus vrsscssanssisvm e s e sesss varvessss o5 s s sH AT AT T WS TSR e o 265
9.11.2 Slab track structures with an EPS SUDDASE .............cccocveieeriiiiiiiniicninininncsse et 265
9.11.3 StatiC PEIFOIMENCE ...ttt ettt ae e ens e 265
0114 DDA PO O I I O i i i R e S S R oS R S Sy N A AR v s 266
D110 AP DI ORI ONIS s cuianvs tram et 3 do R S S A o e SRR Y SRR s 267
OUT2 TrACK TBSUIBINGE: x5 5o cwsss uminch osnsiqa 5455555105 55348504 435 50654 RA 3RS N S A B3 4 K S B H S 3 MM A 267
D03 VSO O GBS s cuurovpnsasomtss s emsmnersencas vt oty s s AN A S AR AN S ap RO 268
9.13.1 Requirements for the SUDSIIUCIUIE .............ovviiiiiie e ee e sna e e enn e aeensneee s 269
9,132 Requirements for'slab track i umnels: . i i i i T SRt 271

xviii



Modern Railway Track TABLE OF CONTENTS

9.13.3 Requirements for slab track 0N Bridges ... .....coviiiiiiiiiiiii e e 271
G134 Requiroments or AN S O S i s e s ea R e s de i Te s s T S aaaon 272
9.14 General experiences With slab track SYSteMS ...........cccciveriiiciiiirnniiceeeie et ce e aennes 273
9:15 Maintenance statistics: of slab tracK........swnsnnarmmmnanuissiisime s R 274
10 THE RAIL
20T IO O e s S B A N A S T R S B O P S B T S S s 275
$0:2 Modem rail MBNUTBCIUNIIG: s usevs s v sy v B s s Vs sa s 275
V028 BIBSEIUNNAGE . oussuvimsosssussvsnsssnsssnsssusssorissssesiisisssss aiisssussvsss svmesonskes s s s s SAN SN SRS SR w3 275
10.2.2 SEEEIMEKING ..ottt et ettt 277
10:2:3 Vacuum:degassingand.argon:flushing::..icaiissasisisnsibamiiienimaiasans 279
10:2:4 ContinUous CaStING s mmsii i a s s R i T ST 279
T0:2:5 ROUING M- cnimmscmsassrminsmmmean i s s o S s e o SR e A s R o e 281
10:2.6 FinISNING SIOD vccsvecuisssassieinissamsssusssassnpiostansusssstossassssssssomiseses orpspubesssssansss o sRsnomessyssnsssss tosdssass 282
10.2.7 InSpection @nd @CCEPIANCE .......coomiiiiiiie ittt eee e et e ee et e et eeenae e eieeeaee 286
102 8 Rl PrOTI S, s s e S R S R o S S B R e s 288
10.2.9 Indication of profile types according to CEN ............cciiciiiiiiineciie e 288
10:3  IRAN PROPOTHOS oonsvsenusnsinmosioassssiesissueds s s iess ¥ 8 3 P T ST S S Sy AR SRS iR 292
10:3.7 Motallurgical fUNHAMOIAIS, c.c..icnimusssursssssnsissosasssomnisesiinnpsosesospusissisn o sscess snphasspasinssassisansssassss 292
10.3.2 HEAt trEATMENT ... ittt et ettt ettt te bt eie et eete e 294
10:3: 8 Rl OO s o s o R o s U v G T s 296
TO:3:4 WA TS S A 0 iy s o O B B B S i B eV o S ot 299
10:3:5 FatgUe SOMON oo sisms e s s s S o A AR R e AR e R a8 300
10:3.8 Fracture MBONANICS s cuemsioseissinsinsnanisrssssassintosvstnsasisedosssssses ssmssissssts ssevess isshussgassysinntsss fosssspss 300
T04 RAI WEIHING ..ottt bbb 306
[0 5 B [y (a0 o £ o R b N R S e R S e LR S P Y e TSNP 306
10/4:2 Elash DUt WEIOING i :cocmmmmmst s st s s e e s i 306
10.4.3 Post-processing of flash butt welds in the NS welding depot ...........cccccoccciiiiiiiiiiiiiiiciinn, 309
1048 THOMITWEIING  s00xs0usssummsnsssssnmenasonsinesnensranominussssvarsonmise iase s s nowss A Sond S SIS AR S PEN S S 310
T0.4.5 COONNG FAEES ...ttt ettt et ea s et e s e et e et st et a s et eateana 314
104:6 Improvement of weld Geometny s s i S T S e 316
10:4:7 Weld-geometry Stanaart v i i s sy e s i s o S i s e S St 316
N0:5 R FRUMTES  covivvacsssorimsimesissmiises s sy e e s e s e e A e S AN S ARSI AH R 317
10:51 DeFSCtS TN rOIOIUS cusuiuesosinimsravessassoemonsssnssiosimes seasmssaensssssgsor oo s sonis s oSSy S He R 4P S v Puss s b 317
10.5.2 Defects away from rail @ndS...........ccooiiiiiiiiiiiiiiii 318
10:5.3 Weld and resurfacing defects::.xu:ws: i iam: i 323
10.5:4 Rail defect StatSHES i amsi s PR R P ST e 326
11 SWITCHES AND CROSSINGS
1950 T S AN AT T O s s s S D S O e O i S G B S o 333
TEAT SOt OF SWALCINEE - acicaaiicncs i e B B T o G R A S S R A s 334
A2 OO CTOS I hasesis oo i iniod s A Ny Db A P oK A NS4 SR S T B 335
P13 CIOBUTEETBI s s csxemssisnsumssvssssmemnins sussssnmsssernys avenvnse sad v s s H e S A S SH e EA A SR AL SA SO A A A AR 337
11.1.4 Rails and SIEEPEers in tUMOULS ........couiiiiiiiiii ittt e et e e eaveaenee s 337
1.2 Geomelry: of the QUM Ot . s R R S A P T s VB S s S 337
113 HIGN-S PO e AUIMOUES, i s ki s S b i o 3 S s e S A TR AT e 338
T1:3:T GONOTAN :cowcnissecvevessiamossiossinsmsrinssrsnsnissitons e dsssNsap a4 4HeMORR MR SHBEHE RS 4000 PSR S FanCaSH oSS EE5E GobE 338
11.3.2 Traditional turnout design Method ... 338
314 NONIClE AYNAIMNIC, .cooursinensissimssrivemaiomsssir i s s b a s e e S T e e S Ce e TA G s o R VbRt 338
11.4.1 Examples of modern high-speed turnouts ................c.cciiiiiii 339

Xix



TABLE OF CONTENTS Modern Railway Track

11:8 Notations:used: for SWIIChe S ANt CrOS SIS s i T o R S S S

11.6 Types of turnouts and crossings

117 Cro8S-OVEFS :ucuicatiwsismesssisosinsinvans

11.8 Switch calculation
11.8.1 Relation between curve radius and crossing angle..
11.8.2 Calculation of main dimensions ................ccccceeue
11.8.3 Geometrical design of switches and crossings ....................

11.9 Production, transport and laying of SWItChes ..............cccciiiiiiiiiiiiiiiiiiic i

12 TRACK MAINTENANCE AND RENEWAL

A2 OO O sty s i o S B TS S S S s 349
12:2; General MaiNtONANTE ABPBCES .uuuu v tssssiivsisiis s st ssiss 3o o5 a6 RIS RS54 TS 350
12:3. Spot maintenance Of track GAOMIBEY .. ..uueuussisssisssrronsasssssians ssassusenisssssssnsssisiossmmnsssngsssssnssassnsnssndss 350
12.4 Rail grinding and reprofiling......... ..o 352

12:4:1 Rail griading e O e S s s I R S B S R S P B VR B s 352
12.4.2 Rail reprofiling machines.. . 854
125 COrrecting. Welt GBOMITY v.uuux: v svrvsissivivssiesisissestatenes seesdans sussavsssssassssisis iidsdasesssesiass sionsssinnsaesavs 356
12.5.1 STRAIT PrINCIPIE ...ttt ettt es st e s es et s esn e est e e e e e et e esaees e eane s e ssesaes 356
12.5.2 MODbile WEId COMTECHON ...ttt et e 357
42 0 AT PG I B B IO s S B S A S S o S RN R 357
12:6:1 (ooneral CONSIOOTRIONS s s R R4 A S S AR SR S R R 357
T12:0.2: TAMPING: PICIDTIO s s eniuss o o oo s AR L oA S L0 SR SR RS RS040 359
12:6:37 LBVEIING AT MG ks suensusennssusimpnssnssimssssusssmessvin s e eusss s st isae iy ss Vexes sanas s amivs Fixs pHasN i R AT SRS 363
12.6.3.1 Smoothing principle of modern tamping Machines..............cccoiiiiiiiiiiiiiiiiicceeeccne 363
b I B B S e B B S P U O P e DY s 366
12165 M S AT v s s e S T S A S S e R S O A e AR S 367
2T OO DIOWITH 55 s oo 350mm0ouss o5 5 45004555 M 8 505 64 485 S 50303 B S RS 53 S 0 605 B B 369
1201 CENBTAl DINTCIDIS :asncesuram s cmomrus saosasa s s e n oy S o A OS2 RN S AR R AR SR SN EPANY 369
12.7.2 Measuring philosophy used for the stone bloWer..............ccccoiiiviiiiiiiciiceceeee e 370
12:7:3::Stone: blowing ap Pl Cat OMS i s s i s G G e B v S i s 371
12.7.4 Results of track geometry measuremMents...........coccoiiiiiiiiiiiiiiiceicse e sie e sne e svee e rie e 373
Y275 StONE BIOWINGIURUN iovsiconasvmimimmeeomsts s s e oo v s o s N AN s A DSV AR 373
12:8 DESION OB BIIDITI cvsoesacesiomessssnssss sosanmssromns o N sspasi s A A Ha s e S AR SRS S 9SS 374
12.9 Ballast profiling and stabilization ... 375
12:10: Mechanised-track-maintenance train s s i R S R 377
12: 11 Ballast ClORMO i it s D A RS A T R R A S S R S S i 377
12.12 Formation rehabilitation MachiNes...........c.ccconuiiiiniiiiiniiiiiie s be s ssssrensses 379
12 S G O T O T AITEE v wswpamssncorvtasmemsea o e R Ve A SN R A IR S N 1S AT 383
12.14 Maintenance of the traCk SIIUCKUIE ...............ooiiiiiiiiiieeie e sa e seenaeenee 383
12.15./Goneral observations: O Arack PONMOWE . i i i i s i s s iRy 384
1216 ManUal A TMOWAN i s s D A N e T A RS o3> 385
A2 1T NI ANICAl TrACK TONMOWRN 1z sy w005 50 8R035 05 8 3 53R HS HREI3 B 45 AR5 R S8 B A SRE SR S e e 386
T2 AT IO AUICIONN i rmasms comemmmuicssansmmtons sereinnssnusas uason s i on s b R SN e N S VS PSR SNEN S 386
12.17.2 TTACK POSSESSION ...ttt iiee ettt eta et e et e eee et e e eatees s e e ss e ts e e sa et e e b e e eaeeeaaeaseeetaasseesaeeneeen 386
127 S ANty Cran e SO ot s s s S B T B e 20N i 386
12374 Track Section MBHNOC e cis s v s i s A s o B AT S ST R T v S 386
12475 O U OUS TNOTINO . 53505 sammrsnsasssnsoisaniesinesesss 6vssns vasssussonsios doviv Soivi s oneh oS e e AL 388
12.17.6 Track reN@Wal frAINS .......oo.uiiiiiii ittt e ea et a et ea e 392
12:18 " SWICH TOIBWEAN «..... . cirivicsnsarsmssnminarainmssmansommssrasssoasrssnns ssmssvnsmss asimngssssonsnns sy msmests it oirs ssake suvan sasais 393
2 T A I N i O O R S NS s BB 396
12:19:1 ‘General considarations v anminmummmuimaiirmi R s 396

XX



Modern Railway Track TABLE OF CONTENTS

12:19:2 Track CONSHUCHION ATBINS c:ovcassmam s s o S AR SR S e S s s ST A e s 396
12193 PlatOW SYELONT . cironioniomoseinansmnissinsvimanass o s ss S isAs A H s T AR OV eR R AR o9 397
12194 TGV ITACKS ...ttt en ettt e et e es e s s ene et e et e e ns 397
1220 Detorioration of Track ooty i s s i i R s s e e B sar b s s eirsassasranonge 399
T2 20 A O G O i s s o S R S B S S N S v S S SO Uit 399
12:20:2 FAIBYOTICEN TOCOTSE: iusivnsasussinnvssissins s s s vass s e s s s S R S S RS R 399
12.20.3 Factors influencing the deterioration of track geometry...........cccoooieiiiiiiiiiiicieiiciciee s 400
12.20.4 Deterioration rates of GEOMEITY .........coiiiiiiiiiiiiiie et
12:20.8 Effocts OF tamDINg i i i s e o S s S e S R Rsinienoton
12:20:6 Effect of weld: stralghtening sz s s e s v s s s R SHas i3
12.20.7 Development of corrugation.............c.coeverceriene
12.20.8 Effect of stone blowing........cc.cceeoeeviiiiiiriencininnne

12.20.9 Development of lateral track resistance

13 NUMERICAL OPTIMIZATION OF RAILWAY TRACK

BN I OCHON v cxvvocomesussoyuasssnnsnnmsiosssisnsssnssnshsssihsdaisnnpasssseiAiaass§on s S RIS NS AH S HH e A SRRSO AN RGN 409
13.2 Elements of structural Optimization............coiioiiiiiii et 410
13.2.1 Goneral optimiZation Prob oIy sy s o i s o R s e b assue 410
1302 D SO O IO OO it s o s R S R o e A S A S S U S R T R ot s 411
13:2.3 APPTOXIMTBLION CONTBPT wvuiivamviisnisismms misvesdorssssssusspdss 5508 v oS aaem U5 F e T AR VG oV ww aTe s s o S ap e 411
N33 NUARS VTN s em i s A S SR N A T OSSR E A R SR NSO 413
13.4 Optimal design of embedded rail structure (ERS) e 415
19:4:1 Introduetion s R R R S G 415
13.4.2 Requirements for optimum design of ERS.............cccciiiiniiiiineiiieinnereseeie s enesasressnasanns 416
13:4:3 OpHMIZBtON PrODIBM . ciuwmsnmisinesiiiicssussssmsren s sossss i dvosls Sises s s s s a3 aa s Vg s s v 420

1344 Remarks aiid CONCIUSIONS. .cuiservessvisnsseniinsoisssinnssvssisosinissssishsase ssuissssissiass dovossassnasssasad st sbuasgsssay 426
13.5 Determination of ballast lateral resistance using optimization technique ............cc.ccccooieiiiee 426
130 IO G O s A S S B B B s s 426
13.5.2 Measuring the lateral resistance of track .......uamimnunannaiuniunmsnasaaiiai 428

13:5-3 Ballast parameter IdentifiCatIoN v ascammesisoavem i s i v I s o 430
5. CONCIUBIONS ivssspusanansssonnsssoivssessshssssasemss s Ao A e A B S A R P AT SR AP IS O S BN S9AF 435
13.6 Identification of dynamic properties of railway track............c.ccooveoeoiiiiiniicieii e 435
1301 IO O O i s S T S 3y S o B S SR T O s S s 435
13:6:2 Hammer OX G atIoN 08t i i T s T i S R A SOV ST S Sh AR o4 Sesas% 436
13:6:3 NUMBHCAI MIOTBL: ivovsiisusamimmmmsmiamimorsissss s r e s s oo oo oo s oA s ST Se sV S avass s as s avaa e aes 437
1364 Track parameter IentfCatON. .. usmuers snusssmramsmuisions sosumistinsusmnssmuspimsassavsssssntissinssinsshpamiadsss 438
13.6.5 NUMEMICAI FESUILS ..ottt et e e et s e e e e a e s e e s esnsaaaeee s ssteeaansnanaaeeeses 439

13.6.6 Conclusions ........

14 TESTING AND ACCEPTANCE

TA.T INEFOAUCHION ..ottt ettt ettt ettt s st e te et ehtearne e esnaeraaee 441
14.2 Component testing and aCCePtANCE.....i i it iiiiiiiaiisimsiienovivaiaasssiiossosiianasiinamnnivasanssisasassansn 441

T4:2:1 MO AN PP OO i cia vt s N T s o S s s B SN e TS Vs e s 441
14.2.2 Elasticity properties....... ...442
14.2.3 Strength properties .... ... 446
14.2.4 StabIlity PrOPEIHIES. ... ..ottt ettt es et en e 447
14.2.5 Durabllity:and fatigue properties s s s s iSRRG 448
14.2.6 Specific component properties....... ... 449
14.3 Structural testing and acceptance .... ... 451
14.3.1 Noise and vibration testing of track StrUCHUIES ............cooiiiiiiieiiiccc e 451

XXi



TABLE OF CONTENTS Modern Railway Track

14.3.2 Passenger comfort and ride quality ............ccoureiiniiiiiinnic 453
14.3.3 Dynamic properties of track StrUCIUMES .............ccoiiiiiiiiiiiiiiiiiiiiii i 454
15 NOISE AND VIBRATION
AOTT VIO UORUONN - ccvemssnons oo sen s s s S KT AN BB A B RSP R SR A S S D PSSV VS DT 459
15.2 SOME AEFIMIHIONS ... ettt 459
153 CrotnithVIDIEUONS . <rrousasniitioisssnino i et cr i AT oe e B T A KT s T AN L SR e R oAV SR 460
153 IO G O i R T R o B R B B R R i 460
15:3:2 'Wave propagation In SOIS . umiaswsmimiimms s s i s e sin i ssisisionvssaasiroisinsdbsitons 462
15 3. T AN D OH GBI IO esnny vorionsas shie 405 558N RS0 3B S b S S NSNS SN SHFieE 464
15.3.4 MeEASUIEA VIDTAHIONS . ....oeiiiti ittt ettt ettt 466
163D VIDration PadUCHON . it st e A e e RS b e i e a e el s e R vaadanes 468
15:3.6' Meoasures Tor ballasted raoks v s i T L s T I S i 469
15:3:7  Measures 1o SIab IrACKS i vaa i i s B R R iV e e R R VE i G vaRs 469
15:3:8 Measures Tor racks IO OPEON. ... s vimmminsos s sinssassvas ooy smimscorssso s ssas st s aseasaisss 470
15.4 RAIWAY NMOISE ...ttt ettt et e ekttt e et e e et n 470
16 INSPECTION AND DETECTION SYSTEMS
16i1 ‘Raitway Infrastructitre; MONOTING: ... st snimssmssasssrmasisisesssissiponsssnsns 475
16.2 TUNNEI MONOMING ..o ettt aan s 475
16.3 Bridge monitoring and ManagEMENE ...........c.oeieiiririeereieeseeeeaeteseeesreeseeae s e aeeeneeneeaesesreeteas 476
164 SUDSHUCIUINE N OM I OIS i vt 477
16.4.1 ‘Substructure condition paramMeters i........uiinniiimimsmisimiiiaissiiaisitinivimisadiasie 478
16:4.2 ‘Ground Penetialing: RatAr: cus s s et n s o et s s Pis s G s 479
16.4.3 Track SHffness MEASUIEMENT. ..ottt 480
16.4.4 Infrared thermographic inspection data .............c.ooiiiiiiiiiiiiiii 484
16.4.5 Laser Induced Fluorescence (LIF) Cone Penetrometer measurement..............cccccoeeienicnnn. 484
16.4.6-:Non-invasive moiSturé MONOIING ;... iuussicaummniossimms st sssmiaves s ssvvvesmiesssasis 485
16.5 Monitoring and management of switches and CroSSINGS.........ccccovviiiieiieiiiienie e 486
TE.5.1 INETOGUCHION ... ettt ettt 486
16.5.2 Switches and crossings monitoring by EURAILSCOUT .......ccooiviiiiiiiiiiiiiiiiicice e 487
BB D 3 W N O . i s B B S R B B P S R s 488
16.5.4 Condition monitoring and maintenance management of switches.................cccccviiciiiiins 489
16.5.5 \CEDIAS -~ Rallway: Lines DiagnoSte: SYSBM ..o ansumssmiusasmosmissmss o s msovemisesissises 494
16.6 URrasoniC rail INSPECHION. ........oiiiiiiiie ettt ettt e et e e eaae e eateeese s e ssaeeeaseeesae s e esrseeanseenaeennee 495
1667 IO OV i e R e R R R A e R RS R R 495
16:6:2' The EURAILSCOUT Urasonl o ATain s i i s s iR inisiessiisviivisiani 496
16.6:3. Architecture Of the LIRS s torsminms o s s s ian s H s S A e e S v 497
16.6:4  PrODB SYSUBIM ciivwonssnviivoicoarsssssssnenss uansss sishssnsas ioessanssossons s serssieisiasssssniniosessus sses ssosovpesssssnons 498
16.6.5 SENSOM @IECIIOMICS ......viiiiiiiie ittt ettt 500
166 0. I C O PO S SON i iiiiiiiinsisessasissinssnnsssvosshassvssansarsisnosss shs idsas s i e A oh s s AV e eA IR SRS T SR p S S NSRS 501
16.6.7 On-line control and data interpretation................cocceiiiiiiiiieieseeeriee e see e eebe e snnnaeanas 501
16.6.8 Off-line data analysis and report generation ................ccccivieiiiieiiiiiieiie e see s e esras e eans 503
16:6.9/ NS UNrasonic InSpE CHON PIOGFRINY- .. uixsssi-ssmissvteisssononssssmsnsrysassiitss s hassvpassiiasesiosins 504
16.7 Track RECOMAING CarS.......o.uiiiiiiiiiiiiitiit ittt et sttt s e 506
A0 T IO O T S O S S s s S s SRy 506
16.7-2 "Track recording: SYSOMS : i iiiiimmsiimrs i s B heia it sivanaasissaan 506
16:7:3: Rail recordiNG SYSTOMIS s sissnivimsmsrivmsisms uases s s s s an S n o s A e s 508
16.7:9. OVENOAT WINS tOCOTHING .. cvsasvisssossnsvasssianssmassssnssisnsisssies sos iy ssas s AU s U yass HEAY S AR s g 509
16.7.5 VIAEO INSPECHON ......eeieieiieieie ettt et e et e e eee e et se e snseeamaeeste e rsaeesse st anensaeaesas 510

XXii



Modern Railway Track TABLE OF CONTENTS

16.7.6 Processing and recording the measured data ...............c.cccciiiiiiiiniiiiiniii e 510
16.7.7 Track TeCONTING: CAMS is.suwsiwnsisvamieisinsessibedmavi i i i s e sedensdn s ssasonsion 511
16.8 Track rOCONTING: SYSTOME «.uuc e cuissosasensisossisins s sasas dosssitasas yiiass s s sss SR F SN S a5 455K SR 513

T6.8.1 INITOAUCHION ...ttt ettt et ee sttt e n e e et s atbeeerae 513
16.8.2 Some aspects of geometry reCording ...........c.cociiiiiiiiiiiiiiiiie ittt aae e 513
16.8.3 Assessment of track quality for maintenance deciSioNS ...........coccveervriiirericiineieeccie e 515
16.9 Universal measuring coach EURAILSCOUIT uuiuisuiisiiisnsianmiasisasss iimeeistiviios dessvesiasisis 515
16.9.1 Introduction ............ccoeeeriiecuennens R SN N AR B R SRR TN NSRS R A AR A 515
16.9.2 Track geometry MEASUIEMENE ... ..ottt ta e es e sas b e aaeenaae 516
16.9:3 Overhead Wire: MBaSUMSIMBNE. .t i i s o s G i singss 517
16:9:4 - Rall Proflle: measurome . i s S o S A S R s BV T iR aRR S a0 520
16.9.5 Rail Check System...........

16.9.6/ VIO INSDOCHONS SYSIOIME. ..cvnisvismvinssinmnismsvaises i b oo S e e e PR O F AN R s 522
16.9.7 Data proceSSing and SLOTING ......eeuriouieii ettt s en s eaee s 523
16:10 The:NS track recording SYStoMBMS i i iiviiiiiiivitiniissassssssssssiabsmisiassvmaisssrimsiions 526
16.10.1 Short-wave recording via axle box acCelerations.............ccccevieiriiiiiciiiiiniiiiiie e sirecn 526
16.10.2- Inertial MeasUnNG PANCIPIE ... .cuiviiniiimiinmmsmmiin s i osiis et sssismsiagsieebocsinses 526
16,103 DYNAMIC SIGIAIS 2suvissursmirsammissersigisisimsnssissessossonrsismmminsiesssssivsssnsisisssissanensssss v snsasnisssavsssns 527

16.10.4 QUASI-STAIC SIGNAIS ..ot s 530
16.10.5 Signal combination for determining track parameters.............ccocoiiieiiiiciiiiiiis e 531
16:10:8 SNl ANl it S N R O R S NSNS R oS 534
16.11 Vehicle response analysis according to VRA ............cciiiniieiininincneiesisssssssssssssisssssessens 543
TOM1T IDREOBUCHIONY v cvsearsmnmmivsssisprronressmmisnspmssrensess s sses s srs e chne oo ey s e oy PSS O YW oA SO RASS e g et 543
16.11.2 Principle of CAICUIAION ......cc.oiiiiiiiiii e 543
16.12 Results from BMS Campaigns ..........c.ccocvriieiiicnininiiinnninireiieiiemiiemsiesmeessnesmaens .....544
16:12.1 NS:distribution Funclions:: amnmiinamninanaaniaminni Guiimaaiian .....544
16.12.2 Results from the ORE D 161 Europe Tour 544
161259 S TrACK GOONVIY SDACITE «ovusuisscorsusinssirsnenssvm s ivinsssienmsnsisnssmsasssiueissssesdisiapi s snsesvs s asyeshinets 545
16.13 T-16: FRA's High Speed ReSEArch Car...........ccuiiiiiiiiiiiiiiiiiiieite ettt ia e 547
0 153 e i o o T e Pt e AL O R T e AL O P R SO S o R 547
16.13.2 Instrumentation and measurement capabilities ..............cccoviiiiiiiiiiniini s 547
16:14- Raill Profile MAanaGomMIONE ..z eiseisns o o v s v v s ssssve s asssassvens 548
16.15" Rall Dafect ManBgBmMIBRE o .. uumessisnsrmaeoisommsemsisssssasmussssomsas esysitsopsssssipessasanssoyossassissasasis 549
TB.15.1 INIOAUCHION ...ttt eies 549
16.16 Ballast monitoring and management...............ccoiiiiiiiiiiin i 551
16:17 ' Hand-held InSpecton @QUIPMIONt i auviiiimsi s s s i s s i 552
16:17:1 Uitrasonic: Hand EQUIDMBNEMT 95 ... auiaisnisismissimimissiisadanesesisms i essssasesiiasossssrvssiss 552
18172  HANG-HOI G OONAUAT . :svovovsumivsinssussimesmsnvissusssnssvnonmmss sseso ke sesans v e sn PASSRRSIH A AP AR SIS 552
16.17.3 AUTOGRAPH ..ottt ettt bbb eb e es 553
107 MNP R O (st s o B T S N S o s S s e s 554
B0 T 0 RAIL PR O s s ssasss o o e s G o B oSS S S T s S AU ARS S AR A R VR 561
16.18: Pandrol Jackson SYS-10 Rail Flaw Detector......c.cuuiiisssiiisisiiissiisiasviosessssassisisisestsss 565
17 HIGH-SPEED TRACKS
T IO UG O s v it s s S U A R A Sl s SR s e e ARSIV S T s visasesa 567
T30 MeNIClo TOaCIONS e sussvasmiss s s Ve R s S A S PR s P VeV OVE o b s b S sV 567
732 TIACK GBOMBUY 1uoosicuvisiusissssemunnsesssassrsnsasusssntvessssnnespisisiass aihseasasssonsusiorissssssasispranssyisuonanss 568
17.1.3 Rail geometry and weld GEOMELIY ... ..ot e e 570
17.1.4: Trackquality:standards: for- 300 KM G i i RN TR 570
17.2: The Korean High Speed Railway Project ....ic..iiianiniiiiiiiiimniiiiiuiiiaiinmsiimmmiisi 574
17:2:0 IATOAUBHONY s sussisuissssinsisnsisssnserssveimsn bioiess i N Ao eSO TSN T VR S s Sh S s Ab e 574

xxiii



TABLE OF CONTENTS Modern Railway Track

17.2.2 CiVIl WOTKS ... ....574
17.2.3 Track Characteristics 575
V7208 THACK L AYING s s i S S B A S T R A S R R TR o 575
17.2.5 Track Installation............ccccocceveenee. Y A
17.2.6 Catenary and Systems................... ... 576
17.3 Dimensions of railway tunnels 577
A3 IO OO it S e S S s aissi 577
17.3.2 Air resistance in the open field SitUation .............c.ooiiiiiiiiiiii e 577
V3 UG SIOAIION . su00s55: v smwssinssmionysnanvions fumns isusss onss e dodanss s A8 ebs SRR R VSR S TV O OGPV 578
17.3.4 Basic design criteria for tUNNBIS.........ccomeeiiiminmeacnnisnssnessesnsssssnssssasssassssraosassssssssassassassnssases 579
17.3.5 Calculations of external air pressures on the train.............cccoiveiiieiiniiieceiee e 580
17:3:6- Modeling oF e umme .. o i R i s SN SRR 580
17.3.7 Calculation of air-pressure variations in traiNs ...........cccoiiiieiiiiiiiiie e 581
TS0 TTROIT IR 505w s 8 3 S S S A S VSRS RN SN0 583
17.3.9 Results of calculations for tunnels in the HSL in The Netherlands ............c.ccccoviiiiiiiiiiinnnn. 584
174 MagleV APPHCARIONS.. civiiiviviisimsimsissssorisrivisssnyssnssinsorsnssomassnimmssosrassapsasessrnaissososorsasen iosovspiassian 584
b 8 B e T (1 o o T B B R AR 584
17.4.2 The Japanese  SYStOM ... sttt ottt s 584
17:4:3: The German: TranSrapith SYSIBIM . v cosmarmninmustmns s st e s oo passsugissy 586

18 TRACK MAINTENANCE MANAGEMENT SYSTEMS

181 INMOAUCHON .« S e e e G A RS s VAV R S it 591
18:2  Basic data for pradiction and PIANNIAG .. samssrmissimin s omssass s o e s e s 592
S G T I = ot Qe =T o T4 T (PP 593
18.4 Prediction of geometry deterioration..............cooveeiiiiriiiiiiiirce e 593
18.5: The: basics:of the :analysls: PrNCIPle s o s S R R RN S iR aawes 594
18.6. Monitoring system for Wheel defBOS uu::::uuvusssisisisiiimssimvess iosestiossssbaib v s isasssaiinngs 596
18.7 'Rational rall MANAGSIMIEIRE. «.x.coseeisessesssesinriomsivimtsfesevisssiniasissssesrsosisessiorsas (5oissessssavessosssussass 596
18.8 ECOTRACK ... .ottt ettt es ottt e s sttt a ettt sttt ettt 596
188 IO U O s ot s R N S T S s S S S G i 596
A B DY OV W s R T B B R B R N R i B S N N Bk N 597
18:8.3: :System functions and: ProCess ... uwuminmiiimiriiiiivsassaisiasiaome st issaisasviom 598
18:8.4 ‘Featiures of the ECOTRACK SYSUOIMN. . cx.unviswsssissssiasmsnymssmmivisinsoniss s i s s 1eies 602

19 RAILWAY ASSET MANAGEMENT SYSTEMS

19.1 Railway Asset Management System CONCEPL ..........ccoiiiiiiiiiiiiiiiiiiiie e s 604
19.2 Development of an AMS ... 604

19.3 Railway Assets Locating ... 605
19.3.1 Method using ortho-photo technology...........cccciviiiiiiiiiiiiiciiciiii e .... 605
19.3.2 Method using laser, video and GPS technology ...........c.ccccouiiiiniiinicriinniniiiiniineesissnnin 606
T9.:3.3: VICO0: SUNVBYING 1555 55+ oo nsssins somssesiss s smasis v o s s s s s A e R RS a a0 607
19.34 ' Method. USIng: Satellite IMIAGOTY s esrmsarinversemmemsersivemess osss o s o s spsse s e sssen 610

19.4 Integrating a Railway Asset Management SYSIemM ..ot 611

2 kTl O o T B R N O Gk P RPN R A N R Sy A SO S TN e 612

20 LIFE CYCLE COST ANALYSIS

20.7 Life CYCIE COSTINMG. ... ittt ettt ettt ettt b et bt sa s snas 615
20.1.1 Life Cycle Costing prinCiples.............cccvvrmiiierinciiicnnsniiesiesenessnesenns ....615

20.2 Track Life Cycle Cost DSS ............ ....620

203 R OGNS IO iissssnivov s idss e s IR S T S S S S N S PP F AR 625

XXiv



Modern Railway Track TABLE OF CONTENTS

20.3.1 Track design for @ high-speed lINe ............ccoiiiiiiiiiiic e 625
20.3.2 M&R strategies for tracks and SWiItChes............cccciiiiiiiiiiiiiiicicc e 627
2033 O S O sy s R o B R S S e S A SR SN S o i 629

XXV



