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Avarvotikn Mé€0odog IIpocoropiopnov tov Méyiotov
®optiov Tpoyov eri g Xompodpopkng I'pappng

NIKOAAOX AEMIPIAHX

Ap TloMtikdc Mnyovikog ATIO
Yvykowmviordyog ENPC

Hepitnyn

2y gpyacio. ooty avamtdooeTol pio, uéGodog mpoodiopiouod tov
HEYITTOV AOKODUEVOD POPTIOD TPOYOD ETTL GLONPOSPOLUIKHS YPOLUUNGS
e ebKouTTN E0paon (€pua), HEGW TAPOVS OVOAVTIKOD DTOAOYIGUOD
THS GUVEIGPOPAS OE ODTO TV UN-OVOPTHUEVWY UOLWDY TOD TPOYOIOD
vAikod. Xro mloioio avto, epapudlovror pobnuotixd poviédo oo
TEPIYPAPOVY TV OAANAETIOpaon TPOoYoiov vAIKOD Kai o1onpo-
OPOLIKNG YPOUUNGS OTIC UECOIES KOI DWHAES GUYVOTHTES, TO. OTOLO.
Aopfavovy omown to. aKpifn YEWUETPIKG, SVVOLUIKC KOl KOTOOKED-
OOTIKG. YOPOKTNPIOTIKG, THS G1ONPOOPOUIKNS YPOuUNG, Ko.Ows Kal to.
XOPOKTHPLOTIKG. THS EXAPNS TPOYOV-a1onpotpoyias. H mpotervouevy
Hébodog dvvazar va. ypnoipomoinbet wg Eyel ot O1001Kaoio LEAETHS
KO GyYe0I00UOD TWV GIONPOTPOYIDV KOL UE KOTOAANAES TPOTOTOL-
OELG OTOV GYEOIOOUO CALWY GTOLYEIMV THS  YPOLUUNG.

1. EIXATQT'H

Avtikeipevo g Bempntikig avtig epyasciag ivat o vro-
AOYIGLOG TOL HEYIOTOV POPTIOV TPOYOL EML GLONPOSPOLIKNG
YPOUUNG He gvKaumTn £dpaoct. Me tov 6po péyloto @optio
TPOYOV VOETOL M YOPOKTNPIOTIKY T TOL KOTAKOPLPOL
(QOPTIOL TPOYOV TOV OCKEITUL EML TNG GLONPOSPOLUKTNG YPOLLL-
UG, M omoio KOADTTEL TN PEYIOTN duvaT, BempnTikd, Tbo-
vOTNTO VIEPPOCTG TOV KOTA TN ddpKeLlD TOV Xpovov {mng
g onpodpokng ypopuns. H ev Adym mBovotnra emt-
Tpémel va. ANeOoHY vITOYN eEAIPETIKEG TEPITTOCELS POPTIONG
NG OLOMPOSPOIIKNG YPOUUNG, HN-CuVNOIoHEVES GE GLYVO-
NTO EUPAVIONG, OTMG Y10, TOPASEYIO ayKVpla Eeyacpuéva
OTNV EMPAVELD KOAMONG TOV GdNPOTPOYIDY, Bpadon Ttev
OLONPOTPOYLDV, YACUATO OTNV EMPAVELN KOAONG TOV Gl-
dMPOTPOYLOV Ad ATOKOAANOT| TUALOTOG TNG KEPAANG TOVG,
EMTAATOVOELS TOV EMOOTPOV TOV TPOYOV TOL Eemepvohv
T1g TOPAdEKTEG AVOYEG, KTA. [1]. Aedopévou Tov TVYMUATIKOD
YAPOKTPO TOV UNYOVIGHOD POPTIONG TNG GLONPOSPOLIKNG
ypappung [2], n mhavoétTa akpaiov, un-cuvnOicpévoy o
oLuXVOTNTA EUPAVIONG, HEYIOTOV TIUAV (OPTIOL TPOYOV
avVTIOTOLYEL £V YéVEL 68 TYES TNG TAENG Tov 107 (MTot e 670
1000000) [3]. H mBavoétnto avt) tavtiletal, otny nepinto-
O™ KOVOVIKNG KOTOVOUNG, LLE TO EMITESO OCPAAELNG TTOV OVTL-
Yropinbnxe: 18.3.2006  Eywve dexrij: 1.7.2008

XPIZTOX MIYPI'IAHX
Avaminpwotg Kadnyntc AII®

OTOLYEL 6TO TEVIATAGGLO TNG TUTIKNG ATOKAGNG TNG TOYAIOG
petafAng (Tot ToL KaTaKOPUEOL POPTIOL TPOYOV EML TG
GLOMPOSPOLUKTG YPOUUNG) OO TN LECT] TIUN TOV.

To péyioto poptio Tpoyol Ppickel epappoyn otov oyedt-
AGHO TOV GONPOTPOI®V [3], 1| TPOTEWALEVT] ®OTOGO GTNV
apovoa epyocio peBodoroyio. VTOAOYIGHOD TOL GUVOAL-
K00 (OTOTIKOD, MUI-CTATIKOV Kol SUVOIKOD) KOTOKOPLEOL
@optiov TPoYoV Bo PTOPOVGE VO EPUPHOCTEL KOl Y0 TOV
VIOAOYIGHO TOV QOPTIOV GYESIGHOD TV AOITMOV GTOEI®MV
KOl OTPOGEMV TNG GONPOSPOLKNG YPOAUUNS (Y. T®V CTP®-
TNP®V, TOL EPUATOC, KTA.). ZTNV TEPITTOOT AT OPEIAEL VOl
el vTOYN Yo KAOE TETOL0 GTOLYELD 1) GTPMOCT TNG GLONPO-
OPOLUKNG YPOUUNG TO OVAAOYO EMIMESO GTATIOTIKNG THAVO-
mrog acedAewng. To eminedo avtd acpdielog PBivel amod Tig
AVOTEPEG OTIG KOTMTEPEG GTPMCELS, EGOUEVNG TNG Helmong
TOV OCKOVHEVOV TAGEWDV OO TIG GLONPOTPOYLES OTN OTPAOOT|
Bepelioong [4] (T.y. evd Yo TIC SONPOTPOYIES TO GVUVNOES
EMINESO AGPALELNG OVTIOTOLYEL GTO TEVTATAAGIO TNG TUTIKTG
AmOKAIONG TOV KATAKOPUPOL POPTIOL TPOYOD OO TN HEON
T Tov [3], Y10 TOVG GTPMTPEG KO TO £PLOL AVTIGTOLYEL GTO
TPUTAACL0 Kot SITAGGL0 avTNG avticTtoya [1]).

Ymv mapovoa epyocio wpoteivetal po Beopnrtikn pébo-
300G VIOAOYIGHOV TOV PEYIGTOV POPTIOL TPOYOD, 1| OTOI0 OTI)-
piletol 6TOV TANP®S AVOALTIKO DITOAOYIGUO TG GLUVELGPOPES
OTO KATOKOPL(PO (POPTIO TPOYO TV SUVALUKMY ENPOPTICEDV
TOV UN-0vopTHEVEV HoldV TOV OXIATOC. XT0 onueio avtd
pémel vo.  evkpvioTel OTL 6TIC PIBAOYPUPIKEG avVAPOPEG
[1,5,6,7] €xet avtuetoniotel To TPOPANUA TNG CLVEICPOPES
TOV pN-ovoptUévey pal®dv Tov OYLIATOS GTO GUVOMKO
QOPTio GYESGHOD TNG YPOUUNAG (EQAPLOYY OTO EMINESO TV
OTPOTHPOV) LE NHUL-AVOALTIKT LEBOSO VITOAOYIGOV.

H epyacio meprropfavel técoepa pépn. X10 TPAOTO pé-
POG TTEPLYPAPETAL O UNYOVIGHOG KATOKOPLONG POPTIOTG TNG
OLONPOSPOLUKTG YPOUUNG KoL TOPOLGIALOVTOL Ol VOIOTALLE-
veg HEB0SOL LTOAOYIGHOD TOV KATAKOPLPOL POPTIOL TPOXOV
KOl TOV PEYIOTOV QPOPTIOV TPOYOV. XT0 dEVTEPO HEPOG OVOL-
nTocoetol 1 véa péBodoc. Xto tpito pépog mapovaolaleTat
apOUNTIKN €QPOPLOYT] VTOAOYIGHOD TOV UEYIGTOL POPTIOV
TPOY0V €Ml GLONPOSPOUIKNG YPUUUNG HE EDKOUTTY £OpOOT).
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Y10 TElEVTOIO, TETAPTO HEPOG TG EPYACIAG, TOPOVGIAloVTaL
T GUUTEPAGLLATA TTOV TPOEKVLYALV.

H epyacia coppdirer oty mpodtaot pog véag Bewmpntt-
K1G LEBOOOL VITOAOYIGHOD TOL LEYIGTOV POPTIOL TPOYOL ETi
GLONPOSPOLUKTG YPAUUNG HE EVKAUTTN £DpOioT|, 1| omoio, dV-
oot vo xpnopomomei og £xet ot dladkacio LEAETNG KoL
oGO0V TOV GLONPOTPOYIDV KOl LE KOTAAANAES TPOTO-
TOWOELS GTOV GYESIAGHO GAADV GTOLYEI®V TG YPOLUNG.

2. XYMBOAIXMOI

A Mopdperpog mov yopaktnpilel Ty modTTO NG
EMPAVELNG KOMOTG TOV GLONPOTPOYIOV MG TPOG
mv TpayvTNTA NG

Eppadov dwatoprg o1dnpotpoylds (m?)

AndoPeon ypopung (N/m/s)

AndoPeon éppotog (N/m/s)

AndoPeon vrobdepdtmv odnpotpoyidv (N/m/s)
TMukvotnta ydhvpa odnpotpoyimv (kg/m?)
Métpo €hooTIKOTNTOG YOAVPO  GLONPOTPOYLDV
(N/m?)
Suyvotnra (Hz)
I3106vyvoTTOL
ypoppng (Hz)
Mn-e&icoppomovpevn puydkevtpog Advaun (N)
Emtayvvon g Papvtnrag (9,8 1m/s?)

AmndoTooT TOL K.B. TOV OYNUATOG OO TNV EMPA-
VELO, KOALOTG T®V GLONPOTPOYIOV (M)
Metatomionpotnta exapns (m/N)
Metatomonpotnta ehotnpiov Tov Hertz (m/N)
Metatomionpuotto ypappung (m/N)
Metatomonpotnta tpoyod (m/N)

Pomn adpdaveiag o1dnpoTpoyldg (m*)

Yuvteleotig dldTunong xaAvfa cdnpoTpoydV
Mopdpetpog mov yopaktnpilel v modTTO NG
EMPAVELNG KOMOTG TOV GLONPOTPOYIOV MG TPOG
mv TpaydTNTA NG

Axopyia tov glatnpiov tov Hertz (N/m)
AVVOUIKOG GUVTEAEOTNG EAUCTIKOTITAG YPOUUNG
(N/m)

AVVOUIKOG GUVTEAESTIG EMUCTIKOTNTOG EPUATOG
(N/m)

AVVOUIKOG CUVTELESTNG EANOTIKOTITAG VITOOENG-
TV cdnpotpoytdv (N/m)

Mnkog kdpatog (m)

Andotoon petald dadoyikdv cuvdéopmy (m)

W Mn-avapmmuévn pala tpoyov (kg)

Mo otpotpa (kg)

ZuvTeELEOTNG TOOVOTIKNG TPOCAVENONG TNG LEGTG
TETPAYOVIKNG TYG TOV TUTIKAV ATOKAMGEDY T@V
SUVOUIK®V ETUPOPTICEDV TOV OYNLLOTOG

Adbyog Poisson ydAvfa 61dnpotpoyidv

Méon tomikn 0ndKAIGT TOV KOTA UKOG VWYOUETPL-
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KOO GOAALOTOG YPAUUNG (mm)

Doptio kat’ aEova (N)

Méyioto poptio tpoyov (N)

Avvopiko eoptio Tpoyov (N)

Avvapkéc EMPOPTIcES TOV UN-AVOPTNUEVOV [Lo-

ov (N)

Avvapkéc emeopticels Tov avapTUévov & nut-

avaptnuévev palov (N)

Kataxdépveo goptio tpoyov (N)

Kataxdépveo nui-otaticd goptio tpoyol Ady® g

un-e&eoppomodpevns euyokevipng dvvaung (N)

Ytatikd goprtio Tpoyod (N)

2UVTELESTNG EAACTIKOTNTOG YPOoppG (N/m)

Axrtiva kapmding otnv oplovtioypagpio (m)

Axrtiva tpoyo¥ oyfpatog (m)

Ioodvvaun axtiva KapmTLAGTNTAG TPOYOD OYN Lo~

TOG — GLdNPOTPOYLAG (M)

o(Q Glynm) Tonikn oamdOKAMON TOV SLVVAHIKAV ET-QOPTICEDV
TV un-avoptnuévav palov (N)

o(Q dyn,ssm) Tonikn oamdOKAMON TOV SLVVAHIKAV ET-QOPTICEDV
TV avoaptpévoy & nu-avoaptpévoy poiav (N)

S, DacpaTiKn) TUKVOTNTO IoYVOG TPOYHTNTOG GO PO-

Tpoydv (m?)
DacpaTIK TUKVOTNTO 16YV0G TOV SLVALUK®OVY ETL-
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aom eopticewv TV pn-avaptnuévev polov (N*/Hz)

U Kavovik) vrepdywon ypoppnig (mm)

v TayvnTo oypatog (m/s)

y Elootikn KoTokOpuOn LETOTOMION TNG OLONpO-
TpoYLaG (m)

Y, Kataxdépoen mapapdpeon g empavelog KOAL-
o”NG TG G8NPOTPOYLAS (M)

Y Elaotikn katakdpuen mopopdépe@ot Tov EANTT-
piov tov Hertz (m)

Y Elootikn kataxdpuen HETATOMION TNG UN-0VOP-
mpévng padog (m)

® Kvichkn cuyvotnta (rad/s)

Q Xwopkrn Kok cvyvotnta (rad/m)

3. KATAKOPY®H ®OPTIXH THX
XIAHPOAPOMIKHX 'PAMMHX
- YIHOAOI'TXMOX TOY MEI'TIXTOY
®OPTIOY TPOXOY

3.1 Mnyaviopdg KaTtaképueng @opTiong

To kataxdpveo poptio Qj oL aoKeital amd ToV TPoYO
evog odmpodpopkon aéova, pe j=1,2,.., ent g odnpo-
OPOUIKNAG YPOUUNG, GLVIGTATOL AQPEVOS OMO TO OTATIKO
poptio tpoyod QO , fTot 10 MGV ToV a&ovikov goptiov O
(Bedpnomn GLUUETPIKNG POPTIONG), APETEPOL OO TO GVVO-
A0 T®V SLVAUIK®V EMPopTicE®V O yn TIOV TPOEPYOVTOL ATTO
TIG UN-OVOPTNUEVEG KOL TIG OVOPTNHEVES / MUL-OVOPTIULE-
veg naleg Tov oyNUaTog, NTotl Tov A&ova Kot To apdéopa
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/ popeio. avtod avtictorye. Xta mopamave Bo mpémel va
npootebel, otV MEPIMTOON KivoNGg TOL OYNUOTOG OE KO-
pUmOAo TUpa TG 0ptlovTioypapiag, TO NUL-GTATIKO POPTio
TpoY00 Q 1OV 1600TAL PE TNV KOTAKOPLPY GLVIGTOGCH TNG
un-e&leopponodpevng euydkevipov dvvoung F . X7 éva
Tuyaio oNueio TG GLONPOSPOUIKNG YPOUUNG, LOYVEL KOUTA
GULVETELWD !

0-0,+(0,)+0,,

Omov :

Qj . Kotakdpopo goptio tpoyod (cg N)
0, : Zratiko @optio Tpoyol (oe N)

0. : Kataxoépugo nui-otatikd goptio tpoxod Adym g
un-e&leoppomodevns euydkevipov dvvaung (e N)
Avvapkod optio Tpoyov (o N)

3.1)

Qdyn :

O1 duvopukég empoptioelg QO o IOV 0oKOUVTOL €L TNG
GLONPOSPOLUKNG YPOUUNG, AOY® TG aAANAETIOpaoNS e TO
Tpoyaio LVAKO, Eyovv Tvyaio yopoktipa. Me Ty vTdbeon
YPOUUIKOTNTOG, 1 LEAETN TOVG dVvaTal va AAPeL xdpa o€ Ot-
QPOPETLKH ELPT] CLYVOTHTAOV, UVAAGYDS TOL AKPYPOVG U)oL
VIGHOD NG TOAGVIMONG, TOV LTIV TOL TNV TPOKAUAOVY KoL
TOV EKACTOTE COUATMV TOL GLUUETEYOVY GTNV Kivnon.

Ewdwodtepa, otig youniéc ovyvommteg (0-40Hz) to
eVOLaQEPOV €0TIALETAL GTNV AAANAETIOPACOT] TOV GLVOAOL
TOV AOPAVEINKAV KOl ELOCTIKOV GTOLXEIMV TOV OYNLLOTOC,
NTOL TOV UN-avopTNUEVOV (AEOVES), TOV MIU-OVAPTIUEVOV
(popeia) kot Tov avaptnuévov (apdéopa) palodv Kot g
TPOTEVOLGOG / FEVTEPEHOVOOG AVAPTNONG UE TN GLONPO-
dpopukn ypouun [4,8,9].£10 vwdyn €0pog GuyVOTHTOV, N
o1ONPodpoKy ypappn epeoviletal 1dtaitepa KON
o€ oyéon He To Oymuo pe amotédecua vo pun Aappavertal
VIOYN KOTA Tr OLVOUIKT HEAETN TOL UNYAVIKOD GLOTH-
patog. eveciovpyd pnyoviopd TV TOAOVIOCEDV GTO
GUYKEKPLUEVO EDPOG GLYVOTNTMOV GLVIGTOVV KUPLOL T YEM-
UETPIKA CPAALATO YPOUUNG HECOIOV KOl LEYAAOD UNKOVLG
Kopatog 4, ot 3-25m kot 25-70m 1 25-120m avrtictoyoe,
avaAOY®G TNG TOYVTNTOS V TOV OYNUATOV, TOPAUETPO TOL
kaBopilet tn ovyvotnta diéyepong f (f=V/A, V oe m/s, A og
m, f'oe Hz).

Avtictotyo, 6To medio TV PECAimV KAl VYNADV GLYVOo-
mtov (40-400Hz & 400-2000Hz), Bapog divetar otnv aAn-
Aemidpaon peta&d TV un-avaptnpévav polov (GEoveg) Tov
OYNHOTOG KOl TNG GLONPOSPOLIKNG YPOUUNG. XTHV TEPINT®-
o1 aVTN, 1 AVAPTNOT TOV OYNHATOS ATOLOVAOVEL TO GOVOAO
TV paldV Tov, TOV dVVAVIOL VO GUUUETACKOVY OTNV Kivi)-
omn, TANV TOV pun-avaptnuévav polov (AEoveg), evd yio
oM POSPOLUKT] YPOUUY AopfdaveTal VITOYT, KATA T HEAETN
TOV GLOTHLLOTOG, TO GUVOAO TOV GTOLEI®V — AOPAVEILKDV
KoL EAAGTIKOV — OV TV omotelovv [4,8,9]. ['eveciovpydg
UNYOVIGLOG TOV TAAAVTOCE®Y GTO TOPATAV®D EVPOG GLYVO-
TtV dhvatal vo BepnBoldy To YEOUETPIKA COAALATO TV
OO POTPOYLDY KOl Ol OTOLEGONTOTE OGVVEYELES TNG EMLPA-
VELOLG KOAMONG TOVG,.

3.2 Ypwotapeves pé0odor vrohoylopov Tov péYLeTou
QOopPTiOY TPOYOV Tl TNG GLONPOOPOUIKIG YPOULINAG

H mBovotik| mpocéyyion mov viobeteitar yi Tov
VTOAOYIOUO TOV HEYIGTOV KOTAKOPVPOL (OPTIOL TPOYOL
ompiletar ev yével oty mpocadénon g HEoNG TIUNG
TOL KOTOKOPLPOL QOPTIOVL TPOYOV Qj, £T01 OGTE va. EML-
Toyydvetal To emBountd OTATICTIKG EMINESO OCOAAELOG.
To péyeBog g mpocavénong drapopomoteitar avarldymg
TOV GTOLYEIOL / OTPAOGNG TNG GLOTPOSPOUIKNG YPALUNG TOV
e€etdletor (BAéme § 1). Ot péBodot mov ypnoLpomolovvTal
onpepa [5,6,7,10,11] epappolovtar kotd Pdorn ywo tov
OYEOLAGIO TOV CTPOTHPOV YPOUUUNG KOt OYL Y10 TOV VITOAO-
YioUo TOV PEYISTOV PopTiov Tpoyol. H avapopd oe avtéc
OTNV TOPOLGO €PYACio agopd HOVO otnyv viobetovpevn
apyN VIOAOYIGHOV TNG SVVOLIKTG GUVIGTMOCOS TOV GUVOAL-
KOV (OPTIOL TPOYOV KOl OVTIGTOLYO CVTOV TOV TEAEVTOIOV
amd kabe pia pébodo.

Awokpivovpe Tig Topokato PeBOS0VE VITOAOYIGHOV:

O Tn pébodo mov mpoteiverar amd Teppovoide epeuvntég

[10],

O Tn pébodo mov cvotivetan and I'dArovg epevvntég [11]
O Tn pébodo mov éxer mpotabdei and EAAveg emotioveg

Kot EYEL EQUPUOOTEL EMTUYDG 01O EAANVIKO diktvo. H

pébodog avt amotedel OVOLOCTIKA TPOTOTOINGN TNG

YOAMKNG  pHeEBOSOV ZvyKeKPYEVO O GUVTEAEGTNG TTPO-

oavENONG 6TO EMINESO TOV GTPOTHP®V AapPAveTOL {60

pe n =3 avtiywon =2 [2,6,7]. H dpdon eni tov oTp@dtipa

€lval T0G00TO TOL GLVOMKOD POPTIOL TPOYOV, TOV dlo-

@opomoteitat Yo T Vo pefddovg

Agdopévov 0Tt 1 Tp®TN PEB0SOG LVTOAOYIGHOD eV
Aappdver voyn Sl0KPLTE TN GLVEIGPOPH TOV UN-0VOP-
TNUEVOV KOL TOV OVOPTNUEVOVY / N-avapTHEVOV paldv
TOV OYNUOTOG GTO GUVOAKO POPTIO EML TNG GLONPOSPOLLL-
KNG ypappung, dev efetaletar mepottépw oto mapdv. Me
Baon tig dAleg 600 peBOSOVG , TO GUVOAKO KOTAKOPLPO
(QopTio ML TNG GLONPOSPOUIKNG YPOUUNG duvaTal vo AneBel
ico pe To GBpoicpa TOV GTOTIKOD POpTiov TPOYXOD O , TOV
NU-GTATIKOD QopTiov Tpoyoh O = Ko NG PECNG TETPO-
YOVIKNG TIUAG TOV TUTIKOV OTOKMOE®V TOV SVVAUIKOV
EMPOPTICEDV TOV UN-AVOPTNUEVOV KOl TOV OVAPTNUEVOV
/ Mu-avaptuévav poldv Tov 0XNLOTOS, TPOSOVENUEVIG
KATO TPOTO OV VO KOAVTTETAL 1) OTATICTIKY TOOVOTNTA
VIéPPaong Tov VTOAOYILOEVOD POPTIOL VIO TPAYLLOTIKES
ouvOnkec'. T 0 péyioto @optio Tpoyol, Onmg opioTnke
omv § 1 Ba 1oyver :
0,.=0,+0,+n*aQ,, V+aQ,, V" (3.2)
Omov :

O, : Méyioto poptio tpoyov (o N)

' H mBoavomrto avth dlapoponoteitar avoddymg tov otoryeiov g

GONPOSPOHIKNG YPOUUNAG (POivel amd TV avAOTEPN OTNV KATMOTEPN
GTPOON). A£dOUEVOD OTL GTNV TePoVGO SLEPELVATOL TO HEYIGTO QOPTIO

Tpoyov, Ba eivor n=5,00.
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0, : Onwg ot oxéon (3.1) (ce N)
0. : Onowg ot oyéon (3.1) (ce N)

o(Q,,,.,) * Tomn amoKAON SVVOLIKOV ETLPOPTICEDY TOV
pun-avoptnuévev palov tov oxnuatog (oe N)

o(Q,,,.,») * Tomn amoKAON SVVOLIKOV ETLPOPTICEDY TOV
AVOPTNUEVOV KOL NI-0VOpTHEVOY LoldV TOV
oynuatog (o N)

n : XuvteleoTtig mBAVOTIKNAG TPOcan-ENong TG

HEOTG TETPAYWOVIKNG TIUNG TMOV TUTIKADV 0ITO-
KAloE®V TOV SUVOUIK®OV ETLPOPTIGEDY TOV O)1-
HOTOG -
H tomikn andkiion Tov SUVOUIKOV ETPOPTICEDV TOV
AVOPTNUEVOV Kol MH-0vopTNUéVEV poldv Tov OXNUATOg
a(Q,,,,») VroroyiCeton pe Baon t oyéon [12] :

Qi) = (V=40) * N, * Q *10° (3.3)

Omov :

a0,  Omogom oxéon (3.2) (e t)

14 : Toydmto oypatog (o km/h)

N, : Méon tomikn amdKAoT Kot PiKOG VYOLETPL-
KOO COAALATOG YPaUUNG (o€ mm)

0, : Onog ot oyéon (3.1) (oe t)

H péon tomikn) andkiion Tov Kot UKOG VWYOLETPLKOD
o@diparog ypopung N, AopBdavel tipég petogd 0,7mm ko
1,00mm [1].

AvticTtotya, 1 TUTIKN AmOKAOT TOV SUVOUIK®V ETLPOP-
Tice@V TOV pun-avoptnuévav paldv tov oynpatog o(Q dyn'”m)
vroloyiletan pe Pdon ™ oyéon [1] :

Q) = (0,3k,/200)% V*[(k, * m_)/(1,7804*75)]'> (3.4)

Omov :

o(Q,,,..)  Omogom oxéon (3.2) (cet)

14 : Onowg ot oyéon (3.3) (oe km/h)

k, : Hopapetpog mov yapoktnpilel tny motdoTnTe
NG EMPAVELAG KOAIGNG TOV GLONPOTPOYLDOV ©OG
TPOG TNV TPOYOTNTA TOVG Kot AOUPAVEL TIEG
peta&v 3 (kakn, tpoylopévn od/xia) kot 12
(kaxn, pn-tpoyIopévn o1d/xia)

m : Mn-avaptnuévn palo tpoyov (o€ t)

k : AVVOIKOG GUVTELEGTNG EAUGTIKOTN-TOG YPOLLL-
ung (o€ t/mm), Tov TPOKVITEL O TNV AKOAOL-

on oyéon [1]:

3
k, = 2\ﬂ54E,1,(€;L] (3.5)
E : Métpo ghooTikdtnTog YaAvo GLdnpoTpoyLdV
(o€ t/mm?)
I : Ponfj adpdveiog o1dnpotpoydg (o€ mm?)
P, : XUVTELEOTIG EAUCTIKOTNTOG YPOUUNG (o€ t/mm)
/ : Andotoon petaé&d cuvoéopy (o€ mm)

H oyéon (3.4) givor nui-avaivtikr. Ipoxvntel and v

TPOGOUOIMGT TNG OONPOSPOKNG Ypopuns (Zy.1) pe dokd
aneipov pnkovg Euler eni piog eAaotikng otpdong o€ Guv-

SVOCUO LE OTOTEAEGHLOTO TEPAUATIKOV LETPICEDV EML TG
ypapung [1].

s

LSS

y.1.  Muyoviko upoviélo alinlemiopaons tpoyaiov viikov-oi-
onpodpourns ypouuns (omo [1] — Or ovuPoliouoi tov
avlevtikod GYRUOTOS EOVY TPOCUPUOCTEL GE AVTOVS TOD
TOPOVTOG KEWEVOD YLO. JOYOVG OUOIOYEVELNG).

Fig.1  Mechanical model of rolling stock-railway track

interaction (from [1] — the symbols of the original figure
have been adjusted to the ones of the present text).

O ocvvieheothig elooTIKOTNTAG YpOpUnG p, voroyile-
TOL OO TOVG EMUEPOVG GUVTEAESTEG EAACTIKOTNTAG P, TMV
SPOPOV VAMK®V NG GLONPOSPOUKNG YPOUUNAG HECHD TG
oxéong [1] :

1 1
Py _Zpi

OTOoV :

(3.6)

p,: Onwg ot oyéon (3.5) (oe t/mm)
p, - Emuépoug cuvieleotés €AacTIKOTNTAG TOV S109OpmV
VAK®V TNG G1ONPOSPOLUKNG YPOUUNG (o€ t/mm)

Ortipég p, Tov ELASTIKOV GTOLEI®Y TNG GLONPOSPOLIKTG
ypappung (m.y. vmobépata, £ppo, KTA.) IOV EIGAYOVTOL OTN
oyxéon (3.6), Aappavouvv vadyn ™V ENIOPOOT] TOV KATOKO-
PLEOV POPTIOL TPOYOV Qj Kot KaBe €100VG TPOPOPTIOT TTOL
OCKEITAL GTO EKAGTOTE GTOLYEIO 1 GTPAOCT] TNG GLONPOSPOLLL-
KNG YPOUUNG (T.Y. @opTio cOoeyENG GUVOEGHOV Kot BApOg
GLONPOTPOYLOV AVH CTPMOTAPA, GTNV TEPITTOOT TOV EANCTL-
KoV vobEaTog cdnpotTpoytdg) [1,13].

Me tov TpoémO OVTO TPOGOUOLDOVOVTAL KOADTEPA Ol
TPUYUOTIKEG GUVONKEG €T TNG YPAUUNG KO TPOKVTTOVVY e
Bdom tov Tomo (3.5) Tég ToV £, 01 omoieg eivan Sucuevéote-
pEG amd OTL 6NV TEPITTMOT TOL AyvogiTon N TPOPOPTION
TOV GTOXEI®V TNG GLOTPOSPOUIKNG YPOLUNG, YEYOVOG TOV
avEAVEL TNV 0CQAAELD EKTIUNONG TOV SVVALUKDV ETLPOPTi-
CEOV TOV UN-avapTnuévav paldv tov oxnpatog O mam®
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4.IIPOTEINOMENH ME®OAOX I'TA
TON YIIOAOI'TEMO TOY MEI'IXTOY
OOPTIOY TPOXOY

4.1 OzopnTKo VTofadpo

I Tov vroloyiop6 Tov péyiotov goptiov Tpoyov O,
TPOTEIVETOL GTNV TOPOVGO. EPYOCIO Lo ETEKTACT] TNG HeBO-
dov VIOAOYIGHOV, ToL 110N Tteptypdenke (§ 3.2). H mpotewvo-
pevn pébodog otnpiletal oTov TAPOG AVOALTIKO VTOAOYIGUO
TOV SUVOUIKOV ETUPOPTICED®Y TV UN-avoptuévav paldv
O KOL TNG GUVEIGQOPAG TOVG GTO GUVOAIKO KOTAKOPLOO
QOpTio TPOYOV €L TNG GLONPOSPOLUKNG YPOUUNS, OT®G QvThH
ekppaleTal HEC® TNG TLMIKNG OTOKAONG TV OLVOUIKOV
empoptioedv o(Q, ) om cxéon (3.2). Katd cvvénea, 0
TUTOAGY10 TNG TPOoTEWOUEVNG HeBOSOL glvan id10 1 awTd NG
uedodov VOAOYIGHOD TOL PEYIGTOV (optiov Tpoxod O
HECE MNULOVOIAVTIKOD DITOAOYIGHOD TG GUVEIGPOPAG G oVt
TOV UN-avopmuévay poldv Tov Tpoxaiov VAIKOD, TANV TG
oyéong (3.4) ko 6oV Emovtal avtig, PAcet Tng omoiag vro-
Aoyiletor M TOMIKY OTOKAIOT TOV SLUVOUIKOV ETPOPTIcEDV
TOV UN-avoptuévav poldv tov oxfuatog o(Q dyn,um)'

Ev mpoxepévem, y tov vmoloyiopud g o(Q dyn,um)’
epapuoletat To pafnpotikd Tpocopoimpe GAANAETIOPOoTG
TPOYCiov VAIKOD Kot GLONPOSPOUIKNG YPOUUNG OTIS Hecai-
€g Kol VYNAEG ovyvotnteg (40-2000Hz) tov Xy. 2. To ev
A0y povtédo otnpiletat yio Tov vroroyopd g o(Q dy”'”m)
OTOV TPOGOIOPICUO Kot otV a&lomoinon oTn GUVEXELL
g ovvapTNoNg HeTapopds (petatonicewy / @optiov) g
EMOPNG N 0AMMOG TG HeToTomonuotToG emaeng (Contact
receptance) Hyc [8,9]. Emituyeig epoppoyéc tov ev AdY®
HOVTEAOL OAANAETIOPACTG TPOYOIOV DAKOD - YPOUUNG, Ol
Y. TOV DTOAOYICUO TOV HEYIGTOL (QPOPTIOV TPOYOV, OAAG
Y. TNV TPOCOUOIMON TOV SUVOUK®OV ETLPOPTIGEMV TOV
pn-avaptnpévev poldv, avaeépoviol oTig PPAoypapikég
avagopéc [4,8,14].

Mo cvykekpipéva, 1 TOTKNY ATOKAION TOV SLVOLUK®OY
EMPOPTICEOV TOV UN-0vaPTNUEVOV Hal®dV TOV OXNUATOG
o(Q,,,..,) vroroyiletar pue Pdon  oxéon :

O-Z (Qdyn,um) = 2];? Sden,um (f)df

omov :
ao(Q mum) + OTOG OT1 G)éoN (3.2) (ce N)

4.1)

SQ omam - DoopaTIK) TUKVOTNTA 10Y00G TOV SLVOLUK®OY
EMPOPTICEDV TOV Un-ovaptnuévev palov (og
N?/Hz)

f : Xuyvomra (og Hz)

Ta 6pra. oAokApwong ot oyéon (3.8) tavtilovor pe
ToL Oplo. EVOLOPEPOVTOG OO TAEVPAG GLYVOTHTOV Y0 TOV
VTOAOYIGUO TNG CUVEIGPOPAS TOV UN-0vapTUEVEOVY paldv
TOV OYNUATOG GTO UEYIOTO PopTio Tpoyov, ol 40-2000Hz
(neoaieg Kot VYNAEG GUYVOTNTEG).

N

M W Mn-ovapinuevn Mada

Y w Eloousg Metatomon Tpoxod

ku Ehatnmarxn Etalepa tou Hertz

A

yu Napapdpeuon g Emgdveias Kilong

L

Y  Enaotsi Metaténion Eidnpotpaxidc

2. Muyoviké poviélo orinlemiopacns tpoyoiov vAikod
— OLONPOSPOLIKNG YPOUUNS OTIC UECOIES Kol DWHAES
OUYVOTHTES.

Fig.2.  Mechanical model of the interaction between rolling stock

and railway track in the mid and high frequencies.

H @oopatik) mokvotnta 16300G TV SUVALIKAY ETLQOP-

TicE@V TOV UNn-ovopTNUéVeV Halov S oamam vroloyiletan
amo v axdAovO” oxéon :
s, (/)
S oy (f) (4.2)

2 (f)

omov :

: Onwg ot oyéon (4.1) (oe N?/Hz)

: Gacpatiky] TuKvVOTNTA 16YX00G TNG TPAYVTNTS TMOV
onpotpoydv (o€ m*/Hz)

f : Onwc ot oyéon (4.1) (oe Hz)

H : ZovapTnon PeTaeopds (LeToto-micemv / opTiov)
mg emaeng N petotomonuotta enagng (Contact
receptance) (og m/N)

SQd yn,um

r

yC

Me Bdon to pnYovikod HOVTEAO TOL Zy. 2, 0 VTOAOYIGHOG
¢ petatomonpuotntag emoeng (Contact receptance) HyC
yiveton Baoet TG TOPUKATO oYEONG :

1

H . = (4.3)
yC
-H,+H, -H,
omov :
H. : 'Onws 01N oyéon (4.2? (og m/N) ’
- ZovapTON PETaQOpAs HETOLD TNG EAAOTIKNG KaTa-

KOPLPNG HETATOTIONG TNG KN-avopTNUEVNG Lalag Y,
KoL TG SLVALUKNG ETLpOpTions Q dynam (Metoto-mion-
pomta tpoyxov) (ce m/N) mov divetor amd tn oyéon
[14]:
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w1 (4.4)

HyW = Q 2
dyn ,um mel)

: Metaoynuotiopévn katd Fourier cuvaptnon tov
SUVOUIK®DY  EMPOPTICEDY  TAOV  UN-OVOPTNUEVOV
palov (oe N)

Y : Metaoynuotiopévn katd Fourier cuvaptnon g
EMCTIKNG KATAKOPLONG LETOTOTIONG TNG UN-0VOP-
mpévng padog (og m)

: Onwg ot oyéon (3.4) (ot kg)

: Kvkikn ovyvomto (o€ rad/s)

: ZovapTnon HeTapopas HETal TG EANSTIKNG KOTO-
KOPLPNG TOPAUOPO®ONG TOv glatnpiov Tov Hertz
Y, ko g Svvopkng em@optiong O mam (Meto-
tomionpotnta ghotnpiov tov Hertz) (ce m/N) mov
divetan amd ) oyéon [4,8]:

Qdyn, um

SIS

yH

g, -—te L

yH
Q dyn ,um k H

(4.5)

: Onwg ot oyéon (4.4) (oe N)

: Metaoynuatiopévn katd Fourier cuvaptnon tng
EMCTIKNG KATAKOPLPNG TOPAUOPPDGCTG TOV EANTT]-
piov tov Hertz (o€ m)

k, : Axapyio ehatnpiov tov Hertz (o N/m)

: Zovaptnon petaeopds (petatomicemv / Qoptiov)
ypoppng (2.M.IN) M petatomonudtTo YPOppnG
(Track receptance) (oe m/N)

H axopyia tov ehatnpiov tov Hertz &, ot oyéon (4.5)

dvvatat va voAoyIoTel omd TV akdAovdn oyéon [8] :

H =3

(4.6
afi-v,?f :
omov
k, : Onwg om oyfon (4.5) (ce N/m)
m,, . Onwg ot oyéon (3.4) (oc kg)
E : Onongom oyéon (3.5) (o N/m?)
R, : Axtiva tpoyov oyfipatog (o€ m)
R, : loodbvaun oxtivo KOpmoAdTHTOG TPOYOV OYNHATOG

— ownpotpoyig (o m)
v 1 Aodyog Poisson ydAvPa c1dnpotpoyidv
AvticToryo, N PACUOTIKY TUKVOTNTA 16YX00G TNG TPOUYD-
™rag tov ownpotpoyidv S ot oxéon (4.2) opileton amo
o oyéon g axodAovdng popong [14] :

S=4/& 4.7)
omov :
S Qacpotikh wokvotta 10ydog g TpaydTnTaS TOV

o1dnpoTpoymV (o€ m?)
A : Hlapdapetpog mov yapaxtmpifer v mowdTHTAL TG

EMPAVELNG KOAIONG TV GLONPOTPOYIDY MG TPOG TNV
TPOYLTNTA TOVG

Q  : Xopwn Kokl coyvotnta (og rad/m)

H mapdpetpog 4 yio puo ypoppn 101 mokotd (kokn KoTd-
otaon emdoung) wovtar ue 2*10° [1, 2].

Amapaitntn ot oxéon (4.3) etvau n elcaywyn e Zovap-
mong Metagpopdg I'pappng (2.M.I0) H, (Track Receptance
Function) [15], n onoia e&aptdton kot tpocdropileTor omod Ta
KOTOOKEVOOTIKE, YEMUETPIKA KOL SUVOLLKE YOPOKTNPIOTIKA
g ownpodpoptkng ypouung [8]. T tov vroloyiopud g
OTOLTEITOL 1] TTPOCOHOIMON TNG GLONPOSPOUIKNG YPOUUNG
LEC® KOTOAANA®V PNYOVIKOV LOVTELDV.

To ev AOy® pnyovikd povtélo dvvatal va givar dvo
eV :

O ApOunticd povtéda, ta onoio Pacifovral oty apBun-
TIKN EMiAVON, TEMEPAGHEVOL aplBov oToLyEiV Kot fod-
pov grevBeptdv Kivnong, UNYOVIKOV TPOGOUOL®UATMV
g odnpodpoukng ypoupns (Mébodog Ienepacuévov
Ytoyeiov).

O Avodlvtikd povtéda, ta omoia Pacifovior oty enidveon
QTAOTOUUEVOV LOONUOTIKOV TPOGOUOIMUATOV TG Gl-
dNPOSPOHIKAG YPAUHUNG.

H okpifeia evog poviéhov mpocopoimons (ovaAvTikod 1
apBunTKod) TG cWNPOdpOUIKNG Ypoppns eEoptdtan
ano :

U Tnv akpifelo mpocopoimong Tov adpaveldK®Y oTotyEl-
@V NG OLONPOSPOUIKNG YPAUUNG, NTOL TOV GTOLYEI®V
ekeivov mov avliotavtor oty emPailopevn di€yepon
MOy adpdvelng (m.y. odNPOTPOYIEG, TAGKES £3paomg,
OTPOTNPEG).

U Tnv axpifela mpocopoinong tmv EAACTIKOV GTOYXEIDMY
™G GLONPOSPOLKNG YPALUNG, NTOL TOV OTOYEIOV eKei-
VOV OV GTOYO £XOLV TNV KOTOVOUN Kot TNV amdcfeon
TOV QOPTI®V TG Kukhopopiag (m.y. vwobéuata, £ppa,
vrodoun).

U Tnv axpifeia Bedpnong TV YEOUETPIKOV SES0UEVOV
G GLINPOSPOUIKTG YPOUNG.

U Tnv axpifelo Tpocopoimong tmv o6y oAANAETIOpa-
ong Heta&d TV 0OPAVEINKDY GTOLYEIDV TNG G1ONPOdpO-
KNG YPOUUNAG, Ol 0TTOiEG EMNPeAovVTaL amd TO YEMUETPL-
K@ Kot EAOOTIKG TG YOPOUKTIPLOTIKG,

Ta avoALTIKA LOVTELD TPOGOLOIMGTG VGTEPODY €V YEVEL
CULYKPLTIKG LE TO, opOunTIKd o 0,TL apopd otV akpifet-
0. VIOAOYIGHOV. Q0TO0O0, €lvol GNUAVIIKE 7O EVKOAO VO,
EPOPLOGTOLY, TOPEYOLY TN SVVOTOTNTO TLTOTOINONG TNG
ddkaciog (adyopiBpov) vToOAoYIGHOD, VD aAVOAGY®OG TG
TOAMTAOKOTITAG TOVG, SUvVavVTaL, VIO TpoliToBEsELS, Vo Topé-
YOVV OTTOTEAEGLLOTO. TOL TTPOGEYYILOLV Ta aptOpN TG LOVTELDL
npocopoimong [8,9]. Zrov ITw. 1, mapovsidlovtar dvo avti-
TPOCOTEVTIKA LOBNUATIKA (0VOAVTIKG) LOVTELD TTPOGOLOI®-
OT|G LL0G GLOMNPOSPOLUKNG YPOUUNG HE EOKAUTTY £DPAOT).

Agdopévov 61t pua péBodog TPocdlopiopod Tov PEYIGTOV
poptiov tpoyov O O mpémel apevog va mapéyet akpifea,
TOPAAANAQ, OU®OG, EVKOALD KOL TLTOTOUWMEVT] OlOdIKOCIO
VIOAOYIGHOV, £TGL AOTE VA SUVOTOL 1) SLVATOTNTO EVPEING
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EQOPLOYNG NG, LI0BETHONKE Ko TPOTEIVETOL, GTO TAAIGIO TG
1eBd30L OV TOPOVCLALETAL, T EPAPLLOYT TOL SEVTEPOV THTTOV
HOVTEA®DV TPOGOLOIMGTG TG GONPOSPOLUKTS YPOUNG (Vo
Aotucd povtéda) avti TV TpdTov (apOpnTicd poviéia). Xto
TAQIGLO 0VTO, 1] ETIAOYT TOL UIYAVIKOD LOVTEALOV TTPOGOLOTIM-
ong g o1dNpodpopukng ypoppns (Iw. 1) yo tov vrodoyiopd
g Zuvépmong Metapopds I'pappng (2 M.IN) H o oyéon
(4.3) Srpopomotsiton katé TEPinTOON, KAOOS eE0pThTAL OTO
TOV €KAGTOTE TOTO TNG GLONPOSPOLUKNG YPOLNG KoL TO, OT)-
pHoivovto yio TNV TPOGOUOIMoT| YOPaKTNPLOTIKG TG TOL OTToia!
opeilovv vo ANeBovv LITOYN, OTMG AVTE TGN ULAVOT KAV TPO-
MNYOVHEVMG Ko avapEPOVTaL EVOEIKTIKA oTov [Twv. 1.

Mw.1.  Aiapopor tomOL GIONPOSPOLIKNG YPOUUNS [E EDKOUTTH
£0paon Kai OVTITPOOWTEVTIKG AVOAVTIKG UOVTEAQ.
Tab.1. Types of ballasted railway track structures and

representative analytical models.

XapaKTnpIoTKd unyovikod TOmog G1dMpodpopkig
povtélov ypopung & medio epaproyng
Movrtédo 1 Me edkapmtn £dpaon, T.y.

o Aokog ameipov pikovg Euler ) jo Zmyv  mepintowon  dkopmng
Timoshenko emi  ovveyolg| ovvdeong ownpotpoyds &
EAOGTIKOV UEGOV. oTpOTPA (7.3 TOAD GKANPO

o Katoveunpévo adpaveiokd & | vmdbepa) kot Bedpnong g
EMAOTIKG YOPOKTIPLOTIKGL. £dpoong og UovNng eraoT-

o Biokddng anocPeon. KNG GTPAOGTG.

o Xmv mepimtwon  6dnpo-
TpoylaGg €dpalopevng omev-
Oelog emi EYAvov otpoTipa
emi £pULOTOC.

+oo

S

IBAéne avagopéc [9,16]

Movtélo 2 Mg gbkapmtn Edpaom.

o Amepopnkng dokdg Euler 1| Zidnpodpoptkn YPOUUN
Timoshenko emi  ovveyolg | amotelovpevn and:
EAALOTIKOV pHécov He o Z1dMpoTpoyLES,
avopTnuéves pales. o Xvvdéopovg & vmobépata

o Katoveunpévo adpaveokd & | ocvvdéopmv,
EAOOTIKG XOPOKTIPLOTIKEL. o ZTpOTNPEC,
o Biokddng andcPeon. o ‘Eppa.

[ 1

BAéme avapopés [9,16]

4.2 Ao @opEg KoL OPOLOTNTES IE TIS VPIGTANEVES

pedoédovg

O1 opo10TNTEG TNG TPOTEWVOUEVNC HEBOOOL VTTOAOYIGLLOV
OV UEYIGTOV Qoptiov Tpoxod @ e T pébodo g § 3.2
ovvictavtol 6to akdlovba
O Ymohoyiopodg tov péyiston goptiov tpoxod O Pdoet

g oxéong (3.2).

O Ymoloywopdg g TUMKAG OMOKAONG TOV OLVOUIKGOY
EMPOPTICEOV TOV OVOPTNUEVOV KOl MHL-OVOPTIUEVOV
padav tov oxfpatog a(Q, ) ot oxéon (3.2) Pdoet tng
oyxéong (3.3).

109
g

Avtiotorya, ot Supopéc TG mpotewouevng pebodov
VIOAOYIGHOV pe TN péEB0do vtoloyiopov g § 3.2 cuvicta-
vt oto akorovda
O TIpocouoivon tng o1dnpodpokng ypopuuns (He evxa-

pumt €dpacm) pe dokd omeipov pnkovg Timoshenko

€0palOpEVNG €L CLVEYOVG EANCTIKOD HEGOL oG 1 OO

OTPOCE®V (OTNV TEAEVTAIO TEPITTMON KO [LE AVOPTNLLE-

veg naleg) (PA. v, 1) avti dokov ameipov prrovg Euler

emi pog EAACTIKNG oTpdoNg povo (Xy. 1). Baoet kot tmv
6cmv avagépbnkov oty mopdypoeo § 4.1 mopéyetan
€101 0PN TIKA 1) SLVOTOTNTO KOADTEPTG TPOCOHOIMONG

TOV 0OPOVELOKDOV Kol EAOCTIKOV GTOLYEl®MV TNG G1d1pOo-

OPOUIKNG YPAUUNG KOL TG GUVEICQOPAG TOVG GTO GVGTN-

po pn-ovaptnpéveg naleg — ypapupn. Ewdwotepa :

o H Bedpnomn g SotunTikig Kol OTPETTIKNAG adpd-
vewag g dokov katd Timoshenko kabiotd ) dokd
0 EVKOUTTN O€ oYE0M LE Lo 00ko Euler e1dwkd otig
VYNAég ouyvotteg (Avo tov 400Hz) yeyovog mov
OLVAJEL g TIG PETPNOELG eml Tov mediov [16].

o H Bedpnon dvo eAaSTIKOV GTPOGEDV KOL TOV GTPO-
TPV KATA TPOTO S10KPITO, OVTE LG LLOVO CTPMONG
(Gvev avoptnuévov palov) mTopéxet ) duvatotnTa
O PEOMOTIKNG LOVIELOTOINGNG TNG GLONPOSPOLLL-
KNG YPOUUNG, M omoio. dVVOTOL VO TOPEYEL TANPO-
Qopieg, emMmAEOV NG 1O0CVYVOTNTOG TOAAVIMONG
TOV GLVOAOL TG GLONPOSPOUIKNG YPOUUNG, Y10 TV
13106VYVOTNTO TOAGVTOONG TOV CLONPOTPOYLDV ETL
TV vTofepdTmv Tovg (rail resonance) Kot T@V GTPO-
TPV peta&d odnpotpoyidv kol £dpacng (sleeper
anti-resonance) [8, 9,14].

U @ehpnon o10 pNyoevikd cOOTNUO  UN-OVOPTNUEVOY
paldv — ypoppns (Zyx. 2) evog emmiéov ELaoTiKoD GTOl-
yelov mov yapaxmpilel TV EAASTIKOTNTA TNG ‘EMAPNG’
(Ehatiplo tov Hertz) oe oyéom pe 10 poviého g §
3.2 (Zx. 1). To ehatplo tov Hertz, Aoym g HeYAANG
TIWNG OKOUWIOG TOL Yo To CLVAON YOPAKTNPLOTIKG
oynpatog kot ypoppng (BAéme oyéomn (4.6)) xabopilet
TNV EVKOUYIO TOL GUOTHLOTOG UN-OVOPTNUEVOV HaldV
— YPOUUNG, OTOG EKQPALETAL ATO TN LETOTOTICULOTNTO
emapng (Contact receptance) H) o OTIG VYnAég Kupimg
ovyvotntes, (v tov 1000Hz) [4,8]. Amotelel Lowdv
éva emmhéov otolyeio mov opeilel vo Anedel vdym
OTO HOVTEAO TPOCOUOI®MONG UN-avopTHEVEOY  paldv
— ypappnG, kabdg Bewpntikd avéavel v akpifela g
TPOGOUOIMOTNG, EOIKA OTIS cLYVOTNTES Aved Tov 1000HZ,
NTO1 VIO TOV NG KoL TAEOV TOV €DPOVEG CUYVOTITOV
(40-2000Hz) £vt6g TOL 0MOioV EVTOmILETOL 1] GUVEIGPOPE
TOV PN-ovapmUEvVeV paldv 6To GUVOAMKO KATAKOPLOO
@opTtio Tpoyol (Léyioto eoptio TpoyoV). EmmAéov, emt-
Tpémel Bempntikd va AneOodV Loy To. EKAGTOTE YOPO.-
KTNPIGTIKE TOL TPOYAiov VAKOV — oyéon (4.6).

O Ot tipég axopyiog mov Aappdvovol veoyn oto HovTé-
Ao ypoppng tov ITw. 1 (mpotewvopevn pébodog) eiva
Ol TIHEG SUVOLUKNG OKAPWinG, OT®G £Y0VV TPOKVYEL
OO TEPAPATIKEG LETPNOELS, NTOL dev yiveTar ypnom
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TOV TILOV GTATIKNG aKopyiog kat e oxéong (3.5) yu

TOV VTOAOYIGHO TOV SVVOUIK®OV TGOV akopyiog (ot

omoieg €100 yovTal TEMKA GTO LOVTELO TPOGOUOIM®ONG

avaptnuévev palov — ypappng (Zy. 1) — oxéon (3.4)

g neboddov g § 3.2). Ty televtaia mepintwon, ot

TIWEG oTaTIKNG aKapyiog p, TV EAUCTIKOV oot Elmy

NG GLOMNPOSPOUIKNG YPOUUNG TTOV EIGAYOVTOL OTN GYE-

on (3.6) kot katd cvvénewn oty (3.5), kot on og 6,11

aeopd ta vroBépata, TPOKLITOVY AT OloypappaTa

(QOPTIOV — TAPAUOPPDCEDV VIO GLVONKEG GUVOLUGE-

VNG QOPTIONG LE GTATIKO Kol SUVOULIKO (pOPTIO YOUUNANG

ovyvotntag (npi-otatikd eoptio) [17]. T mpopaveic

AOYOLG, O TIHEG AVTEG glval eV YEVEL LIKPOTEPES OO TIG

avtioToyeg TéG akapyiog Tov VAKOV (kuping Tov

vrobepdTmv) vTd cuvinKeg Kabapd dvvapkng EOPTL-
onG, OM®G amodEKVOETAL Kol amd TIG PALIOYpAPIKES
avapopég [9,13,15]. EmmAéov, dev avtamokpivovtal

070 €0POG GLYVOTNTOV OOV Ol UN-ovaPTREVES HALES

amoktoOv Kabopiotikr onuacioc (>40Hz), evd omwg

wpokOTTeEL amd T Piploypaeikny avagopd [13], o

pLOUOG pHETOPOANG NG akapyiog LVTOBENITOV GLOM-

POTPOYLOV KOl EPUOATOS GLVOPTHGEL TNG GLYVOTNTAG

dtéyepong dev elvat o aVTOG, KATA GUVETELD 1) EPUPLOYT

€vOg KOO TOAAATANGLOGTIKOD GULVIEAEST| €M TNG

KOWNG OTOTIKNG QKON TOV GLVOAOV TNG GO POdPO-

pikng ypappng p, — oxéon (3.6) — yio Tov vTOAOYIGHO

™G duvapikng axopyiog k, ebloya dev povtalel wg M

TAéov KOTAAANAN emdoyn. To cVvoro TtV mapondved

av&avel TNV mTOAVOTNTO VTOEKTIUNONG TNG TPALYLOTIKNG

aKOUYiaG TNG GLONPOSPOUIKNG YPAUUNG VIO GUVONKEG

KaBapd SUVOUIKNAG POPTIONG (CLVETMG KAl TOV dVVO-

HIK®OV ETLPOPTICEDV TOV UN-0vopTNUEVEVY paidv), Yo

oV A0Y0 anTo Kot Bewpeital TpoTndTepn 1 amevbeiog

EQUPLOYT TILAV SVVOIKNG OKOUWING, OT®MG TPOKDL-

TTOVV OO TEWPAUATIKES PETPNOES €ml TOMOL 1] GTO

€PYOCTNPLO.

O1 dapopég mov emtonpuavinkoy petald g TpoTevo-
pevng pnebodov vTOAOYIGHOD TOV HEYIGTOL (OPTIOL TPOYOV
0, .. ko1 g pedodov vroroyiopov g § 3.2, dev emtpémovy
™ o0OYKpLon HETAED TOVg AOY® akplPdg Tng TEAeLTAiNG TTIO
TAV® S10pOPAGS TOVG Kol TOL YeYyovoTog 0Tt 1 LéEB0dOg NG
§ 3.2 givan nui-avorvtiky (ot Paciletor 6° éva avoAvTiKO
povtélo mov mpooceyyilel mv Tpdén, yia ) PedtioTomoinon
®GTOCO TOV 0TOI0VL Ko TNV e&aymYN TOV TEMKOV GYECEDV
VIOAOYIGHOU Eyovv emmAéov AneOel vdyn amnoteléopata
TEPOLUOTIKOV LETPCEWDV).

5. APIOGMHTIKH E®APMOI'H

H apiBunticn epoppoyn apopd Lovo oty TPOTEWVOUEVT
pébodo. o Tov oKomd ovTd, YpMoyYLoTOMONKAY AUEOTEPQ
povtéda ypapupung tov ITw. 1 kot ta amoteAéopata cuykpi-
Onkov peta&d Touc.

5.1. Agdopéva €16660v

Oeopndnke oONPOSPOKN YPaUUY HE €pua, GLdnpo-
tpoytég UIC 54 kot 0AOGOUOVS GTPOTAPES GKLPOSEUATOC.
Ot Tég axapyiog Kot amdcPeons TV ELICTIKOV GTOLYEL-
@V TNG GONPOSPOIKNG YPOUUNG BempnOnkay petafintég
evtog evog ‘hoyukov’, e Baon t BPproypaeia [8,9], ebpovg
Tin®dV Kot Baoet avtdv (PA. v, 2) mpaypatomomdnke mo-
POLETPIKT] OVAAVOT).

IMw.2  Adedopéva 100000 yio. tn G10npodpouiKiy ypopus].
Tab.2  Ballasted track input data.

Z18npodpopKn ypauun
E, 210%10° N/m?
d, 7850 kg/m®
v 0.30
K, 0,40
I, 2346%10°8 m*
A, 6930%10°° m?
M, 290 kg
I, 0,60 m
Metapinto
ky 20%10°-1200%10° N/m
Metapintod
ks 30%10°-200%10° N/m
Metafinto
Cp 5%10%-70%10° N/m/s
Metapinto
g 15%10°-150*10° N/m/s
A 2%10°° -
Ny 1,00 mm
R 1750 m
U 150 mm

Ta YopaKINPIOTIKA TOV OYALOTOG, TA Omoio, ANPON KAV
VIOYT| GTOVG VIOAOYICLOVG, Tapovatalovtal otov ITw. 3.

IMw.3  Adedopéva 100000 yio. 1o poyaio vAIKO.
Tab.3  Rolling stock input data.
Tpoyoio vAKO
0, 10 t
m, 750 kg
ki 1657*10° N/m
hks 1,20 m
vV 200 km/h
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5.2 Mopeio vroroyropov — Mapadoyés

To obvolo tov mpalewv extedéotnke o€ mepifdiiov
MATLAB®.

Amd 1o dedopéva 16650V, VITOAOYIGTNKE apyLKd —OYECT
(4.1) pe Bdon v mwpotewvouevn péBodo — M TLTIKY OmTO-
KALOT TV SLUVOUIKOV EMPOPTICEDMV TOV UN-0VOPTNULEVEOV
polov tov oxpatog o(Q,, ). Emonuaivetar ot :

U H odnpodpopkny ypappun mwpocouoimbnke pe 80ko
angipov pnkovg Euler yopic avaptnuéveg paleg
(Movtého 1 otov IMwv. 1) kot dokd ameipov UAKOVG
Timoshenko pe avaptnuéveg pdleg (Movtého 2 otov
ITw. 1) avtictoyo.

U T tov umoAoyIo o TOV EVOG KOl LOVO SUVOUIKOD GUVTE-
Aeot elooTiKOTNTAG Ypauung £, tov Movtéhov 1 otov
IMw. 1, v e&oopdiion avTioToryiog e TIg StaKpLTég Ti-
péc axopyiog (vmdbepa, Eéppa) tov Movtélov 2 tov .
1 kot TN SVVATOTNTA GVLYKPIOTG TV OTOTEAECUATOV TOV
V0 PoVTEA@V Ypappng £yve 0ekto 0Tt [8] :

k=4 f*(M /I +A4.d) (5.1
omov :

k, : Omog ot oxéon (3.5) (o N)

M, : Mé&la otpotipa (ot kg)

[ : Onog ot oxéon (3.5)

f : ISocvyvotnTa TOAGVTOONG GLOTPOSPOIIKNG YPOLLL-

ung (oe Hz)
: Eufaddv drotopung oidnpotpoytdg (m?)
: TTukvotnta yédAvBa cdnpotpoyidv (kg/m?)
1t oxéon (5.1)  WoovyvOTNTA TOAAVT®OGNG TG Ol
dnpodpopuing Ypappng f TpokdRTEL HES®H VIOAOYIGHOD
™G GLVAPTNONG METAPOPAS ypauung (X.M.TY) H ne
Baon To Movtéro 2 tov Iw. 1. Tevikd, yuo pua ypoppn
ue gokapmn £dpaon, eivar 40Hz < f <140Hz [8]. H tyun
™G k, , mov mpokdmtel pe Paon  oxéon (5.1), oot
KOTO TPOGEYYLON LE TV TYL TOV SUVOUIKOD GUVIEAESTH
glaoTikOTTOG £pUOTOG k,, OTwg omodetkvoetar (§ 5.3)
KOl 07T0 TOVG GYETIKOVS VITOAOYIGLOVG,.
Katémy vroroyiopov g o(Q dyn'”m) vroloyiotnke Paoet
g oxéong (3.3) N TVTIKY ATOKALGT) TV SLVALUK®OY ETLPOP-
TICE@V TOV AVOPTNUEVOV KOL NU-0vopTHEVEOY HoldV Tov
oxnuatog o(Q,, .-
TNo g Tyég o(Q dyn,um) Kot o(Q dynym) OV TTPOEKVY AV KOTA
nepintmon, vrohoyiotnke, e faon ) oyéon (3.2), To péyt-
o610 eoprtio Tpoyov O

QU

max*

5.3 Anoteréopata

Awepedvnon g oxéong (5.1)

Ytoy0g NG Olepedvnong €ivol 0 TPOGOOPICUOS NG
avVTIOTOYI0G HETAED TOV HNYOVIKOD LOVIEAOVL YPOUUNG LE
dokd ameipov pnkovg Euler (Movtédo 1 otov ITw. 1) kot
TOL UNYOVIKOD HOVTEAOV YPOUUNG LE OOKO GTEIPOV PKOVG

Timoshenko pe avaptnpéveg paleg (Movtélo 2 otov ITw. 1),
o€ 0,TL 0POPA OTIG SLVOLUKES TYEG KOOGS TOV EAACTIKOV
oTPOGEMY OV AauPavoviarl vroyn og kaOe mepintoon (k,
otnv nepintoon tov Moviéhov 1 kot &, kp OTNV TEPINTO®ON
tov Movtéhov 2). To npofAnua €ykeital otV eTAoyn TG
opOng tyung dvvapukng oxkopyiog k£, mov opeilel va Anedet

VoY Yo TN UOVI EAQGTIKT th(bcﬁ TOV UNYOVIKOD LOVTE-

A0V Ypappng e doxd aneipov unkovg Euler, kotd tpomo mov

va glvat SuvaTh 1 TEPUITEP® GVYKPLOT TV UTOTELEGLATMV

TOV 0VO HOVTEA®V YPOUG otr Pdon Tov idiov dedopévav

€16000v (PA. ITv. 2 kau 3).

310 MAaic10 0T, VIOAOYIGTNKE 1) 110GVLYVOTNTO TOAN-
VTOOTG G 618Mpodpopikng ypapupng f; pe Béon to Movtédo
2 tov [Mw. 1 péow vToAoyIG OV THG GUVAPTNOTG LETUPOPAG
ypappung (X.M.T) H . Ano my tipm g J/, vmoloyiotnke e
Baon  oyéon (5.1), N mpoceyyioTikn T g &, (Movtého
1) mov avticTot el 68 GUYKEKPIUEVES TIEG k, Kot kp (Movrté-
A0 2). MeAhetOnkoav ot e&NG TEPTTMOELS :

O Ilepintoon A: MetafoAr tov kp — Xtafepéc Tipég Cp k,,
¢, (2 vromepnTMGELG, NTOL PaG ‘GKANPNG KoL HI0G Lo
AOKNG” VTTOSOUNG).

Q Iepintoon B: Metafoln tov k, — Ztabepés Tipég kp, €,y
To amoteAéopata mapovoidlovtor otovg M. 4 won 5

avtiotoyo. Emonpaivetat, 6ti 1 1dtocuyvotmta TaAdvToong

NG GLONPOSPOUIKNG YPOUUUNG OV ETnpedleTal amd T HeETO-

BoAn g Tng (1 TOV TIW®V) ardoPecng TOV EANCTIKOV

oTolyeimv TG (YTOL €V TPOKEEV®D c,=c,= 0). 'V’ avto Ko

1 eMidpaoT) TOVG OV LEAETNONKE TEPUTEP®.

Iapatnpodpue Ot :

O Ilepintwon A — Yrmomepintwon ‘poiaxng’ VIodoung:
H tyn tov k, (Movtého 1), 6nog vroroyileton amd
oxéon (5.1), 10obTON [LE TOAD IKOVOTOMTIKT TPOGEYYIOT
(dapopd < ~ -3,5%), ekt0g TG axpaicg mepinTOoNG
oA “pohakon’ vToBEpaTOg (kp: 20-40MN/m), pe v
TPOYLLOTIKT T TOL SLVOLUKOD GUVTEAESTI] ELAGTIKOTN -
Tag éppatog k,. H diagpopd peidveton 660 ‘okAnpotepo’
yiveton To vdOepa Kot E101Kd Yo kp >k,

O Ilepintwon A — Ymomepintwon ‘oxAnphc’ vrodoung:
H tyn tov £, (Movtého 1), dmwg vroroyiletar amd
oxéon (5.1), 1000t [LE TOAD IKOVOTTOMTIKT TPOGEYYIOT
(d1apopd g TaENg Tov ~ -1,50% Kot Aydtepo) pe v
TPOYLLOTIKT T TOL SLVOLUKOD GUVTIEAESTI] ELAGTIKOTN -
T0G £PHATOG K, OTIG TEPITTOGELS EKEIVEG TTOV M akaLyio
Tov VoBEpaTOg Elval peyaAdTEPN amd aVTH TNG VILOSO-
ung (éppoTog), nTot yio kp> k,. To kp <k,, 1 TN oxop-
yiog Tov VTOBEUNTOC EMOPH KABOPIGTIKG GTI GLUVOAIKT
ehooticotnto TG Ypappng (£), n enidpacn de avtn eivar
TOAD O OMUOVTIKY o’ OTL GTNV TEPITTOOT YPUUUNG
pe ‘podokt’ vrodoun, pe amOTEAECHO T TN TOV £, va
amEYEL OPKETE, OO TNV TIUT TOL &, TOV TPOKVRLTEL OO TN
oxéon (5.1).

O Ilepintwon A — Appotepec VROTEPIMTOGEL; ‘OKANPNG
Kot ‘podokng’ vrodopng : H otabepomoinon tov tipodv
™G f Gve pag opiopévng Tipng kp, N 07Ol TPOPAVAG
eEaptdrar amd T oY ETIKN TN TG k,, elvatl avapevopevn
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KoL GLUVAJEL L Ta amoTEAEGLOTO ToV [18].

Q IHepintoon B: H tyun tov k, (Movtého 1), 6mog vmo-
Aoyiletonr amd ) oxéon (5.1), kopoiveton pe amodKAoN
pkpotepn ToL -5% YOpw Amd TNV TPAYUOTIKY TLU TOV
dVVaUKoD GUVTEAEGTT EAAGTIKOTNTOG EPUOTOG K,

Ta amoteréopata tov IMv. 4 kot 5 TekunpLdVoOLY TNV
OVOUEVOUEVT] OVOKOAIDL EMLTLXOVS OVTIKOTAGTOONG €VOG
HOVTELOVL YPOUUNG LE TeEPLOcOTEPEG ehevbepiec Kivnorg
(Movtého 2 otov M. 1) and éva anrodotepo padnuotikd
povtédo (Movtélo 1 otov ITw. 1).

Iw. 4 Extudueves tpés k, — lepintwon A: kp uerofinto, k, =
60MN/m (‘uodoxn vrodouny) kou k, = 200MN/m (‘orxinpn’
vmodoun).

Tab. 4  Estimated values of k’ — Case A: kp variable, kb =
60MN/m (‘soft’ substructure) and k, = 200MN/m (stiff”
substructure).

[epintoon A — 1.“MaAakn’ vrodoun
k, fr k; (k-kn)/ky,
(MN/m) (Hz) (MN/m) %
20 86 51,87 -13,55%
40 90 56,80 -5,33%
80 91 58,07 -3,21%
160 92 59,36 -1,07%
320 92 59,36 -1,07%
500 92 59,36 -1,07%
750 92 59,36 -1,07%
900 92 59,36 -1,07%
1000 92 59,36 -1,07%
1200 92 59,36 -1,07%
[epintoon A —2.“ZkAnpn’ vmodoun
b / ki (kek)/by
(MN/m) (Hz) (MN/m) %
20 114 91,14 -49,37%
40 140 137,45 -23,64%
80 152 162,03 -9,98%
160 157 172,86 -3,97%
320 159 177,29 -1,50%
500 159 177,29 -1,50%
750 160 179,53 -0,26%
900 160 179,53 -0,26%
1000 160 179,53 -0,26%
1200 160 179,53 -0,26%

Iw.5  Exuudueves tués k, — lepintwon B: k, petafinto, kp =
200MN/m.
Tab.5  Estimated values of k — Case B: k, variable, kp = 200MN/m.
Ilepintoon B
ky Ji ki (kik)/k
(MN/m) (Hz) (MN/m) %
30 65 29,63 -1,23%
45 80 44,88 -0,26%
60 92 59,36 -1,07%
80 106 78,80 -1,50%
100 118 97,65 -2,35%
120 129 116,70 -2,75%
140 139 135,50 -3,22%
160 149 155,69 -2,69%
180 157 172,86 -3,97%
200 166 193,25 -3,38%

[opd to yeyovog 0Tt Yoo TNV ovTioTtoiyion HeTo&d Tov
UNYOVIKOD HOVTEAOL YPOUUNG HE O0KO Omeipov UAKOLG
Euler (Movtého 1 otov ITw. 1) kot Tov punyovikod LoviELov
ypappung pe doxd ameipov pnkovg Timoshenko pe avaptn-
péveg paleg (Movtédo 2 otov . 1), og 6,1t apopd oTIg
SUVOUIKEG TIHEG OKOUYING TOV EAICTIKOV GTPMOCEWDY TOVL
hapBavovrar vioym ce kade mepintwon (k, oty mepintwon
tov Movtéhov 1 kau k,, kp oV TepinTmon Tov Moviélov
2), etvon dvvath M Oedpnon k, = k, oTig TEPIGCOTEPEG TV
TEPIMTOGEDV (EKTOG TV eEAPESEDV TTOV AVOPEPONKOV) Yo
Adyovug axpifelac, Bo epappooTel 6T GUVEKELD TOL TTAPO-
vtog 1 oyéon (5.1).

YOYKPION ATOTEAEGUATOV Y10l TO. VO HOVTEAD YPOUUNG

H obykpion agopd o115 akdOAovbeg TEPMTOCELS :

Q Ihw. 6: k,, ¢, otabepd (Svo THMOL VTOJOpNG ‘pHoAaKy’,

‘oKAnpn’), kp peTaaALOLEVO (cp otafepod).

ITw. 6 kp uetafoliouevo - Tiuéc axouyiog kor anoofeong vmole-
UOTWV KoL DTOOOUNG.

Variable kp - Stiffness and damping values for pads and
substructure.

Tab. 6

Tlepintoon A - k, petafarropevo
Xopaktnplotikd vobepdtov / VoSO

k,=20MN/m | k,=40MN/m | k,=160MN/m |k,=750MN/m

Yno0epo

¢,=17kN/m/s

Zinpty’
ky = 180MN/m
¢y = 82kN/m/s

‘Maiakn’
ky = 60MN/m
cp = 57kN/m/s

Ymodoun
(Eppa)
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ot}

a IMw. 7: kp, c, otabepd, k, petaBarlopevo (¢, otadepd).
.7 k, uetofoidouevo - Tiués axapyiog xar andofieons vwobe-
UOTWV KoL DTOOOUNG.

Variable k, - Stiffness and damping values for pads and
substructure.

Tab. 7

Tlepintoon B — k; petafariiopevo
Xapaktnplotikd vobepdtov / vTodourng

k,=200MN/m

Yno0epo

¢,=50kN/m/s

ky=45MN/m | k,=80MN/m | k,=120MN/m | k,=180MN/m

¢, =5TkN/m/s

Ymodoun
(Eppa)

Emonpaiverat 6Tt ot yopaktnpiopoi ‘polokn’, ‘ckinpn’
&yovv dobel amd ToVg GLYYPUPEIS TNG EPYAGTOG KaL Eival o)e-
TIKol (6.0. Y10 T0 €0POg KOUAVONG TV TOPUTAVD HeYEdDV,
pA. . 3).

Apywd, vmoroyiotnke, Onmg emionpaivetot oty § 5.2,
N TUTIKY OTOKALGT TOV SUVOUIKAV ETLPOPTICEDV TOV L1)-
avaptuévev palov o Q dyn.um). To anotedéopato TOPOVGL-
alovtat otov [Mwv. 8 yia v Iepintoon A (ITwv. 6) kot otov
[Mw. 9 yw v [epintwon B (ITw. 7).

. 8 Extiucdueves s o(Q, ), M1 : Moviédo Ipoyyuic 1,
M2: Movtéio Tpauuric 2.
Tab. 8  Estimated values of o(Q,, ), M1 : Track Model I, M2 :

Track Model 2.

Tlepintoon A — 1.“‘Morakn’ vrodoun

b | oQuniir | oQumh | e
(MN/m) (kN) (kN) %
20 19,16 27,14 -41,65
40 23,59 28,27 -19,84
160 27,52 28,85 -4,83
750 30,71 28,85 6,06

Iepintwon A — 2.°Zkknpr’” vrodoun

R e e
(MN/m) (kN) (kN) %
20 19,76 32,51 -64,52
40 26,82 39,89 -48,73
160 47,60 44,92 5,63
750 49,89 45,81 8,18

J

Iw.9  Exuuwmpeves tipés o(Q ), M1 : Moviélo Ipoyyuic 1,
M2: Movtéro Ipoyunc 2.
Tab.9  Estimated values ofa(Qdy”v”m), M1 : Track Model 1, M2 :
Track Model 2.
Ilepintoon B
Ao_(Qd n, unJ /
k VI, Um, VI, UM y '
b (Qaynundmz | 0(Qaynum)i (Oomar2
(MN/m) (kN) (kN) %
45 24,31 25,51 -4,94
80 32,81 33,09 -0,85
120 42,90 40,48 5,64
180 55,31 49,62 10,29

311 cuVEKELD VTTOAOYICTNKE, OTMOG EMCTILAIVETAL GTNV §
5.2, 10 Méyioto ®optio Tpoyov O, .
To amotelécpata mapovoidlovtal otovg ITv. 10 kot 11
(ITepintwon A — ITw. 8 kot B — IMw. 9 avtictoyya). Emion-
poiveron Ot :
a o(Q dyn,ssm) =0,16Q = 1,6tM 15,696kN om6 t oyéon (3.4)
(g=9,81m/s?).
Q Q. =12,526kN.

Iw. 10 Extiucpeves mués O,
Movtéro Ipopung 2.

Tab. 10 Estimated values of Q, , M1 : Movtéio Ipoyyujs 1, M2:
Movtéro Ipopung 2.

M1 : Movtéio poyuic 1, M2:

Tlepintoon A — 1.“‘Morakn’ vrodoun

ky Onaus2 Omaxmi AQuax / Omaxmz
(MN/m) (kKN) (kN) %

20 234,47 267,39 -14,04

40 252,30 272,30 -7,93

160 269,03 274,84 2,16

750 283,07 274,84 2,91

[epintoon A — 2.°ZkAnpr” vmodoun

ky Onaus2 Omaxmi AQumax / Omaxms2
(MN/m) (kN) (kN) (%)

20 236,80 291,13 -22,94

40 266,00 324,96 -22,16

160 361,23 348,54 3,51

750 372,13 352,75 5,21
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Mw. 11 Exnudueves apéc Q,,,. M1 . Moviélo Ipayyuic 1. M2: gy améluta akpipiig, apetépov 6o yeyovogs 61t o Movtého 1
Moviéio I payuic 2. ) ) tov TTw. 1 v mpocopoidvel tkavoromtikd (oe oyéon pe thv
Tab. 11 Estimated values of Q , M1 : Movtélo I'poyyuic 1, M2: . . , ,
Movitio Footusic 2 max’ TPOYHOTIKOTNTO) TH CLVAPTNON HETAPOPAS Ypopung (X.M.T7)
PO <- H , mopd. LOVO 6TIC TEPUTTOGELG IOV avopEpovToL oTov TTv. 1
; KOl TPOKOTTOLY Kot [e BACT] TOVG VTOAOYIGUOVGS (TEPUTTACELS
Ilepintwon B ¢ fos . , . ,
oKANPOV’ VIoBeUdTmV YPAUUNG). ETIG AOWES TEPUTTAOGELS,
ke Onaxmz Oaxt AQmax / Omaxiz 10 Movtého 1 tov ITw.1 teivel vo vroskTiud ) cuvdptnon
(MN/m) (kN) (kN) % H . Avtd onpaiver ‘okdnpotepn’ omd OTL 6TV TPy HATIKOTN-
45 25531 260.39 -1.99 TOL YPOLLLN KO GUVETMG VYNAOTEPEG TIEG SUVOLIKDV ETLPOP-
- - - TicE®V TV UN-avaptnpévov poiov O mum Ommg ekppaovTol
80 292,48 293,75 -0.43 HEG® TNG TVMIKNG omOKMONG Tovg o(Q, ).
120 339,03 327,71 3,34 Ot Topandve Stapopéc o€ eminedo TV o(Q dyn’um) pe-
180 398.10 370.84 6.85 Ta&0 TV dvo povTEA®V ypauung tov . 1, aufAidvovtot

XyOMUONOG TOV ATOTELECPATMOV

Amd ta amotedéopato tov IMv. 8, kot ocvykekpiuéva
otV mepintoon ‘porokng’ vrodoung (Yno-nepintoon A.1),
TPOKLATOVV dlPopég o€ emimedo TWmv o(Q dyn.um) peta&o
TV OVO HOVTEA®V TG TAENS Tov 40% Kot TAéov. H ev Adyw
akpoaio T evTomileTol CULYKEKPUEVE OTNV TEPITTMOON
‘TOAD HoAoKoD’ LTOBENTOC (kpS 20MN/m), 6mov 10 Mo-
vtéAo 1 tov ITw. 1 diver onpovtikd peyaAnTepeg TIEG and To
Movtého 2. H ev Adyo dtapopd petdvetal 660 avEdvetat 1
QKOLLYI0 TOV VTTOBEUATOG KOl TO TPOGTLO TNG AVTIGTPEPETOL
o€ VYNAEG GYETIKA TILES aKALYI0G TOV VITTOOEUATOG YPOUUNG
(extipdron mepi ta 320MN/m).

Avtictoya, oTnv Tepintmon ‘ckinpng’ vwodoung (Yro-
nepintoon A.2 — [Tw. 8), o amoteAécpoTo TV dVO HOVTE-
AoV ypoppng o eninedo Tiuav o(Q dyn,um) drapopomolovvTal
¢m¢ ko 65% mepinov. Ko omnv vronepintmon avty], 6mwg
KOl TPONYOVUEV®G, 1) €V AOY® oKpaio Ty eviomiletal 6TV
nepintoon ‘moAd paAakoy’ VToBEpaTOg (kp < 20MN/m),
6mov to Movtéro 1 tov ITw. 1 divel onpoavtikd peyodvtepeg
TIHEG omd 0 Movtédo 2. H ev Adym dtapopd peidvetal 66o
aLEAVETOL M aKApLYio, TOV VTOBENATOC KOt TO TPOCTHO TIG
eKTdTOL OTL avTioTpEeeTot mepi To. SOMN/m epimov.

ZOUTEPOUCULATIKG, TAPOTNPEITAL GE OUPOTEPES TEPUTTM-
oglg 0TL otV mepinTmon ‘UETPLOV’ Kol ‘CKANPOL’ vrobé-
LLOTOG O TLUEG TTOL TPOKVTTTOLY pe Pdon to Movtélo 2 tov
IMw.1 givar peyaAvtepeg tov Movtéhov 1 kot avtiotpoa,
OTNV TEPINTOON ‘UAANKOD’ €M “TOAD poAakoD’ vTobEpa-
T0G, Ol TYEG OV TPOKVTTOVY pe Pdon to Movtého 1 Tov
Iw.1 eivon peyarvtepeg Tov Movtédov 2.

Amd tov [Tv. 9, mpoxvmTOLY OVTIGTOLXO OLOPOPEG GE
eminedo Tpdv o(Q dynm) peta&d Tov dvo HOVTEAWDV £0G Kol
~10% vrép tov Movtélov 2 évavtt tov Movtéhov 1 Tov
IMw. 1 yio vynAég Tyég akapyiog Tov éppotog. H dapopd
OLTH UEWOVETOL OGO LELDVETOL 1] OKOUYIo TOV £PUOTOG Kol
10 TPOoNUO TG avtioTpEeeTol mepi To. 8OMN/m mepimov
(o k).

O1 dtpopéc mov emonuavinkay, Propovy va arodofovv
apevOG 6To YEYOVAG 0TL 1 o)éon (5.1) elvan TpooeyyioTik Kot

KOTG TOV VTOAOYIGUO T®V TWAV TOL HEYIGTOL (QOPTIOvL
Tpox0¥ O A6y® NG TETpaymvIKG piCag ot oyfon (3.2).
Ot S10popég £TOL KLUAIVOVTOL OTNV TEPINTO®ON UUAUKNG
vrodopung (Ymomepintwon A.1 — ITw. 10) ond -15/+3%,
oV mepintoon ‘oxinpng’ vrodopng (Yrnonepintmon A.2
—TITw. 10) and  -23/+5%, evd oty [lepintwon B (Iw. 11)
and -2/+6%.

6. XYMIIEPAXMATA

>ty gpyocia avut) Tpoteivetar puo véa néBodog yio Tov
VIOAOYIGUO TOV PEYIGTOL PopTiov Tpoyov. H mpotevopevn
pébodog otmpiletor oTov TANPOC OVUALTIKO VTOAOYIGUO
TOV SUVOLIKAV ETPOPTICEOV TOV UN-0vapTNUEVOY poldv
KOlL TG GVVEIGQOPAG TOVG GTO GUVOAKO KATAKOPLOO POPTIO
TIOV OOKEITAL OTTO TOV TPOYO EML GLONPOSPOLIKNG YPULUNG LLE
evKoumTn £0poor. Avvatat va ypnoionombel g £xel ot
dradtkooio HEAETNG Kot GYESLOGHOY TV GLONPOTPOYLOV KoL
LE KATAAANAEG TPOTOTOWGELS GTOV GYEJIAGHO GAL®V OTOL-
XEWOV TG YPOUUNG.

310 TAOIGLO TNG EPEVVNTIKNG OWTHG EPYUCING OEV KOTE-
OTN €QIKTN 1 GVYKPION TOV OTOTEAECUATOV TNG TPOTEVO-
pevng pebddov pe kamowo amd TG VELOTAUEVES UEBOOOVG
TPOGOIOPIGHOD TOV KATAKOPLOOL POPTIOVL TPOYOL KOl TOL
péytotov eoptiov tpoyold aviictotya. e Tov Adyo avtd
KpIveTOl OKOMIUY|, OE HETAYEVESTEPO OTAO10, 1) EMOA OO
TOV OTOTELEGUATOV TNG TOPOVGUS EPYACIOG KOl 1] COYKPLOT|
TOVG LE T OvTIoTOL O GAA®V PEBOd®Y HEcH PeTPoE®V €T
TOL TEdiov.
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Extended Summary

Analytical Method for Determining the
Maximum Wheel Load

NIKOLAOS DEMIRIDIS

Civil Engineer AUTh, PhD
Transportation Engineer ENPC, DEA, MS

Abstract

In this paper, a method is presented for determining the maximum
wheel load acting on a ballasted railway track, via a fully
analytical calculation of the contribution of the vehicle's unsprung
masses. In this respect, mathematical models modeling the rolling
stock - railway track interaction in the mid to high frequencies are
applied, taking into consideration the geometric, dynamic and
construction characteristics of the railway track, as well as the
wheel - rail contact interface parameters. The proposed method
may be used primarily, as proposed, in the design process of rails,
as well as other elements of a ballasted railway track provided that
the necessary refinements are made.

1. INTRODUCTION

In this paper, a method is presented for calculating the
maximum wheel load acting on a ballasted railway track. The
term ‘maximum wheel load’ refers here to the characteristic
value of the vertical wheel load applied to the railway track,
which covers the maximum, theoretically, vertical wheel load
exceedence probability, during the railway track’s lifetime.
The said probability allows for the consideration of extreme,
non-usual loading conditions of the railway track, such as
the ones mentioned in [1]. Given the random character of
the railway track’s loading mechanism [2], the probability
of extreme, non-usual wheel loads corresponds in general to
values of the order of 10 (i.e. one in a 1,000,000) [3], that
is, in case of a normal (Gaussian) distribution, to the safety
level expressed by five times the standard deviation of the
random variable (i.e. the vertical wheel load applied to the
railway track) from its mean value.

The maximum wheel load value is indeed of interest
in the design process of rails [3]; however, the proposed
method for determining the vertical wheel load (incl. static,
semi-static and dynamic components) described herein may
Submitted: Sep. 18, 2006 Accepted: July 1, 2008

CHRISTOS PYRGIDIS
Associate Professor AUTh

be used in the design and dimensioning process of other
components or layers of a ballasted railway track (e.g. the
sleepers, the ballast, etc.). In such a case, however, the
respective probabilistic safety level applying to every single
constituting component or layer of the railway track will
have to be considered on a case by case basis. This safety
level decreases from the top to the bottom of the railway
track (i.e. from the rails to the subgrade), given the reduction
in forces and stresses from layer to layer [4] (for example,
while for rails the safety level that can be employed usually
corresponds to five times the standard deviation of the
vertical wheel load from its mean value [3], for sleepers and
the ballast this corresponds to three and two times this value,
respectively [1]).

Herein, a new theoretical method for calculating
the maximum wheel load is presented, based on a fully
analytical calculation of the contribution of the vehicle’s
unsprung masses to the vertical wheel load. The proposed
method is an extension to the vertical wheel load calculation
method via semi-analytical calculation of the contribution of
the vehicle’s unsprung masses [1,5,6,7].

The paper is structured in four parts. In the first part,
the vertical loading mechanism of the railway track and the
existing methods for the calculation of the vertical wheel
load and the maximum wheel load are presented. In the
second part, the proposed calculation method is detailed.
In the third part, a numerical application of the proposed
method is presented. Lastly, in the fourth part of the paper
conclusions are given.

The research contributes to proposing a new theoretical
method for calculating the maximum wheel load acting on
a ballasted railway track, which may be used, as proposed,
in the design process of rails, as well as other elements of a
ballasted railway track provided that necessary refinement is
carried out.
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2. SYMBOLS AND TERMINOLOGY

A Constant that characterizes the quality of the

running surface of rails with regards to roughness

Cross sectional area of rails (m?)

Track damping (N/m/s)

Ballast damping (N/m/s)

Rail pad damping (N/m/s)

Rail steel density (kg/m?)

Rail modulus of elasticity (N/m?)

Frequency (Hz)

Track resonant frequency (Hz)

Non-compensated centrifugal force (N)

Gravity constant (9.8 1m/s?)

Distance from the vehicle’s center of gravity to

the TOR (m)

Contact receptance (m/N)

Hertzian spring receptance (m/N)

Track receptance (m/N)

Wheel receptance (m/N)

Rail moment of inertia (m*)

Constant that characterizes the quality of the

running surface of rails with regards to roughness

Hertzian spring stiffness (N/m)

Track dynamic stiffness (N/m)

Ballast dynamic stiffness (N/m)

Rail pad dynamic stiffness (N/m)

Wave length (m)

Rail support spacing (m)

Wheel unsprung mass (kg)

Sleeper mass (kg)

Coefficient to account for a given probabilistic

safety level for calculating the r.m.s. of the

Standard Deviations of the vehicle induced

dynamic loads

v, Rail steel Poisson ratio

N, Mean Standard Deviation of Level (mm)

0 Axle load (N)

0 Maximum wheel load (N)

Dynamic wheel load (N)

Unsprung mass dynamic load (N)

Sprung & semi-sprung mass dynamic load (N)

Vertical wheel load (N)

Vertical quasi-static wheel load due to the non-

compensated centrifugal force (N)

Static wheel load (N)

Track spring constant (N/m)

Horizontal curve radius (m)

Wheel radius (m)

Equivalent wheel — rail radius (m)

Standard Deviation of the unsprung mass

dynamic loads (N)

o(Q,,.,) Standard Deviation of the sprung & semi-sprung
mass dynamic loads (N)

N

0

o
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Power spectral density of rail roughness (m?)

r

Sowmum  POWET spectral density of unsprung masses dy-
namic loads (N*/Hz)

U Cant (mm)

14 Speed (km/h)

y Elastic rail vertical displacement (m)

Y, Vertical rail running surface deformation (m)

Yy Elastic vertical displacement of the Hertzian
spring (m)

VY Elastic vertical displacement of the unsprung
mass (m)

w Circular frequency (rad/s)

Q Spatial circular frequency (rad/m)

3. VERTICAL LOADING OF THE RAILWAY
TRACK - MAXIMUM WHEEL LOAD
CALCULATION

3.1 Vertical loading mechanism

The vertical load Q applied by the wheel of a railway
axle, with j=1,2,.., on the railway track, is given by the
relationship (3.1).

The dynamic loads Q iy applied to the railway track
due to the interaction with the rolling stock have a random
character. Assuming linearity, they can then be treated
separately in distinct frequency bands.

More particularly, in the low frequency range (0-
40Hz), focus is placed on the interaction between, on the
one hand, all the inertial and elastic vehicle components,
i.e. the unsprung (axles), the semi-sprung (bogies) and the
sprung (car body) masses as well as the vehicle’s primary
& secondary suspension, and on the other hand, the railway
track [4,8,9].

Respectively, in the mid to high frequency range (40-
400Hz & 400-2000Hz), the interaction between the vehicle’s
unsprung masses (axles) and the railway track [4,8,9] is the
one of more interest.

3.2 Existing methods for calculating the Maximum
Wheel Load

The probabilistic approach adopted for the calculation of
the maximum wheel load is generally based on the increment
of the mean value of the vertical wheel load Q,, in such a way
that the desired statistical level of safety is achieved (see §
1). The following calculation methods may be distinguished
(used, however, for defining the loads acting on railway
sleepers and not rails):

U The method suggested by German researchers [10];
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U The method suggested by French researchers [11];

U The method proposed by Greek scientists, an extension
of which has been proposed and applied in the Greek
railway network [2,6,7];

Given that only the second method takes into
consideration in a distinct and clear manner the contribution
of the vehicle’s unsprung and semi-sprung / sprung masses
to the overall vertical wheel load acting on the railway track,
the first method is not further presented here. According to
the second method above, the maximum wheel load Q__ is
given by relationship (3.2)".

The standard deviation of the dynamic loads of the
vehicle’s sprung and semi-sprung masses o(Q is
calculated on the basis of relationship (3.3) [12].

Similarly, the standard deviation of the dynamic loads
of the vehicle’s unsprung masses G(Q ) is calculated
using relationship (3.4) [1]. The relat10nsh1p (3.4) is semi-
analytical. It starts by modeling the railway track as an
infinite Euler beam (Fig. 1); it is further adapted to account
for the results of actual in-situ measurements [1]. The
dynamic track stiffness k in relationship (3.4) is calculated
using relationships (3.5) and (3.6) [1]. The values of static
stiffness p, used in relationship (3.6) take into account all
kinds of preload applied to the railway track [1,13], thus
increasing the validity of the p, value employed in the
calculation of k in relationship (3.5).

dyn,ssm)

4. PROPOSED METHOD FOR MAXIMUM
WHEEL LOAD CALCULATION

4.1 Theoretical background

The proposed method is an extension to the calculation
method already described (§ 3.2). It is based on the fully
analytical calculation of the dynamic loads induced by the
vehicle’s unsprung masses Q. and their contribution to
the vertical wheel load acting on the railway track. Therefore,
the formulas employed for the calculation of the maximum
wheel load Q__ as per the proposed method are the same as
for the method in § 3.2, with the exception of formula (3.4)
and what follows this latter.

More particularly, for calculating o(Q dynam) the
mathematical model of rolling stock - railway track
interaction of Fig. 2 is applied. This allows for the estimation
and further use in what follows of the contact receptance
function H,. [89]. Successful use of this model has been
reported elsewhere [4,8,14] for applications other than the
one described herein.

The standard deviation of the dynamic loads induced

' For the maximum wheel load as defined in § 1, n = 5.00 in relationship

(3.2).

by the vehicle’s unsprung masses c(Q dyn’um) is calculated
following relationship (4.1) in the frequency range of
interest (40-2000Hz). The power spectral density of the
unsprung masses’ dynamic loads SQdy, in relationship
(4.1) is calculated as per relationship (4.2).

In accordance with the mechanical model of Fig. 2, the
contact receptance function H . o is calculated by relationship
(4.3) in combination with (4 4) and (4.5). The Hertzian
spring stiffness is given by relationship (4.6).

For the calculation of S, " in relationship (4.2), a
standardized rail roughness design spectrum S, defined by
relationship (4.7) [14], is taken into consideration.

The track receptance function H [15] in relationship (4.3)
depends upon the constructional, geometric and dynamic
characteristics of the railway track [8]. To calculate it, the
modeling of the railway track by means of an appropriate
mechanical model is necessary. For reasons of simplicity and
standardization in the calculation process, of Q_ , analytical
models are proposed and applied herein, see Tab. 1 [9,16].

4.2 Similarities and differences with the existing
methods

The similarities between the proposed calculation
method for the track’s maximum wheel load Q _ and the
method described in § 3.2 relate to the following:
Q Calculation of the maximum wheel load Q_

to relationship (3.2) in both cases.

U Calculation of the standard deviation of the vehicle’s
sprung and semi sprung masses’ dynamic loads 6(Q dyn,ssm)
in relationship (3.2) according to (3.3) in both cases.
The differences between the two approaches are as

follows:

U Simulation of the railway track (ballasted) with an
infinite length Timoshenko beam with one or two elastic
layers (in the last case with suspended masses) (see Tab.
1) instead of an infinite Euler beam on a continuous
single elastic layer (Fig. 1). Based on what was already
mentioned in § 4.1, a better simulation of the railway
track’s behavior in the mid and high frequency range is
thus achieved, since:

o The consideration of the shearing and rotary inertia
of the Timoshenko against the Euler beam tend
to make the beam more flexible, especially in the
high frequency range (above 400Hz), which is in
accordance with the results of field measurements
[16].

o The consideration of two elastic layers and of the
sleepers in a discrete manner compared to a single
elastic layer (without suspended masses) gives the
possibility of a more realistic modeling of the railway
track, which can provide additional information
about the rail resonance and sleepers’ anti-resonance

according
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further to the full track resonance [8,9,14].

U Consideration in the unsprung masses — track system
(Fig. 2) of an additional elastic element, namely the
Hertzian contact spring stiffness, compared to the
mechanical model in § 3.2. The Hertzian spring stiffness
rules the overall stiffness of the mechanical system
mentioned above, as described by the contact receptance
function H ., in the high frequency range mainly (above
1000Hz) [4,8]. It is thus an additional element that has
to be considered in the simulation, since in theory it
contributes significantly to precision, especially above
1000Hz, that is, over more than half of the frequency
range of interest (40-2000Hz) where the contribution
of the vehicle’s unsprung masses to the total vertical
wheel load (maximum wheel load) is of importance.
Additionally, it allows, in theory, accounting for the
rolling stock’s characteristics — relationship (4.6).

U The track stiffness parameters taken into account in the
analytical models in Tab. 1 (proposed method) are the real
dynamic stiffness values, drawn from experiments and in
the field measurements; that is, no use of relationship
(3.5) and the track’s static stiffness values (as calculated
by means of the method described in [17]) is made to
calculate the dynamic stiffness values (as in the Fig. 1
model — relationship (3.4) of the method in § 3.2), thus
limiting potential influences on the calculations.

The differences described above between the proposed
method for calculating the maximum wheel load Q__ and the
method described in §3.2, do not allow any direct comparison
between them, since the method in § 3.2 is semi-analytic (i.e. it
is based on an analytical model, further improved by adjusting
relationships on the basis of actual experimental data), this
latter only, making the assessment of any potential impact
for adjusting relationship (3.4) in § 3.2 to achieve comparison
with the proposed method significantly hard.

5. NUMERICAL APPLICATION

The numerical application only applies to the proposed
method. For this purpose, both track models in Tab. 1 were
used and their results compared.

5.1 Input data

For the numerical application, a ballasted railway track
with UIC 54 rails and mono bloc concrete sleepers was
considered. The stiffness and damping values of the track
layers were considered to vary within a ‘logical’ value range,
based on the bibliography [8,9] (Tab. 2). Based on this, a
parametric study was performed.

The rolling stock data are presented in Tab. 3.

5.2 Calculation process

All calculations were performed in MATLAB®. From the
input data, the standard deviation of the dynamic loads of the
vehicle’s unsprung masses was calculated — see relationship
(4.1). It should be noted that:

U The railway track was modeled as a single Euler beam
resting on a continuous elastic support (Model 1 in Tab.

1) and as a Timoshenko beam with suspended masses

(Model 2 in Tab. 1) respectively.

O In order that the results of both models might be
compared, the track’s dynamic stiffness k, was calculated

by means of relationship (5.1) [8].

After calculating 6(Q dyn,um)’ the standard deviation of the
vehicle’s sprung / semi-sprung masses dynamic loads was
estimated following relationship (3.3).

For the values of o(Q dyn,um) and o(Q dyn,ssm) thus defined,
the maximum wheel load Q_  was calculated following
relationship (3.2).

5.3 Results

Investigation of relationship (5.1)

The purpose of the investigation was the definition of the
correspondence between the Euler beam mechanical model
of the railway track (Model 1 in Tab. 1) and the Timoshenko
beam (with suspended masses) model (Model 2 in Tab. 1),
as concerns the dynamic stiffness values of the elastic layers
taken into account in each case (k in the case of Model 1
and k,, kp in the case of Model 2). The problem relates to
the choice of the value of dynamic stiffness k that has to be
taken into account for the single elastic layer of the Euler
beam model, in such a way as to allow for the comparison
of the results of both track models on the basis of the same
input data.

In this respect, the resonance frequency of the railway
track f was calculated on the basis of Model 2 in Tab. 1 via
the track receptance function H . From the value of f, the
estimated k (Model 1) value was calculated on the basis
of (5.1), which corresponds to specific values of k, and kp
(Model 2). The following cases were examined:

O CaseA: kp variable —<,, k,, ¢, constant (2 sub-cases ‘hard’
and ‘soft’ substructure).

Q Case B: k, variable —kp, ¢, ¢, constant.

The results are presented in Tab. 4 and 5, respectively.
The following may be pointed out:

U Case A — Sub-case ‘soft’ substructure: The value
of k (Model 1), as calculated by relationship (5.1),
corresponds well (difference < ~ -3.5%), except in the
extreme case of very ‘soft’ rail pad (kp: 20-40MN/m),
to the real value of the ballast dynamic stiffness k. This

b
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difference increases as the rail pad becomes ‘stiffer’ and

especially for k > k.

QO Case A — Sub-case ‘hard” substructure: The value of k
(Model 1), as calculated by relationship (5.1), corresponds
well (difference of the order of ~ -1.5% or even less) to the
real value of the ballast dynamic stiffness k, for kp >k,. For
kp <k,, the rail pad stiffness value plays a major role in the
overall track stiffness (k ), this being more important than
in the case of ‘soft’ substructure, resulting in a k, value far
away from the k value as calculated by relationship (5.1).

U Case A — Both sub-cases ‘hard’ and ‘soft’ substructure:
The stabilization of f values above a certain kp value,
which evidently depends on the relative value of k, is to
be expected and is in accordance with the results in [18].

Q Case B: The value of k (Model 1), as calculated by
relationship (5.1), varies (deviation of the order of less
than -5%) around the real value of the ballast dynamic
stiffness value k..

The results in Tab. 4 and 5 testify to the expected difficulty
in successfully replacing a model with more degrees of
freedom (Model 2 in Tab. 1) by a simpler mathematical
model (Model 1 in Tab. 1).

Despite the fact that in some cases, as shown above, it
is possible to consider that k, =k, in order to successfully
correlate the two track models, relationship (5.1) shall be
always applied in what follows.

Comparison of the results of the two track models

The comparison took place for the following cases:

Q Tab. 6: k,, ¢, constant (two types of substructure ‘soft’,

‘hard’), kp variable (cp constant).

O Tab. 7: kp, ¢, constant, k, variable (c, constant).

Initially, as mentioned in § 5.2, the standard deviation
of the dynamic loads induced by the vehicle’s unsprung
masses 6(Q dyn’um) was calculated. The results for o(Q dyn,um)
are presented in Tab. 8 for Case A (Tab. 6) and in Tab. 9 for
Case B (Tab. 7).

The maximum wheel load Q_  was then calculated,
as mentioned in § 5.2. The results are presented in Tab. 10
and 11 (Case A — Tab. 8 and B — Tab. 9 respectively). It is
mentioned that:
4 o(Q dyn,ssm) =0.16Q_ = 1.6t or 15.696kN from relationship

(3.4) (g=9.81m/s?).

Q Q, =12.526kN.

Commenting on the results

From the results in Tab. 8, and especially in the case
of ‘soft’ substructure (Sub-case A.1), the differences in the
values of o(Q, ) between the two models are of the order
of 40% and more. This extreme value appears in the case of

‘very soft’ rail pad (k < 20MN/m), where Model 1 in Tab.
1 provides considerably higher values than Model 2. This
difference reduces as the rail pad stiffness increases and its
sign is reversed at relatively high values of rail pad stiffness
(estimated around 320MN/m).

Respectively, in the case of ‘hard’ substructure (Sub-
case A.2 — Tab. 8), the results of the two methods for the
o(Q Glynm) values differ by as much as 65%. In this case also,
as before, the said extreme value appears in the case of a
‘very soft’ rail pad (k < 20MN/m), where Model I in Tab. 1
gives considerably higher values compared to Model 2. The
difference between the two reduces as the rail pad stiffness
increases and its sign is reversed around 80MN/m.

From the results in Tab. 9, differences in the values of
o(Q Glynm) of the order of ~10% between the two track models
are demonstrated, Model 2 giving higher values compared
to Model 1 in Tab. 1 for higher rail pad stiffness values.
This difference reduces with rail pad stiffness and its sign is
reversed around 80MN/m (value for k).

The differences mentioned may be mainly attributed
on the one hand to the fact that relationship (5.1) is
approximate and not totally precise, and on the other hand
to the fact that the Model 1 in Tab. 1 does not simulate
successfully (compared to reality) the H, function, but
only in the cases mentioned in Tab. 1 and proven by the
calculations herein (‘hard’ rail pad cases). In all other
cases, Model 1 in Tab. 1 tends to underestimate the Hyr
function. This means a ‘harder’ track than in reality and
therefore higher values of the vehicle’s unsprung masses’
dynamic loads Q,  , expressed by means of the standard
deviation 6(Q,, .)-

The differences when calculating 6(Q dymam) become less
noticeable in case of the maximum wheel load Q__ due
to the square root in relationship (3.2). The differences in
the case of ‘soft’ substructure (Sub-case A.1 — Tab. 10) lie
between -15/+3%, in the case of ‘hard’ substructure (Sub-
case A.2 — Tab. 10) between -23/+5%, while in the Case B
(Tab. 11) they are around -2/+6%.

dyn,u

6. CONCLUSIONS

In this paper the existing methods for calculating
the maximum wheel load were investigated and a new
theoretical method was presented. The proposed method is
based on a fully analytical calculation of the contribution
of the vehicle’s unsprung masses to the vertical wheel
load acting on a ballasted railway track. It may be used,
as proposed, in the design process of rails, as well as other
elements of a ballasted railway track provided that the
necessary refinement is carried out.

Within this paper, it was not possible to compare the
results of the proposed method with any of the existing
methods allowing for the calculation of the vertical wheel
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load and the maximum wheel load. In this respect, it is  comparison with other methods and a validation of the
considered as of importance, in the future, to make a  results herein by on-site measurements.
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