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ITOAYTEXNEIO KPHTHX

2XOAH XHMIKQN MHXANIKQN KAI MHXANIKQN ITEPIBAAAONTOZ
EPTAXTHPIO YITOAOTIZTIKHE AYNAMIKHY and ENEPTEIAZ

Adakrtopikn SratpiPr) too ANéSavipoo M. Avpatfaxr)

Awepevdvnon g xp1ong droykmpévng mohvotepivyg (EPS) o texvika ¢pya
DIIOOONIG Y1d TNV AIIORELWOT] SVVARIK®OV POPTINV KAl TANAVIWOOEWDV.

ITepidnyn
H xox\o@optaxi) oop@opnorn amotelel eva amod Td o OHUAVTIKA IPoPAfjpatd yida ta
OLPPATIKA Péod PETAPOPAS, OTIMG TA AVTOKIVITA KAt T Aew@opeia. To pelovextnpa avto,
oOnyetl OAO £va KAl HePLOCOTEPO, OTNV AVACHTNON EVAAAKTIKOV, AVET®V, YPIYOP®V Kt
PUNK®V 1Ipog To HePPAANov péonv petagopds. Ta tpéva vynArg tayotntag (high-speed
trains - HST) amoteAovv pa eSapetikr) evalaktikty Avor) oe avto 1o npoPAnpa, opwg Oa
npéret va otenfetnBoovv kamowa {ntrpata oote va eac@aliotet 1) omotr) Aettovpyila Tovg.
To mo onpaviko npoPAnpa, to omoio emnpedlel TV aACPIAela TOV OONPOdPOPDV
omodop®V  vYnArg tayvtntag, etvatr Ta evioyopéva emineda  KPadaopmv - I1ov
pokalovvtat Aoy g oywnArg tayxovtntag Owelevong. Tig televtaieg Oexaetieg, o
avamtoooopevol kpadaopoi kata T dwlevon HST Ozwpoovvratr wg éva diattepa

ONPavTiKo meptParlovtiko {nrpara.

I[a tov Aoyo avtd, éxoov mpaypartomoumdel apKeTéq HENETEG IIPOKEPEVODL VA
npotabovv pétpa meploplopod TV Kpadaopwv. Ta pértpa avta pmopovv  va
opadoniombovv oe téooePlg Katnyopleg: (a) tnv Tpomomnoinon g owdnpotpoxids, () v
KAAI)] KOl TAKTIKI] OLVTPNOL Tov odnpodpoptkod O1KTOLOL, (Y) TV EPAPHOYT| HETP®V
npootaoiag oe OepeAimorn)/ okeAeTO TV KTpinv, Kat (0) TNV TomobiTon TaPP®V e OTOXO
TV AIIOPEI®OL) TOV EMUPAVEIAKOV KOPAT®OV. To Mo dnpo@iAég pétpo peTplaopod yua 1)
pel®on Tov enurédov TOV KPAOAOH®V EVAl Il KATAOKELN] TAPPOV KATA HIKOG TOL
odnpodpopikod dwktvov. Ta tedevtaia xpovia, éxovv npotabdel diagpopot TOIIOL TAPP®V
KAt DAKQOV TAP®ONG, OOTO0O, Ol IO AIMOTEAEOPATIKEG TAPPOL £XOLV DYNAO KOOTOG

KATOOKELIG KAl OLVTPNONG. ¢ €K TOLTOL, 1) MPOTAOI &VOG AIMOTEAEOHATIKOD KAt



OLKOVOPIKOD PETPOL IIEPLOPLOPOD TOV KPpadaopmy egakolovbetl va amoteAet mpoxAnon yia

TV EMOTHOVIKI] KOWOTHTd.

Mia axopn npoxAnon yua Tovug épevVITEG elvatl 1) eDPeoT) APOPNTIKOV, TEPARATIKOV
1] avaAvTikeov pefodmv, Kaveov va mpoPAeyoov pe akpifela ta YapAKIPIOTIKA TOV
kpadaopwv. ['ia tov oxomod avtod, éxovv avamtoybet diapopa npocopowwpata dvo (2D),
dvopon (2.5D) xat tprwv Swaotacewv (3D) pe m xpron tov pebodev memepacpevov
dapopwv, Nenepaopevev ototyeiav 11 oovoplakav ototyeiov. Ta tedevtaia ypovia, ot
npoavagepbeioeg pebodoloyieg  ypnowonou)dnkav ywa TtV egetaon  Olapopmv
poPANPAT®V, 016G 1) dlepebvNon TG Kplowng Taxvtntag dweAevong tov HST, 1) emppon
TOV YE@PETPIK®V KAl PNYAVIKOV XAPAKTNPLOTIKOV TG O10NPO00POHIKIG YPAPHLS KAl TOD

VIIEdAPODG, 1] EPAPHOYT] ATTOTEAEOUATIKOV PETPMV IEPLOPLOPROD TOV KPAOAOP®V, K.AIL.

Baowog otoyog tng mapovoag Otatpifrg etvat 1 avdmrodn plag armoteAeOpatikig
appntikng pebodoloyiag mpooopoimong tov obvOetov SLVAPIKODL @EALVOPEVOD, HE
OXETIKA XAPNAO DIIOAOY10TIKO KOOTOG, IKAVIG va IIpoPAéwpet pe axpifeia tovg Kpadaopovg
Tov vredagovg katd T dweAevon HST. 'ia tov okomo avto, éxet emheyet 1 pebodog Tov
renepaopevev otolxelmv. I[lpoketpévoo va draopaliotet 1 adtomotia g aptdpntikng
pebodoroyiag, Ta amotedéopata tov Kabe MPOCOPOIOPATOG avaPopdsg ovyKpibnkav pe
Srabéorpeg emromieg peTprioetg. ZOYKEKPIPEVA, XpNotponow|0nKav petprjoetg mediov Katd
) Stelevorn) tov TPEVOL LYNALG tayovtntag Thalys oe tpeig Béoeig g oWdnPOdpOpIKIg
ypappng ITapiowov-BpoleMov yia v enairfevorn tmg opbotntag teov avtiotolyov
appNTIK®V IIPOCOPOIOUAT®V. ZT OLVEXELD, TIpaypatonou)dnke extetapévn diepedvnon
€ OTOXO TNV HIPOTAOH AIMOTEAEOPATIKOV JATASE®V MEPLOPIOPOL TOV KPAOAOP®V HE TN
Xp1on yeowagpoov dloykapévng mohvotepivng (expanded polystyrene - EPS) oe 0¢oetg
EMYOPATOV KAt opoypatev. [a ) dwaogdlion g adlomotiag tTov IPOTEVOPEV®DV
datademwv, mpayparonou)Onke pia ektevi)g depedvnon SlaPOP®V IAPAYOVIDV, OIIKS Ol
ovvbnkeg Tov vreddpoug, 1 diatady g odNPOTPOXLAG, KAOM KAt 1] TaxLTTA O1EAELONG
tov HST. Enurpoofétag, Stepevvdtatl 1 mpootaoia YerovIKOV KTPlov Kl DIIOYEI®V
ayoyov pe ) xpnon yeoappov EPS, omov kat mdAt avadewkvoetat 11 oopfolr tov
IIPOTELVOHEV®V HETPOV OTIV AVTIHETOIIOL TOV ODOPEV®V OLVEIIEIDV OTIG KATAOKEDEG KAt

otovg avBpmmoog e€attiag t@v kpadaopmv amod 1) owehevor HST.
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Abstract

Traffic congestion is one of the most important issues related to the conventional means
of transportation (e.g., cars or busses). This disadvantage has led to the development of
alternative comfort, fast and environmentally friendly transportation means, such as high-
speed trains (HST). Nonetheless, in order to safely operate relatively new transportation
means such as HST, several important aspects should be properly addressed. The most
important issue related to the safety of high-speed railway infrastructure and the
disturbance/comfort of the residents of nearby buildings, is the vibrations developed due
to the high passing velocity of the trains. In recent decades, the developing noise and
vibrations induced by the HST passage, as well as their mitigation, are considered as very

crucial issues in structural dynamics.

For this reason, several studies have been carried out aiming to propose optimal
mitigation approaches in order to reduce ground-borne vibrations. These mitigation
approaches can be grouped into four categories: (a) track modification, (b) track
maintenance, (c) retrofitting to reduce vibrations of adjacent buildings and infrastructure,
and (d) installation of wave barriers. The most popular mitigation measure to reduce the
vibrations developed by the passage of HST is the construction of wave barriers/trenches
across the railway. For this purpose, several types of wave barriers and filling materials
have been proposed over the last decades. However, the most effective wave barriers have
also high construction and maintenance costs. Hence, the proposal of an effective, low-

cost mitigation measure is still a challenge for the engineering community.



An additional challenge for the researchers is to establish numerical, experimental or
analytical approaches capable of predicting the developing vibrations in a reliable and
accurate manner. For this purpose, several numerical approaches have been proposed, i.e.,
finite differences, finite element and boundary element-based methods. Furthermore, this
complex phenomenon has been investigated via two-dimensional (2D), two-and-a-half-
dimensional (2.5D) and three-dimensional (3D) models. Sophisticated computational
models have been implemented in order to examine various issues, such as the critical
speed of HST, the properties of the track and the subsoil, ground vibrations generated by
two passing trains, mitigation measures of induced vibrations, train-structure interaction,

etc.

One of the main aims of the current doctoral research is to present an efficient
computational methodology, with low computational cost, capable of accurately
predicting the HST-induced vibrations. For this purpose, the finite element method has
been selected and advanced 3D models have been developed. In order to ensure the
reliability of the numerical model, the numerical results have been compared with pre-
available in-situ measurements. More specifically, field data from the passage of Thalys
HST at three sites in Paris-Brussels line have been used in order to validate the developed
numerical methodology. In the sequence, an extensive investigation of several mitigation
measures based on the application of expanded polystyrene (EPS) geofoam at
embankment and cutting sites has been performed in order to determine the optimal
mitigation configuration. Accordingly, the impact of the subsoil conditions, the
geometrical properties of the site or the HST passing speed have been investigated.
Furthermore, the protection of nearby buildings and buried pipelines, using optimal
configurations of EPS geofoam has been thoroughly examined and the results illustrate

the efficiency of the proposed mitigation measures.
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EKTENHX IIEPIAHWH

AIEPEYNHXH THX XPHXHX AIOTKQMENHX
ITOAYXTEPINHX XE TEXNIKA EPTA YIIOAOMHX KAI
THN AIIOMEIQEXH AYNAMIKQN ®OPTIQN KAI
TAAANTQIEQN

A.l. Ewoayoyn

Ta tedevtaia xpovia, ot odnpodpopikég ypappés vynArg tayxvtag (high-speed rails -
HSR) avamtbooovtat Stapkmg, onote ta Tpéva oynArg tayxovtntag (high-speed trains -
HST) yxpnowpomotodvtat evpéwg oe moANég xopes. ['a mapdadetypa, otnv Kiva 1o covoAiko
HPNKOG TV o1dNpodPOHIK®V YPAappaV DYNALG tayvtntag @tavetl mieov ta 38,000km. Qg
éva ano ta méov ovyxpova péoa petapopds, to HST amotelet pia emAoyr) petaxivnong
oynArg mowotntag kabwg eivatr akpiPég, PoAkod kat xvpimg ypryyopo. H péyior
avamtoooopevn Taxvmta tov HST aoavetatr oovexwg kat oe dokipeg gravet ta 600
km/h, evey avapéverat va avdndet mepattépa tig enopeveg dexaetieg. ESattiag avtov tov
IAEOVEKTPAT®V, TTOAAEG véeg ypappeg HSR mpoxettal va KATaoKevaotovyv NAayKoopi®g,
kabotovrag tov 21° awwva og mv enoxr) t@v HST. Zwmv ENAada -mapd tig peydieg
OKOVOPIKO-TeXVIKEG OVOKOALeG eSattiag TOL GVOKOAOL TOIIOYPAPIKOL AVAYADPOL- yiveTal
ooPaprn) mpoondbeia yia va avapadpiotet 1o o10npodpopkd SiKTvo KAt va eVAPHOVIOTel

000 YIVETal IEPLOOOTEPO HE Ta ovYyxpova dedopéva.

Ao Vv dA\n mevpd, On®g OAeg ot KaAwvotopeg 1deeg, etot kat ta HST yprioov
av{npeévng IMPOooXI|§ Y1d TV AVIHETOIOL OlaPopnV Oepdtav, onmg 1) eSao@alion g
ao@alovg Aettovpylag, 1 avOeKTIKOTNTA TOV ARASOPAT®OV KAl Ol EMNUIT®OES OTO
repPaAlov kat otov avOp@ITo. APKETOl EPEDVNTEG EMKEVIPOVOVTIAL OTO (NTpa TV
dovr|oemv, Kat Koping ToV edapikev Kkpadaopmyv mov npoxalovvtat aro ta HST, kabmg
Ol AVAITLOOOHEVEG OOVI|OelG, €KTOG amd To atodnua avaogdletag otovg emiPateg

IPOKAAOLV OyAnorn otovg mepiotkovg, aAd mbavag xat PAaPeg otlg mapaxeipeveg



Extevr|g [TepiAnyn

KATOOKEDEG KAl OTA TEXVIKA £pYdA DITOOOWT)G. YIIO aLTO TO IIPLopd, N Hapovod AOAKTOPIKN
Atatpipn) (A.A.) otoyxevet ot Olepedvnon €VAAAKTIKOV IIPOTACE®V AIIOOPEoNg TRV
Kpadaopwv pe T Xpron eAa@poPapmv LAKOV IANP®OE®S. 2T0 TAAIo0  aovto,
dtepevvarat n xpnon OSoykeopévng moAlvotepivrg (expanded polystyrene - EPS) g

"ppaypog” T@v 0ovijoemV oL IPOKAAoLVTAL arod Tr) SteAevor) tov HST.

H tayomta mg apalootoiyiag oovdeetal apeoa pe T ALTOvPyKOTNTA KAt TV
AOQAAEld  TOV  OLYXPOV®V  OWONPOOPOHIKOV  YPAPH®V DWnAng tayotntag. H
Aettovpywotnra oxetiCetatr pe: (a) tov BopvPo twv o0NPOdPOP®Y oL pHOopEl va
IIPOKANEOEL ONPAVTIKEG EMUTTOOEIG-OIATAPAXEG OTOVG MePLoikovg, Kat (B) tig {npieg oe
YELTOVIKEG KATAOKEDEG AOY® TV emPariopevev kpadaopwv. H aopaleia oxetietat pe
TV AKePALOTTA TOV OWONPOSPOPIK®DV ENYOUATOV 1) OPOYHATOV KAl TRV AA®V EpymV
orodorg TV OWNPOdPOPK®OYV ypappov. Ewdikotepa, ot mpoxalovpeveg Oovrjoelg
pmopet: (a) va €xoov avrtiktomo oty evotabeia tovg, 1)/xat () va HIpokaréoovv
dagpopikég xkabilrioelg 0T0 OOPA TOL EMY®UATOG 1/KAl TOV VIOKEIPEVOV edAPK®V
otpwoe®V. TampoPAfjpata avtd propody va avTipetomotovy pe KatalnAeg COpPartikeg
1)/ Kat veeg TeXVIKES, ONmG 1) mpotetvopevn xprjon EPS, 1) onoia propet va anotehéoet pia

OLKOVOHKI) KAl AIIOTEAEOPATIKI) ADOT), £iTe ALTOVONQ, iTe 08 CLVOLACPO P ANAEG.

Ta tedevtata xpovia, éxoov npotabel Stapopa aplipnTKa IPOCOPOI@HATA Yid T
dlepebvIoN TOL PALVOPEVOD TV KPAOAOPR®V IOV Ipokalovvtat ano ) OwAevon HST. Ta
3D npooopowwpata fempodvTal IOV anapaittd yid TOV DIIOAOYIOHO T®V KPAOAOH®OV
1oV Ipokahovvtat aro ) dwlevorn twv HST. Qotooo, i) avdnon g akpipeiag tov 3D
IIPOCOPOIOUAT®V OLVEIIAYETAL KAl TV aOSNO1] TOL DIIOAOYIOTIKOD KOOTOLG. 2T0 IAdioo
g AA., xpnowonouw|fnkav mnponypéva 3D mpooopotopata menepaopévey oTolxeimv,
€ OTOXO TNV €VPECT] PLAG XPLONG TOHNG PETASL axpiPelag TV AMOTEAECPAT®V KAl
LIOAOY10TIKOD KOOTovG. Ta ev Aoy® mpooopowwpata eAéyxOnkav kopimg pe petprioelg

11ediov, aANd KAt HEPAPATIKA AIOTEAEOPATA EPYAOTPLAK®DV OOKIP®YV.

ESattiag Tov apvnTiK@V enuItooemv mov dovatdt IPOKANOLY ot Kpadaopol amod )
Otelevon TPEveV DYPNAIG TaxLtag, Tidevial Kalpla emOTHOVIKA EPOTRATA IOV
oxeTI{oVTat pe TV AVTIPETOIILOT TOL PALVOREVOL. ZTnV Ipoondbeia va amnavtnboovv avta
TAd EPAOTHATA aIIO TV EMOTNHOVIKY] KOWOTNTa &yovv mpotabel dtagopa poviéAa
nPOoPAeyng Kat amotipnong g avdnong tTov dovIoe®V IPV ard TV KATACKEDI) VEDV
ypappev 1) mVv avapadpon vgotapevev. Emong, eéxoov gpeovnOet xat xprotpomowOet

otV Ipddr PETPA IEPLOPLOROD TOV dOUVAPIKAOV OovIjoeV. O M0 AaroTteAeopaTIiKOg TPOII0g
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HPETPLAOHOD TG 0OVNONG TOL £dAPODG elval 1] PEIWOT TOV TAXLTTOV TG apasootoyiag
oe Beoelg Omov ot TayvTNTEG TV Kopdtwv Rayleigh oto edagog eival molo yapnAég. Eav
avto Oev elval ePIKTO (LY., Yld OKOVOHIKOLG AOYODG), TOTE HIIOPOLV VA £PAPHOCTOLV
oplopéva pétpa Mmpootaociag, On®g 1) evioxvon TV odnPodPOHIK®V EMYOUATOV 1] 1)
KATAOKELT] IMPOOTATELTIK®OV TAPP®V KAl @PPAYHOV HeTald  owdnpodpopmv  Kat
MIAPAKEIPEVOV KATAOKEL®V. TNV napovoa A.A. depevvi)Onke n Satdnmon pag veag
AITOTEAEOPATIKOTEPTG KAl OKOVOHIKOTEPNG MPOTAONG PETP®V YId TV CIIOPEI®ON] TOV
duvapkav kpadaopwyv. Zoykekpipéva, epeovronke av 1 epappoyt) EPS Oa propovoe va

AIIOTEAEOEL PLA TEXVO-OIKOVOPIKA AIIOTEAEOPATIKI] ADOT IIPOG AVTHV TNV KatevLOvVOT).

A.2. Biphoypagiky Avaokonnyoy
A.2.1. Ewayoymn

Xe aoTv TV evotnta MapOoLOWICETAl pid OULVOIITIKI| E€MIOKOINOL TNG DPLOTAHEVNG
BPAoypagilag, oxeTkd pe T0 mePIIAOKO QAVOPEVO T®V IAPAYOPEVOV KPADAOP®MY Katd
) Stehevon TPEvV LYNAIG TaxLTTag. ApPXIKd, IMEPLYPAPeTAl 1) Onpovpyia Kat 1)
dadoorn v dovioemV Kat yiveTdal pia ovvtopn avagopd ot fewpia g dadoong tov
xopdtev. ESetaletatl 1) enidpaon tov Jovijoe®v OTOovG avOp®IIOng KAt Td KTipta Kdt
napovowdfoviat ot mo kKowot Oeikteg yia v extipnon tovg.  Emum\éov,
npayparornou)dnke pa avaloTiky] avaokommorn Ttg Otadikaoiag ovvtrpnong g
ypappng xat teov dabéopev mpooeyyioemv mMmeploptopod Twv kpadaopwv. Téog,

eCETACTKAV €V OLUVTOPLA DPLOTAPEVEG AVANDTIKEG KAl aptOpnTikég mpooeyyloelg yia v

HIEPLYPAPI) TOL IPOPAI)PATOG.
A.2.2. Miyavioudg dnptoopyiag xar 0146001 kpadAoUV

H xatavonorn) tov pnyaviopod dnplovpylag tov Kpadaopmy, Katd v aAAnAemopaor)
tov Otepyopevoo HST pe tig payeg, eivat (oTiki)g onpaociag yia tmyv aptia diepebvron Tov
paivopevov. To fApog, Ta Ye®HETPIKA XAPAKTNPLOTIKA KAO®G KAt TO OOOTHLA VAP oG
tou HST enmpedloov évtova 1) pop@r) Tov Ipokalovpevav kpadaopmv. Ot kpadaopot
eCapTOVTAL dpecd AII0 IAPAYOVIEG ONMG 1) TPAXLTNTA TOV TPOXMOV KAl TOV PAY®V, Ot
OLVOEOELG TOV PAY®V, 1] SLOKAPYIA T®V DIIOOTPMOE®V TG OdnpoTpoxLas, Kabmg Kat ta
PNXAVIKA XAPAKTPLOTIKA Tov vreddagoug (Nelson and Saurenman, 1983). Ta goptia tov
HApAayopeveV Kpadaopmv xopifovtal ooviifeg oe d00 Katnyopieg, Ta OTATIKA KAl TA
dvvapka (Lombaert et al., 2003). Ta otatikda goptia mpoxalovvtat Aoy Tov PApovg ToV

adoveov Ttov Otepyopevoo HST xat eivatr vmevbova yia tig Sovrjoelg otlg xapnAeég

A-3
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ovxvotnteg (0-20Hz). Ta otatika goptia eSaptovrat ano to Papog tov HST, enopevmg dev

petapalovtatl avaloya pe v tayovtnta otehevorng too HST.

Ano mVv alAn mieopd, To OVVAPIKO PEPOG TOL POPTIOL emmpedleTal eviova aro v
Tayotta SeAevorg g apasoototyiag, kabmg ot KOPLOl MAPAYOVTEG IOV TO eNNPEAfOLY
Oempovvtal 1 amodotaon petald TV oTpOTP®V, ot oovinkeg Tov LIEdAPOLS KAl 1)
TpaxLITa TG pAayag Kat T®v tpox®v. H amootaon tomobétnong twv otpot)pmv
ermpeddetl apeoa ) dvokapyia g paydas, kabwg etvat mpogpaveg Ot 1 dvokapyia etvat
VYPNAOTEPN OTAV O TPOXOG dtepeTaAL TAV® At Tr) B€on evog oTp®TH)PA KAl HIKPOTEPT) KATA
T O1€AeLOT) ATIO TO KEVO HETASL SO SLAOOXIKDV OTPOTIP®OV. £2G EK TOVTOV, ELVAL IIPOPAVEG
OTL mpoxalovv meplodikn) Oweyepor, 1 omoia efaptatat apeca amo TNV TayxLINTA
d1EAenONG, TA YEDPETPIKA XAPAKTNPLOTIKA Kat To Papog too HST. Emiong, Stdgopot aAlot
MOAPAHETPOL, OMG Ot BE0elg TV OLVOLOEDV TV PaywV 1) ot IPOPANpATKol Tpoxol propet
Va ENnPeacovy To OLVAHIKO PEPOG TOL POPTIOL, MPOKANMVIAS KPAOAOHODG DYWNAGOV
ooyvot)tev. AdiCel va onpetmbel 0TL avtot ot mapdapetpot kadiotavtat OAo Kat Atyotepo
onpavtikol, Kabwg to eminedo cLVTPNONG TAOV OWONPODPOPIKDV YPAPH®DV PEATI®VETAL
paydaia, edwd oe ypappég oyniov taxvujtov. Emmléov, n extetapévn xprjon tov
OLVEX®WG OLYKOANPEVOV PAY®V £XEL EAAYIOTOIIOW)0EL TIG AVOPAAieg ITov opethovtat oTig

OLVOEOELG.

Metd ) dnpiovpyia tovg, ot kpadaopovd Stadidovtat amo T o1dPOTPOXLI OTO E0aPOg
OIIO T1) LOPP] EYKAPOI®V, OIAPNK®OV KAl EMPAVEIIKOV KOPATOV. Zoppavda pe tov Woods
(1968), 10 67% TV kpadbaopwv petadidetat wg empavetaxd kopata Rayleigh. To mocooto
T®V YKAPOIDOV KAl OIaPNKOV KOPAT®V eivat oo pe 7% xat 26%, avtiotowya. Enopévamg,
ta kopata Rayleigh etvat ta xopiapya kat avtd oo ennpedfoovv Tig HpactnploTnTeg IOV
MEPIOIKADV KA T AETTOVPYIKOTTA TOV YEITOVIKOV KATAOKeL®Y. EKTOg amo v enpdtepn
reployt] EPL§ g owdnPOTPOXLAS, EVa PEPOG TOV OOVIIOEDV PETAPEPOVTAL IIPOG TA IIAVE,
péoa oto 6o to HST. Aoto 10 gawvopevo etvat e§icov onpavtiko pe ) dwadoon twv
dovrjoemv otV em@avela tov edda@ovg, Kabwg ot dovioelg SAaTaAPACOOLY TOVG emtPATeS
¢ apalootoiyiag. Zovenag, 1 pelmon Tov dovhoe®Vv IIPog Ta IMAve eival (OTKIg
onpaotag yud v StaopdaAion g omotng Aettovpylag g apadoototyiag. I'ia tov oxomo
avto, ta HST ypnotponolodv oovrjfmg d1o ovotrjpata avdaptnorng, To Ip®To oLVOEEL TOVG
TPOYOLG Kat Ta Qopela Kat To OeDTEPO eVMVEL TA QOpPela pe TO APASOPA TOV AVTOKIVI|TOD
(Kouroussis et al., 2014). XtV nepiot@orn TOV TPEVEOV PEYAANG TaxLTTAG, 1] AVECT] TOL

emparn etvat oTikng onpaoiag. g ex tovtov, to HST mpénet va napéyet éva xkataAnho
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nepiPailov omov ot empParteg Oa priopovoav va dapadoov 1) va ypagoov. Ot Pallord xat
Simons (1984) e€etaoav Tov pOAO T®V AVAPTHOEDV OTNV AVEOT) TOL emPatn Kat KateAnav
OTO OLUIIEPAOCHA OTL Ol KpadAopot eviog Tov evpovg xapnAav coyxvottev (0.8Hz-8Hz)
Kat eKd Kate Tov 5Hz, 0a pmopovoav va dtatapadoov TNy avayvmorn) 1 ) YPAP1) TovV

empParov.

H odnpodpopixr) ypappr) £xet onpavtiko polo oty 61adoon 1oV Kpadaopmv xkabdmg
arotehet Vv Paon €0paong T®V payov. Ymapyoov Ovo Pacikeg Katnyopieg
OO POOPOHIKIG YPAHLG, avAloyd av To oLOTHHA €dpaong elvat pe 1) x®@pig vrioBaon
(ballasted xat ballastless, avtiotoiya). Ta ovotpara pe ovmoPaon eivatr ta Imo
oovnoiopeva Kat armoteAodVTAL ATI0 PAyeg, OTPDTPEG Kat To éppa tng vroPaong. To éppa
aro adpavr) avdavet TV evKAPYLA TG OWONPOdPOPIKIG YPAPHNS KAl PE®VeL TO ertrredo
TOV Kpadaopmv oto meptPailov £0agog. ATo v AaAAn ODAevpd, OTa COOTHPATA X®OPIG
éppa, ot payeg edpalovrar amevbelag oe MAAKEG OKLPOOEPATOG, OMOL HIIOPOLV Vd
evoepat®dody Kat ovotpata arnoofeong kpadaopmy. Taev Adywm ovotrjpata arnoteAovy
IO ATOTEAEOPATIKY] diatady yia T pelwon TV Kpadaopmv Kat Td TeAeotaia xpovia

IIPOTIP®VTAL 08 XDPEG P payOaimg avarrtvooopeva oldnpodpopika diktoa, onwng n Kiva.

Ta pnyavikd xapaxtploTikd TOV pay®V ArmoTeAODV CNPAVTIKO IAPAdyovId yid T
dadoorn tov kpadaopwv. ['a mapdadetypa, oe edKApITEG payeg prropel va mpoxAndoovv
HPEYANEG TIAPAPOPPMOELS, ADSAVOVTAG TOV KIVOLVO €EKTPOXLAOHOV, eV egattiag tov
HOPAHOPPOOEDV ATIALTELTAL PeYANDTEPD) 10XV yia TV Kivion tov HST. Avtifetmg, oe ToADd
dvokapmteg pdyeg propet va mpoxAnbel oLYKEVIP®ON TACEMV Of Pl HIKPL| IIEPLOXT)
oAiofnorng, odnymvtag oe avAdakworn tov tpoxmv (Grossoni et al., 2018). Ze yevikég
YPAppES, etvat SVOKOAO va LIIOAOYOTOLY Ot PEATIOoTEG TIpEG SLOKAapWYIAg TG TPOXLAS,
Kabwg o1 IIPOTEVOHEVEG TIPEG DLAPEPOVY AVANOYT 1€ TA IPOTLIIA KAOe X®PAG KAl TOV TOIIO
TOV TPEVOV Aettovpylag. Zovenwg, eivatl akopa mo 6VokoAo va mpotabet pa PeAtiot
T Ovokapwiag ywa pua ypappry HSR, mv omoia ypnowpomotody didagopot tomot

ApagooToloV.

‘Evag akopn onpavtikog mapayovtag mov oxetietat pe ) dtadoorn) Tov Kpadaopmv
etvat to nepPariov €dagog, kabmg amotelel 1o p€oo PETAOOONG TOV KPADAOP®V KAt OTa
YELTOVIKA KTipla Kat texvikd épya vrodoupr|g. O Baoikog mapdayovidag emppong Tng
aroxplong Tov eddagovg eivat 1 tayovtnta dweAevong tov HST, xkabwg £xet mapatnpnOet
onpavtiky avénorn tev kpadaopmv edv to HST 6iépyetat pe tayxdtta ownAotepn amnod myv

TAXOTTA TOV EMPAVEIAKDV KOPATOV TOL IEPPANAOVTOG £dPODG, 1] OIoia elval YyV®OOT)
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®¢ Kptown Tayotnta. Oneg etvat avapevopevo, kabwg 1 tayotyra tov HST avfavetat,
peyalevet 1) mbavotnta onépPaocng g KPloWng TaxLITag o8 Meploootepeg Béoelg Tov
HSR. H mpoxalobpevyy avdnon Ttov emuiEdov Tov KPadaopmv AOy® Thg Kpiotpng
TAXOTITAG, HIOPel VA IIPOKANEOEL ONPAVIIKA TPoPAfpata, ta omoia propel va
oxetiCovtal pe PAaPeg g owdnpoTpoxdg KAbwg KAt oty vYeld T®V MEPIOKDV 1) TOV

xpnotov too HST.

A.2.3. Emntooelg Tov kpadaouov

H tayeia avamtodn tov ypappov HSR katd tig tehevtaieg dexaetieg 0drjynoe diagpopovg
d1ebveilg opyaviopong, otny L1OETHON KATAANNADV OEIKT®V PETPIONG TOV IIAPAYOHEVDV
Kpadaopwy. 2TtV IApodod evOTNTA MAPOLOLA(OVIAL Ot KOPol OeiKTeg MOL EXOouV
npotafel ylta v Olepedvnon TOL AVTIKTLIOD TOV AVAITDOOOPEV®V OOVI|oE®V O
avbpwmoog kat kataokeveg. Ta dvo mo kowva {ntrjpata ta onoia dlepevvoLY Ot eV AOY®
deikteg, etvat 1 emppor| otovg avipwmoog kat ot PAafeg oe kovrva ktipla. I'evika, n
ovveyopevr ¢ékbeon otovg kpadaopovg enmnpedlet dpeoda TNV VYELA KAl TV dVEO! TOV
nepiokav. O Aedvrig Opyaviopog Tononoinong (ISO) eotidler otnv avbpmmivn éxbeon)
0Tovg IIPoKalovpevoug Kpadaopovg. To avtiotoryo mpotono éxet opadomownbet oe GvVo
pépn: to ISO 2631-part 1, to omoio depevvd 100G KPADdAOPOVG ITOL atoddvovtat ot emPdreg
g apadootoryiag xat to ISO 2631-part 2, to omoio efetdlel v emopaon TV
MIPOKANODPEVROV KPADAOP®V OTA KOVTIVA KTiPla KAl 0TOVG KATOIKOVG TOLG. ZOPPOVA HE
10 1SO2631-part 1, mpoteivovtar deikteg mov e{aptovial dmo T ovxvoTnTd Kdt
oxetifovtatl pe Tig dpaotnplotTeg TOV emPAt®v, T OTdon ToL OOUATOS (ILY., Opdia,
kafot) 1) brIIvVoL) Kat TNV KatevOovor TV kpadaopav. ['ia v oxAnon tov neplok®v to
ISO 2631- part 2 dev Aappavet vnoyn v Katevbovon tov dovroemv Kat 1) Oéorn tov

avBpmmvoo oopatog Kat e0tialel 0To eDPog XapnAwv ovoyxvotytey ano 1Hz émg 20 Hz.

Ta l'eppavika npotona (DIN), péom g odnytag DIN 4150-2, mpoteivouyv 1) xpron) g
oTtabpopévng p€ong TETPAaymVvikig pidag Tov ofpatog tayxLINTAg, AOYy® TOL dLVAPIKOD
Xapaxtpa tov kpadaopmv. Zopeeva pe to DIN 4150-2, to péoo otabpiopévo orjpa
vrnoloyiletat &g e€n)g:

KBo(0) = 7 KB2()e T dt (A1)

To otaBpiopevo onpa tayottag, KB (t), AapPdavetat peom tov ¢iltpov vynArg SieAevong

®G TO APXLKO ONPA TAXVTNTAG OOVAPTIOEL TG oLXVOTNTAS, f:
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1

Hgp(f) = (A.Z)

5.6

1+CP?

Ao v aA\n mievpd, to DIN 4150-3 eotialet oty enidpaocn T®V Kpadaopmv ota
ktipta. [a tov okomo avto, ewodayetal evag dedtepog Oeiktng, 11 péylotn tayvtnta
oopatdiov (peak particle velocity - PPV). H PPV opietat wg n péytot tipn tg
xpovoiotoplag taxvt|tav otnyv Koplapyn katevbovor) g dieyepong. Enopevag, copgpava

pe o DIN, to PPV vmoloyietat wg 8rig:

PPV = max|v(t)| (A.3)
ITivaxkag A.1. ZOvoyrn oplakav TGV detktev enuredov kpadaopmv (Kouroussis et al.,
2014).
Kavoviopog Asgiktng Opaki) Tipn Eidog xprong
Enidpaon ota ktipla
Meyiotn tayxdmta , ; ;
DIN 41503 SopaTidion 3mm/s IToAo evaiobnta xtipta
(xOpa drevbvvon) 5mm/s ZOYKPOTIHATA KATOIKI®OV
' ' 3 mm/s Eo'ono@nra Ktipa oe ooV
Meéyiot tayvmta ¢x0eorn) oe xpadaopovg
SN 640 312a , , , .
oopatidiov 6 mm/s Evatobnta ktipla og kavovix)
¢x0eon oe kpadaopovg
Enidpaon otoog avlpmmovg
Ztabpopevn peon 0.315m/s2 Kabohov 1y pikpry OxAnon
ISO 2631-2 TETPAYDVIKI) L
Emedyovon 2m/s? Znpavtikr OxAnon
St ' , 0.10 mm/s AoTikr) ieploxn
TAVHLOHEVT Heon Zoxvn (>70 delevoetg/ npépa)
UusDT TETPAYDVIKI) , :
tayvTa 0.26 mm/s AOTIKI) IEPLOXT
Znavia (>70 delevoeig/ npepa)
DIN 4150-2 Ztabpopevo 0.15 mm/s A(')TIKI‘] Heploxn |
KBF, max 0.10 mm/s Evaiobnm) mepoxr)

A&iCet va onpewwbet ot ot EAPetkég odnyieg (Schweizerische Normen-Vereinigung,
1992), oe avtifeon pe to DIN, Aappavoov vmoyrn) Kat Tig Tpelg oovretaypevav tov PPV.
Axolovbag, o PPV npoxorrtet g e8r)g:

pw=maU%@+@@+@@ (A4)

ITpopavwg, otV meplmtmorn Imov vradpxel pia xopilapyn katevbovor, ot Tipég 1ov

IIPOKOLITTEL Ao Ti§ eStomoetg A.3 kat A.4 etvat oxedov 10teg.
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To Ymovpyeio Metagopwv tov Hvopévav TToAtteiov £xel mapovoldoet pa KApaka
VIEOWIEN yla va Olegpevvrjoel TV emodpdorn TV ENUITOOENV TOV IIPOKANOLPEV®DV

kpadaopwv oe yertovikd Ktipta. To eminedo tov vieowpnéA vrmoAoyiletat g egng:

Vrms
VdB = 2010g10 Vo (A5)

O ITivaxkag A.1. covowiCel TG IPOTEWVOPEVEG OPLAKEG TIPHEG TOV IIPOAVAPEPOPEVOV
d1ebvav mpotdrey.

A.2.4. MéBobor meprop1opod TV Kpadaouwv

Ot apvnTIKéG eEMUTTOOELG TOV KPADAOP®V OtV LYl TRV IePlok®V Kabwg xat otr) dopkr)
KATAOTAOL TOV YEITOVIKOV KTIPI®V 001)y1)0€ TNV IAYKOOPLA EMOTNOVIKI] KOWVOTITA OT1)
dlepebvIon OLAPOP®V PETP®V IIEPLOPLOHOD TOV AVAITLOOOHEV®V Kpadaopav (Feng et al.,
2019a; Gao et al., 2020; Thompson et al., 2016a; With et al., 2009). Ta pérpa neploptopov
TOV KPAOAOP®V OPAdOIIOonVTAL O TPELG KATYOplieg: a) oTig Tporomnotroetg tov HST xat
ot oovipnon v payev (Ferreira and Lopez-Pita, 2015), B) otnv tonobétnon tappov i
aMev ppaypov 1oV kpadaopov ot Stadpopr) petadoorng (Garinei et al., 2014; Takemiya,
2004; Yarmohammadi et al., 2018), y) oe Tomikd perpa évavtt Kpadaop®V MEPIHETPIKA O
eoatotnta ktipa (Yang et al., 2019). H BéAtiotn Avon Oa npémet va Aappdavet ooy 10oo

TIG TEXVIKEG OO0 KAl TIG OUKOVOHLKEG IITUXEG TOL eGeTAlOpEVOL IPOPATpaTOoC.

H npot) katnyopia petpov mepthapBdavet tooo Avoetg oxedtaopon vémv HSR 0oo kat
OLVTI)PNONG DPLOTAPEVDV. Ze VeeG O0NPOOPOHIKES Ypappég pe KatdAnlo oxediaopo
dadpopwv, emAéyovtat ot PeAtioteg BEoelg yla SLaKOITEG, OTPOPEG Katl O1AOTAVPWOELS,
onov oovvifag aviavetat to eninedo kpadaopmv. Emuriéov, eSetalovtatl oto otadio tov
oxedlaopov  Owagopsg  ADoelg, ONWG  KAAOTEPOG  Oxedlaopog  tpoxmv/alovev
XPNOPOIIOIOVTAG DAKA vynAotepng arodoong. H xprion ehaotikov tpoxmv (resilient
wheels) (Pita et al., 2004) 1} cvotpatev eAéyxoo dovrjoewv (Dahlberg, 2010) Oa propovoe
Va £xel eVEPYETIKO PONo ot pelworn tov dovrioemv. Exet avagpepbel ot 11 epappoyr)
EAAOTIK®V OLOTNPATAOV OTEPEDONG 00nyel oe peiworn Bopvpov petadv 3dB xat 6dB, oe
ovyKpon pe to KAaowo ovotnpa tpoxwv (Federal Transit Administration, 1997). Eva
AKOPA AIOTEAEOPATIKO PETPO elvat 1) xprjon amoofeotrjpav pdyag (rail dampers). Ot
arnooPeotipeg PIIopoLV va cLYKOAANOoLV 1) va oovdebovV eDKOAA 08 DIIAPYOLOEG KAl VEEG
o1dnpodpopkég ypappeg. O kbplog pnyaviopog avtrg mg pebodov Paoifetat oty avdnor)
TOL PAPOLG NG PAYAG IPOKEPEVOD va arto@evxbovv ot dovrioetg. TeAog, omamg éxet 1101
avagepbet, 1 xprjon ovvexoLS PAYAG PITOPEL EMIONG VA PEIMOEL TO €Minedo KPAdAOP®OV. X

DPLOTAPEVEG YPAPHEG, OOV TA IIPOAVAPEPOPEVA HETPA OEV PIIOPOLV VA EPAPHOCTOVY,

A-8
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npotetvetat n pelwon g tayontag dweAevong tov HST otig emkivdvveg Oéoelg g
dradpoprs.

H Oeotepn xatyopia HETIPOV aA@opd TV TOmobETNon KAmoov «@PAaypatog»
kpadaopev mapalnia pe 1 ownpotpoxia. Ta televtaia ypovia éxoov mpotabet
roAvappa pETPA MEPLOPLOPOD, IPOKEPEVOD Va artogevyel n d1adoor) TV kpadaopmv
ot yopw neproxt) (Connolly et al., 2015; Dijckmans et al., 2015; Karlstrom and Bostrom,
2007). H mo ovxvd xpnotponolovpevr) Ipootyylon eivat 1) Sudvolln piag 1) oA ev
TAPP®DV Ol OIOLEG EXOLV WG PACIKO OTOXO VA AVAKAOLV KAl VA AIIOPPOPOLV Tig OOVI|oelg
(Sitharam et al., 2018). H aooveyeia petald tov edd@ouvg Kat Tov DAKOD IANP®ONS TG
TAPPOL 00nyel OTOV TEPLOPLOPO T®V Kpadaopwmv ot Oemupaveta tovg. Ot avolktég
Td@pot BemwpobvTal Ol Mo ANTOTEAEOPATIKEG OTOV IEPLOPLONO TV Kpadaopwv (Hung et al.,
2004; Yang et al., 2018). Opwg, mpoPArjpata onwg n datrpnon g ApxIKyg YE@PETPLag
TOLG, 1] AIOPLYN PLTOV 1] TANPDONG pe VePO 1) AAAa LAWK, eivat dvokolo va
avtpetemotody. Enopévag, yia texvikovg AOyovg apKeTeg (popeg IPOTIHOLVIAL Ot -
AlyOTePO ATIOTEAEOPATIKEG- TANPWOEVEG TAPPOL. AVAPPIPOAQ, 1] ATIOTEAEOPATIKOTNTA PLag
IANPOPEVIG TAPPOL eSAPTATAl APEOA a0 Tig WO10TNTEG TOL DAWKOV IANPOONG. ApPKETA
DAWKA €xoov xpnowpomowfel yla v TANPOON TOV TAPP®V, ONKMG OKLPOdepd 1
prmevrovitg (Al-Hussaini and Ahmad, 1996), aepooteyeig odxot agpiov (gas-filled
cushions) (Massarsch, 2005), vepo (Ekanayake et al., 2014), pelypa appoo-Kaootoovk
(Chew et al., 2019), moAvovpebavr (Alzawi et al., 2011) 1| dtoykmpevr moAvotepivr) (Bo et
al., 2014).

Onwg exet avagepbet, ot kpadaopoi petadidovrat péowm Tov eddpovg oe KOVTIVA KTipla
kat ¢pya ovmodopr)s. Enopévag, etval anapaitnto va epappootody MepAttep® TOMKA
PETPa o KTipla KAt épya DYnArg onpaoctag. YIdapyet IAaVTOTe 1) EMAOYT) VA KATACKEDAOTEL
éva kelogog petalo g Oepelimong tov Ktipitov kat tov eddagovg. Avtr) elvat pa
ealpetikn) AOON yid TV IPOOTACLA DPLOTAPEVAOV KTIPIDV, AV KAl, OTNV HePIIT®OL) VEDV
KATAOKeL®V KovTd oe ypappég HSR, etvat dvvatr 1 pelmor) tov SOpKav dovroe®v Heowm
KATAMNA®V pPETPOV KATA TOV 0Xedlaopo Tovg. AvT 1) IIPOOLYYLOn XPHOlpomoteitat
oov)0wg yla Kataokevég Iave aro vnoyeleg ypappes. H Paowr) apyr) too oxediaopoo,
elvat 1] AIOpOV®OTI) TG aveOOpN§ He 1) XP1o1) g efodou g oelopIkrg pOvmong Bdong

L€ OTOXO TNV TPOIIOIION01) TWV KOPLOV CLXVOTITO®V TOL KTIPLov.
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A.2.5. Tewappoig d10ykwpévng moAootepivyg

Zmv napovoa datpiPry Siepevvatat 1 XpHon yeadad@Pov OlOYKOPEVIG TOADOTEPLVIG OF
dlapopeg OLatAdelg g PETPO MEPLOPLOPRODL TOV Kpadaopmv. Zopeova pe tov Horvarth
(1994), 0 0pog yemappog éxet etoaydel otV EMOTNHOVIKI] KOWOTNTA Y VA EVIASEL 08 pid
Katnyopia 0Aovg Tovg MAAOTIKODS APPODLS, Ol OO0l XP1OHOIIOIODVIAL O YEDTEXVIKEG
epappoyes. AdiCet va onpewwbel ot amo v Oekaetia tov 1960, o yewagppog EPS
XPNOpoIIoteital ™G VAKO IATN)P®OONG O Pl IANO®PA YEDTEXVIKDV £PYDV, OTIMOG OOUKA KAt
odnpodpopikd emympata, otabepomnoinon kKAiong Ipavey, peimon MevPIKOV @Oroemy,
arooPeot) KPAdAOP®MV KAt AN P®OT) bIIOBaong 0dmV, Koping AOy® TOL PIKPOL TOL PAPOVG.
Zoykekppeva, To Papog tov EPS etvat epimov oo pe 1o 1% tov fapovg tov eddgouvg Kat
Ayotepo amo 10% tov Papovg evalakTKov ehappoPapmv bAKeV mAjpworng (Stark et
al., 2012).

O evepyetikog polog tov yewagpov EPS eivat epgpavr|g oty pelowon tov KOoTovg Kat
TOL XPOVOOLAYPUPPATOS TV TEXVIKAV EPY®V, AOY® T1G EDKOALAG 0TI XPHO1 TOL KAl TNV
avbektikotta tov o drapopeg Karpukég ovvorkeg. g ek TovTOL, eival oe Béon va dwatnpet
PaKpoIrpofeopd Tig P Xavikeg Too 10T, eV Kat 1] Stdpketa {m1ig Tov eivat mapopoa
pe aMa evalaxktika vAwa. H evpeia xprion tov yewagppoov EPS odrjynoe oty napaywoyn

NaPop@V TON®V, eCedKELPEVOV Yid KADE eQappoyT).

Ze OLYKPLON HE TI EPAPHOYEG TOD YEDAPPOL O TEXVIKA £PYd, OIMG YEPLPEG KAl
avtokwvntodpopot, To EPS dev €xet yprjowpomnombet akopn evpémg otV MePUITOOL TOV
o POOPOPIK®V EPY®V. Q0TO00, Ol PIXAVIKEG TOL 1O10TNTEG €XOLV IPOOEAKLOEL TO
EVOLAPEPOV APKET®V EPELVITOV OTOV TOPEA TG 0101 POOPOHIKIG P Xavikns. O yemappog
EPS pnopet va yprowpomnown0et yia ) diayeiplon mapopotev {NIpdatey pe Tig Qappoyeg
0g ALTOKIVNTOOPOHODG, ON®G 1) £0paocn TG OwWnPodpopKng ypapprg oe Oéoelg pe
npoPAnpatko vrEdagog. O yewagpog EPS pmopet va xprotpomnow et wg vAko mirjpwong
OO POOPOPIK®V EMY®HUATOV Yl TOV MEPLOPIORO TNG KATAIOVIONG TV DIIOKEIHEVDV
edapmv 1 ywa T otabepomoinon T®V HAAydV owdnpodpopikmv opvypdtov. [a
napdaderypa, oty Utah otig HIT.A., ypnowomnou)0nke yewappog EPS yia v é6paon tov
o1dnpodpopov, otnv koada tov Salt Lake. Avto to €pyo ntav 1 Dpmty eQAPHOYT| O
o101 POdPOIIKO £pYO Kat é&va amod Ta peydaivtepd pya ooov agopa 1 xprjon EPS otig
HITA. Tlpénet va avagepbet 0Tt avtod 1o épyo éxel oAoxAnpwbel pe pikpoTEPO ATIO TOV

apXKO IPOBIOAOYIORO KAl VOPITEPT ATIO TO XPOVOOLAYPAPRHA AOY® TG EDKOANG XPI|0Ng
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Tov yewagpoo EPS. Ztnv napovoa diatpiPr) o ye@a@pog xpnotponoteital ®g gpaypd yia

TOV IEPLOPLOPO T®V KPAdAop®V amo 1) S1eAevor) TpEVmV DYNALG Tayx LT TAG.

A.2.6. MéBooor mpoPAeywng kpadaouwmv

H miepurh ok Ot Ta To QAtvOpEVOD TV IPOKANOVHEV®DV Kpadaop®v arto tr) Siehevor) HST
o01ynoe TV EMOTNHOVIKI] KOWOTNTA OV aVAITLdl KATAANAGV HEPAPATIKOV,
AVAALTIKOV Kat aplipntikeov povtedov mpoPAeyng. To WBavikd poviélo mpemet va
NIPoPALIIeL pe akpiPeld To CLUXVOTIKO MEPLEYOPEVO KAt TO PEyedog ToV Kpadaopmv oe éva
PEYANO €0POG AMOOTACE®V amO TNV OWONPOTPoXLd, Aappdavoviag vooyn TOoo T
YEDPETPIA OO0 KAl TV AIIOOPEOT] TOL DAKOD. XT1) OLVEXELD, IIAPOVOLAETAL {1 OOVTOHN)
avaoxkomnon tv vgotapevav pedodoloyiwv. Ot petprioelg mediov eivat 1) Mo dpeon
rpoogyytor. O debvrig opyaviopog motonoinong (ISO) péow tov mpotomov ISO 14837-1
(2005), mpoteivel éva MPOYPAPHA EPYAOI®V YA TV KATAYPAPL] TOV KPAOACHOV.
ZOPP®VA € TO IPOTELVOPEVO TIPOYPAPA EPYAOI®Y, Pd Oelpd aontr)p®y tomobeteitat
o€ auSAVOPEVT) AIIOOTAOT AIIO TV 010N POTPOXLA Yia Va bItoAoylotel o fabpog amopeimong

NG TAYVTTAG 08 ALSAVOPEVT)] ATIOOTAOL).

Ot Degrande xat Schillemans (2001) d1e€rjyayav pia oelpd petprjoemv mediov pe otoxo
) Stepedvnon TG aoKPon Tov edd@ovg katd v diéAevor) Tov Thalys HST pe tayduta
petadv 223km/h kat 214km/h. Avtég ot petprioetg covePalav CnpAvTKA OtV KATavonon)
TOL Palvopevov, Kabmg IMOANOL epeLVNTEG TIG XPNOHOIOIN oAV yia va erndaAnbevooovyv ta
appntikd toog povtéda. ITo mpoogata, o Connolly et al. (2014) npaypatonoinoe pia
vea oelpd petprioenv nediov, pedetwvrag ta HST Thalys, TGV kot Eurostar oe diagopeg
O¢oelg (oe emimedo, emiympa, opoypa xat SwaPaon nefwv) ot ypappr) HSR Iapiooo-
BpoleMav. ITpénet va avagepet 0Tt o1 ovyypageig mapexovv dmpedav pooPaorn oe éva
PEPOG TV OedOPEVAOV TOV HETPIOE®V YA EPELVITEG ITOD AOYXOAOLVIAL OTOV TOPHEN TOV

o101 POOPOPLK®V OOVI|OEDV.

Ot petprioeig medilov amotehovyv eva eSalpeTtiko epyaleio, kabmg mapexoov axkpifr)
anoteléopara, ta onoia Oa propovoav va xpnotponotnfovy yid TV KATAOKEDI] VEDV
HSR. Ano v dAA\n m\evpd, o XpOVOG KAt TO KOOTOG damoteAodV To Paoctkd Tovg
pelovektpa. Emméov, ot nepapatikég avalvoeilg neptopifovtat oovidmg oe pia oA
ovykekppévn O¢on yia 1 OeAevorn evog ovykekpipévoo HST. IMap” olha avtd etvai
advvato va emhexOel pia tomobeoia, OMOL Ol OTOXOl THG €PELVAG CAVTILOTOLXOUV O

vnepkpiowpa @awvopeva. Evag onpaviikog meploptopog elvat n Kataypagr Tov
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eSotepkod BopvPov amd dAleg mnyég (LY., OlepyOpeva avTOKIVITA), Ol OIIoieg
alowwvoov ta amotedéopata. Qotooo, ot peTprjoelg mediov elvatl e§atpeTikda XProtpes

otV enalr)fevon avalvTIKOV 1] APOPNTIKOV IIPOCOHOIDUATOV.

Enopévag, ot epenviTég EKTOG ATIO TIG HETPOELG TIEGIMV, OTPAPNKAV O EVANNAKTIKEG,
Atyotepo kootoPopeg kat xpovoPopeg pedodovg mpoPAeyng twv kpadaopmv. H mpwtn
eVaAaKTiKr) Avon mov ypnotpornoujdnke (rav péom avalvtikov poviedov. To Paocko
IAEOVEKTIIA TOV AVANDTIKOV HOVTEA@V €lval TO XAPNAO DIIOAOYIOTIKO KOOTOS, MG €K
TOVTOV, TPV AIIO TV AVAIITLSL TG OVYXPOVIG TeEXVOAOYLAG DIIOAOYIOT®OV, TA AVANDTIKA
povtéda nrav 1n kovptapyn mnpooeyyon. H mpotn mpoocyylon xpnotpomnoinoe éva
OHOOYEVEG O®HA TPOXLAS, OTO OIOL0 1) paya otnplotav peom ehatnpiov Winkler. Avt) 1)
IIPOOEYY101) elvat yvwotr) &g pebodog evog otpmpatog (single layer) xat e§axolovbet va
xpnowpomnoteitat ywa T diepedvnon 1OV IPOKANODPEVROV dOVIOEDV OTNV IEPLOXT] TOV
xapnAev ovxvotjtov (Popp et al, 1999). Avtu) n pebodoloyia £dwoe pepikd mpwta
Xprjotpa anoteAéopatda oto medio TV JoVI0e®V, ®OTO0O, LIMPYE AVAYKN PeATi®Oong TG
yia va Angdet vmoyn n emppor) kabe vrIOOTPWONG TG OONPOTPOXLAG Ot d1AdOoo! TV
Kpadaopwy. Ztv nepintoon tov pebodwv povig 1) SuIAfig otpworng, yivetat i omodeon
OTL 11 OWnpPoTPoXId eival MAKT@PEV). Avty 1 omobeon oyvel OtV MEPUITOOI TOL
vmoPdbpov pe dvoxapyia ovywnAotepn 1) ton pe T dvokapyia g owdnpoTpoxLig
(Kouroussis et al., 2011). Qotd00, OtV HEPUITOOT] £VOG IO HAAAKOD DAIKOD DIIEdAPOVG,

avTég ot mpooeyyioetg dev etvat akpiPets.

Ta televtata xpovia, n texvoloyikn) eSeiln, xatéotnoe dovartr T diepedvnon
MIEPLOCOTEP®Y  MAPAPETPOV 0T Owadoon T®V  KPaddopmv HEO®  APOpNTIK®V
IIPOCOPOIOUATOV. Qg €K TOLTOV, TO MEPITAOKO HPOPANpa TV Sovroewv mpooeyyietal
oovi)fwg péo® aplpNTK®V IPOCOPOWHATOV pe Tn) XPron pefodwv, onmg n pédodog
nenepaopevev owapopanv (FDM), i pebodog nerrepaopévav ototyeiov (FEM) 1) n pébodog
ovvoplaxkav ototyeiov (BEM). H pébodog nenepaopevov dStapopmv £xel OYeTIKA XAPNAO
LIOAOY10TIKO KOOTOG, Kabmg 1) Staxpiromnoinor eivat kalda kaboplopévy), emopévmg eivat
dvovatog o Swaxwplopog g avdalvong oe moAamlovg emeSepyaotés. Emuméov, 1)
dvvatotnta xprong oplak®v ovvinkmv pe dvovatotnteg anooPeong kabiota v FDM pa
AVTAY®VIOTIKY] eVAAAAKTIKL] ADOI Oe OOYKplon He 11 pébodo TV IMenepaopévev
otoxeimv. To xoplo mpoPAnpa g FDM eivar 1 dvoxoAia mpoocopoimong ovvletmv
YEDUETPLOV Kat eAedbepmv em@pavelmv. Qg ek ToLTOV, elvatl SBOKOAO va mPooopolmOet

enakplPog éva Aemtopepeg povieho owdnpotpoydag / eddagpovg, xabmg amattel MOANEg
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amovotevoels. I[ta tov Aoyo avtd, ol MePlocOTEPOL EPELVITEG MIPOTIPOLY IAEOV va

Xpnotporolovy aiAeg appntikég mpooeyyioetg avti tg FDM.

Qg eval\akTikny Avorn), epappoobnke 1 pebodog menepaopevov ototyeimv, N omoia
HIIOpel va IIPOCOHOI®OEL OXETIKA €DKOAA IEPIAOKeg yeapetpieg. Emumipoobetmg, vapyet
m\nfwpa oxetkov Aoywopikev (my., ABAQUS, ANSYS, MSC Marc), ta omnoia
IPOO@PEPOLY éva ebxpnoto Ypagko neptPaiiov. Ilpopavag, ta Aoyopwa FEM etvat eva
eCaPeTIKO aplOpnTIKO epyaNelo yia TOLG EPELVITEG TV OOVI|OEMV IOV IIPOKANODVTAL ATIO
HST, xabmg n miepim\ox) yeopetpia tov NpoPAnpatog propei va oxedlaotel Aemtopepms.
I'a tov Adyo avto, éxoov napovoiaotet Ta teAevtaia XpOvia MOANEG OxXeTuKéG PeNETeg e T
xpron npocopowpatov FEM (Connolly et al., 2013; El Kacimi, et al., 2013; Sayeed and
Shahin, 2016a). Qotooo, emedr] to péyebog Tov poviedov mpérel va eivat & oplopov
MIENEPAOPEVO, Oev elval eDKOAO va mpooopolmbel évag npi-Amelpog xmpog pe akpipeia,
xpnowonowwvtag amka povtéha FEM. Twa aotov tov Aoyo, xpewaletar va
xpnotporotnovv oplaxeg ovvOnkeg AToPPOPNoNg T®V KPAOAOP®DV IIPOKELPEVOD Va

arno@evxbodV ot avavaxkAdoelg oTig AKPEeG TOL HOVTEAOD.

Ta npowpa poviéda FEM, xpnotpomnoinoav makt®oeig ota Opta ToL IIPOCOHOI®HATOG,
APKETA pakpla amno tn Béon @optiong ya va pnyv ennpedoovv T Avor. Aoto Oev eivat
EPIKTO 0g OLVAPIKEG IIPOOOPOLDOELS, KAOMG Ol MAKTIMOES AVAKAOLY TOVG KPAdAOoPoVS,
odnywvtag oe AavOaopéva amotehéopatra. H mpooopoimon pe 18mdelg ovvoplaxég
oovOnkeg (viscous boundaries) eivatr pla amod TIg HPwTeg IPOOEYYIOES Yla THV
AIIopPOPN 01 T®V KPAdAOP®V ota 0ptd Tov npocopotapatog (Kouroussis et al., 2011). Mia
eVAANAKTIKI| EMAOYT) YA TV AIIOPLYI] T®V AVAKAJIOE®V TOV KPAOAOH®OV OTd OPla TOL
povteloo, eivat i xpron npuamelpov ototyeiov. H pébodog nenepaopévev otolxeiov
arotelel eva LIOAOYOTIKO epyaleio LYNANG axpifelag, Opmg amattet vynloovg
DIIOAOY1O0TIKODG ITOPOVG, EMOPEVMG amotelel pa apketd xpovoPopa Swadikaoia. ‘Opwg
etvat Bépa xpovoo va aviipetemotel avtd to npoPAnpa Aoym g taxeiag eSeAdng tov

duvato|T®V TV OLYXPOV®V DIIOAOYIOT®YV.

H xprjon g pefodov cUVOPLAK®Y OTOLXELDV £XEL TO OLYKPITIKO IIAEOVEKTI|IA OE OXEOT)
pe v FEM, ¢ avtipetomong Tov DpoPANpatog 1@V ovvoplakmy oovinkaov. Qotooo,
onwg rnpoavagepdnke, n xprjon g pedddoo BEM éyet apketég advvapieg, Koptotepn) ek
TV OIOIMV 1) SVOKOALX IIPOCOROI®ONG ACLVEXDV OOUMDV, OTIRG 1] O1O1POOPOHIKL) YPCHL).
AvTO TO pElOVEKTIPA 001 YN0E APKETOVG EPELVITEG VA OLVOLACOLY Tig IIPooeyyioelg BEM

kat FEM mpoxeipiévoo va eKpeTaAAenTodV TA MAEOVEKTPATA Kal T@V 000 pefodwv.
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ZOPP®OVA [E VTV TV IIPOCLYY10TL), TO DIIESAPOG IIPOCOHOIMVETAL XPprjotponotmvtag BEM
Kat 1 ownpotpoxwa xpnowpornowwvtag FEM. Béfaia, omwg otV meplmtoon Tov
npoocopowwpatov FEM, ta npocopowwpata BE-FE eSakolovbobdv va £xoov oxetika oynlo
VIIOAOY1OTIKO KOOTOG. Emiong, etvat 6bokolo va oovdebet to povtédo BEM pe eva tprpa
oL TPOPANHATOG, ONMG VA KILPLO KOVIA OtV TPOXLd, pe OTtOX0 T Olepedvnon Tng

artoKPong Tov.

A.3. EmalyBevon ap1Ouyrikeov rpoooporopatov
A.3.1. Aerrropépereg Béoeawv erarBevorng

H Swao@dAion g alomotiag 1oV aroteAeOpdtov ToV dplipnTik®v IPOCOHOIOPRATOV
MOADIIAPAPETPIK®V  HPOPANUATOV, ON®G eival 1 OlepedvNon TOV IAPAYOPEVOV
kpadaopwv amod ) deAevory HST, eivatl éva moAd onpaviko Pripa g omoladnote
depevvnong. I'ia Tov Adyo avto, n akpifeld 1@V IPOCOHOIOHUAT®OV EMITOYXAVETAL HE T
OOYKPON TOV AplOpnNTIK®OV aroteAeopdtav pe petprjoelg mediov oe tpetg Béoelg g
ypappng Ilapior-BpoSédheg (Connolly et al, 2014). Ou petprjoelg mediov 1moo
xpnowpomnou)Onkayv oty napovoda diatpiPry, AOTEAOLY PEPOG PLAG OELPAG PETPI|OEDV ATIO
TV eMOTPOVIKY opdada oty omoia ocvppeteixye o xkabnyntg k. G. Kouroussis, tov

[Tavemotpioo too Mons.

F e g

Zxnpa A.1. ®éoeig petprioemv nediov oe: (a) eniyopa, (B) opvypa, (y) eminedn 6¢on (Connolly
et al., 2014).

H npot 0¢on Ppioketal Popetoavatolkd g moAng Braffe, omoo 1 HSR Siepyetat
arno ownpodpoptko emiyopa vyoovg 5.5 petpav kat kAton 300 onwg ameikovifetat oto
Zxnpa A.la. Ano myv al\\n mevpd, otn 0€on) 2 1) o10npoTPOXL IIEPVAEL ATIO OPLYHA e
oyog 7.2m kat kAion 25 (Zynpa A.1P). Zwv tedevtata mepimtwon (Ofon 3), n
owdnpotpoxia diepxetat amnod eminedn 0¢or), 4 x\opetpa votwa tov Leuze-en-Hainaut (BA.
Zxnpa A.ly). H odnpodpopixr| ypappr) vynAng tayxdttag [apiot - BpodeMeg etvat pa
KAQOOWKOD TOIOL TPOXL 1€ LIIOBAOT], AIIOTEAODHEVO AIIO £PA, DITO-EPPA KAt vIOPaor),
pe mayxn 30cm, 20cm kot 50cm, avtiotoya. O ovveyelg ooykoMnpéveg payeg UIC60

edpalovtat oe otpwtpeg okvpodepatog. Exet yivel ) vrmobeon o1t o1 acvvéyeteg Kat ot
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YVEDPETPIKEG AVOPAAIEG TOV PAYOV KAl T®V TPOX®V elval MOAD HIKPEG Ot ONeg TIg
eCetafopeveg Béoelg, kabwg eiye mponynbet ovvtrpnon g odNPOTPOXLAG OKT® NEPEG
pwv amo tig petproetg nediov (Connolly et al., 2014).

Ot Conolly et al. (2014), yta T1g 101eg eMTOIEG PETPIIOELS, KATEYPAWE TNV TaxLTTa
dtelevong tov HST amno mAnpogopieg oo eAngbnoav amo tov goped eKHETANAEDONG TG
apadootoyiag, Infrabel. Téooepig tomotr apadootoyiwv (TGV, Eurostar, Thalys xat
double-Thalys) xpnotpomnotoovtav otov oldnpodpopo Katd T SIAPKELd TOV PETPIOEDV
(Zxtpa A.2). I'a Tovg okorovg g Imapovoag epevvag, o kadnyntg k. G. Kouroussis
napeiye 6edopéva nediov ya éva nepaopa te@v Thalys kat TGV HST oe xabepia amo Tig
tpelg tomobeoteg mov eCetdotnkav. To Thalys dwepyxetar pe 284km/h, 297km/h xat

299km/h otig Beoelg emympatog, opOYHATOG KAt OTO eMMiredo, avIioTotyd.

Ixnpa A.2. (a) TGV, (B) Thalys, (y) Eurostar.

A.3.2. Ilpooopoiwon d1édevong HST

Ta eSetalopeva HST (Thalys xat TGV), ovvolkoo prjkoog niepimmov 200 petpmy, xovv v
i01a yeopetpla, Kabwg armoteAovvTal amo Tpelg TOIoVG Payovimy, dvo Kvntrpa Payovia
(Y230A) xat oktw Payovia empPatov (dvo Y237A kat €5t Y237B). Ta yeoperpikd
xapaktplotikda t@v HST, ot 0éoeig tov aovmv kat 1o péyedog Tov aSoviKov popTimV oo
aoKoLVTAl OTIg payeg napovotadovrat oto Zxnpa A.3. [a v ewoaywyr) TovV Kvniov
poptiev tov depxopevoo HST, avarrtdyOnke pia vrmopovtiva yprotn Vdload oe yAwooa
vroloytot) Fortran. I'a va e§aocgaliotet n apipntiki) otabepotnta tov povtélov, to
XPoVviko Prjpa At opiotnke ioo pe 1,3 x 10-6s.

Aegdopevov Ott Ta eobela TUNpATa AmOTEAOOV TO  PEYAADTEPO PEPOG  TOV
O8N POOPOPIKAV YPAPP®V ITAYKOOHPI®G, TO HApov poviého Aappdavel onoyn Koplog ta
KATAKOpO@PA popTia otig payes. To obvoAko poptio apadoototyiag, To OII0io KATAavERETAl

oe pua oepd 26 alovikov @optiev, epappoletatr ota onpeia OSenagrg Tpoyov-
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odnpotpoxag, eve 1) tayovtnta delevong éxet Bewpnbet otabepr). To covoAwo @opTtio Tov
HST npoxbrrtet og enig:

26 (A.6)
frotar = Z fu
n=1

ana panyg

DOPTIA AEOI\?Ql\gddmb 7
a

1

-100000

Y230A Y237A Y237B

S i
I B iR A e T |
: -3.00- -3.00-
—5.02 14.00 3.133.14 18.70 18.70

Zxnpa A.3. (a) ASovika goptia Thalys HST (Kouroussis and Verlinden, 2013); () Awaotdoeig
Bayoviov (Degrande and Schillemans, 2001).

H 6éon tov xabe aova too HST oe xabe Prjpa (t) vmoloyiletat amod v akoAovdn
oxéon):
Y, =vt—d, (A7)

omov:

v: Tayomta dieAevong,

dn: ardotaon petad Tov IPMOTOL KAt TOoL V ASovd.
To péyebog xabe empépovg adovikov goptiov f, mov aokeitat oe kabe onpeio g payag
IIPOKDIITEL MG EST|G:

26 (A8)
fo= D fa0n =)
n=1

orov:

: otabepd tov Dirac,

yp: 1) Béon epappoyng.
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A.3.3. Ilpooopoiwon o1d1potpoyiig & edapoog

I'a tovg oxomovg tng napovoag datpiPrig, emhexOnke n pédodog T®V MeENmEPACPEV®DV
otolyelmv, AOY® T1)G EDXEPELAG TG OTNV IIPOCOHOI®ON MEPIMAOK®V yeopeTptov. [a va
e\aytotoroinfei To LIIOAOYIOTIKO KOOTOG, IIPOCOpOIRdnKe £va PEPOG TOL POVTEAOD AOY®
OLPPETPLAGg KATA TNV KATAKOPLPI KATELOLVOT, EVE Yid TNV ATIOPLYI] T®V AVAKAAOEDV
TOV KPAdaopmv ota Opta ToL HOVTEAOL, xproponoudnkav nui-ameipa ototyela (BA.
Zxnpa A.3). H paya éxet mpooopowmbei wg doxog Euler Bernoulli, opboymvikrig Otatopr|g
pe dwaotdaoetg 0.153 m x 0.078 m. H paya exet pala 60kg/m xat edpaletal oe oTpmt)peg
okvpodepatog pe draotaoelg 0.242m x 0.2m x 2.42m. I'ia v Ipooopoinor) Tov DIIOAOUIOD
povtéhov, éxoov ypnowpomowdet 3D memepaopéva otoiela. Ot otpwtpeg £xovv
torobetnOel kata prkog g pdayag pe Owakevo 60cm. Ola ta péAn tov povieAoo

DempovvTal wg ypappikd EAdoTiKda Kat ot 1010t Tég Toug napatifevrat otov [Tivaka A.2.

(B)

P

Zxnpa A.4. 3D povtélo nenepaopevev otoxeimv: (a) Entyepa (f) Opoypa.

ITivakag A.2. 1510t Teg DAMK®V 01dnpoTpOoxLds.

ITayo Méetpo
X% P Aoyog  ITokvornra

OTPWO EAaotikotnta
PLoRS s Poisson (kg/m?3)

(m) (GPa)
Paya - 210 0.25 7900
ZTPOTLPEG - 30 0.4 2400
Eppa 0.3 0.1 0.35 1800
Yno-éppa 0.2 0.3 0.35 2200
Ynopaon 0.5 0.127 0.35 2100
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O ITivaxkag A.3 mapovotalet Ta pnyavikda Yapaxktnplotika Kdabe otpmong, Ta omoia
xpnotpomow)fnkav yia v Ipooopoinor) Tov edapikod mpo@ik kabde eetalopevng 0éong.
Ot e€etalopeveg Beoeig £xoov mapopola otpopatoypapida, Kabwg ol LIEPKelpeVES YANAPES
apy\ikeg arobéoetg edpdafovtatl oe eVOLApPEDES OTPMOELS POV, VM Ot Paditepeg OTPmOELg

AIIoTEAOVLVTAL ATIO OKANPOTEPES APy INKEG artobéoets.

ITivakag A.3. I010t)1eg edAPIKOV DAK®V.

®¢on 1: Eniyeopa ®¢on) 2: Opoypa ®¢on 3: Eninedo

h (m) \% E (MPa) h(m) \% E (MPa) h(m) v E (MPa)

1.3 0.33 132 1.35 0.23 126 1.5 0.14 157
1.3 0.25 149 1.35 0.17 136 1 0.38 113
1.2 0.27 145 3.1 0.29 257 1.7 0.42 191
2.85 0.3 259 3.1 0.16 315 25 0.29 277
2.85 0.16 297 Inf. 0.29 3278 Inf. 0.33 419

A.3.4. Amotedéopata pooopoieotg

A.3.4.1. ExalnBevon ypovoioTopiodv kal QacuaT®V TaYDTHIOV

H enalnfevon tov apldpntik®v arnoteAeopdtoV Ipaypatonou)0nke oe OKT® arootdaoelg
petadd 15 xat 35 pérpa ard v tpoyd oe OAa ta eSetalopeva onpeld g odnPOTPOXLAS.
I'a Aoyoog ovvtopiag, otny extevi) EAANVIKI HePIAN YN TAPOLOLACOVTAL TA ATIOTENEOPATA
kata 1 Owelevon tov Thalys HST oe odnpodpopiko emiyopa, oe 0o yapaKtnploTikeg
arootacelg napatipnong, ota 15 pérpa xat ota 35 petpa ano vy owdnpotpoxtd. Ta
appNTIKA AITOTEAECHATA OLYKPLVOVTAL PE TIG PETPIOELG TIEGIOD TOOO MG XPOVOoloTopieg
000 kat ®&¢g @daopata Fourier TtV KATAKOPOPGOV TAXOTHTOV. AVAADTIKOTEPA
arotehéopara yia OAeg Tig eGetalopeveg arootacelg Kat Heéoelg priopoovv va avadlntndodv

oto Kupileg Kelpevo g datpiPrig.

2o Zynpa A5 mapovowdaloviat ot XPovolotopleg KATAKOPLP®DV TAXLTHTOV
OOPP®VA PE TA APOPNTIKA aIIOTEAEOpATA KAl Tig peTprjoelg mediov yia 1) 6téAevorn tov
Thalys HST amo tn 0¢on o1dnpodpopikod emyapatog (@con 1). ITapartnpeitat moAv Kahr)
Tavton petald TeV AplpnTIKOV AIoTeAeOPdT®V Kat TV petprjoemv mediov. Ia
HApPAadelypa, 1) HEYLOT) KATAKOPLEI Tayvtnta ota 15 pétpa eivat ton pe 1.3mm/s
ovp@aVa pe Tig petproetg mediov, kat 1.1mm/s Pdoet tov aplOpnTikev arnote\eopdtmv.
Emiong, obpgava pe 1o aptdpnuiko poviého, Aoym tov peyaldTepov PApovg ToL IPOTOD

Kat oL tehevtaiov Payoviod, napatnpninkav oynAotepeg TaxvTTeg KAatd T d1éAevor)
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toug. To Zynpa A.5 anewkovidet TIg xpovoiloTopieg KATAKOPLP®V TAXVTHTOV OTO PAKPIVO
niedio. Ze avtny 1) 0o, ) xpovoiotopia exel mapopoto peyebog Kat pop@r) pe Tig PeTPIIoelg
nediov. Onwg frav avapevopevo, ot kpadaopot amooBeévovtat avaloyd pe TNV arnootaon)
aro TNV TPOXLd, ENOPéVmG Ol TaxLTNTeg ota 35 pétpd amo TV TPOXIA Elval dpPKETd
HiKpOTEPEG artod ta 15 pérpa. QoTd00, LIIAPXEL PIA PIKPT| ATIOKAL0L HETASH TOV HEYIOTOV
TIHOV TOV PETPH0E®@V HedlOv KAl TRV APOpNTIK®V AMOTEAEOHAT®OV. ZOYKEKPIPEVA, 1)
péyotn tayxovmta eivat ion pe 0.27mm/s, eve eivat ion pe 0.19mm/s, odppova pe to
appntiko povtého. Ilapd tavta avtég ot TipEg etvat g 1dag tadng peyéboug, enopévag

1] ObYKAn 0N De@peital IKAVOIIOUTIKY).

1.5 15
ApIBLATIKG QTTOTEAETUCT O

e METPAOEIG TIEGIOU

ApIBUNTIKG aTTOTEAETOTO

’ e METRATEI TTEGIOU

1

05

0

Karokdpugn ToxuTnTa (mmis)
Kar ok opugn TaxUTNTO (Mmis)

! ®)

0 1 2 3 4 0 1 2 3 4
Hpdvocg (s) Kpdwvag (s)
Zxnpa A.5. Aweevon) Thalys HST amno 0¢on 1: Xpovoiotopieg KATAKOPLP®V TAXLTHTOV OTd:
(a) 15 pérpa, (B) 35 pérpa amo v Tpoyid.

04 04
ApIBUNTIKG oTToTEAETIOTO ApIBUNTIKG aTTOTEAETUCTC
e METRA ORI TTEIOU e METRATEIC TTEGIOU

. 03
o o
= =
£ £

/<4 w02
[an] I
0a (5]
= >
= =

0.1

0 10 20 a0 40 0 10 20 a0 40
Zuyvornra (Hz) Zuywotnra (Hz)

Zxnpa A.6. Aweevorn) Thalys HST ano 0¢on) 1: @aopata Fourier katakopogpov tayot)tov
ota: (a) 15 pétpa, (B) 35 pérpa amod mv Tpoxid.

Extog amo tig ypovoiotopieg, Stepevvatat 1) OOYKALON TOD CLXVOTIKOD MEPIEXOPEVOD
TOV KPAdAaop®mV petadd Tov aplfpnTikov IPOCOPOIOPATOG KAl T®V PETPr|oemV I1ediov. Me
Baon ta Owebvr) mpotoma, ov dovrjoelg yapnAng ooxvotntag eivat ot mo Kpiotpeg
(Kouroussis et al., 2011). Ta @aopata Fourier eivat oe ooppavia petadd tov dedopevav

nediov Kat T@v aplpnTikov vroloyopev yia tig eSetafopeveg Béoetg. To apOuntiko
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HOVTENO £XEL AIIEIKOVIOEL pe EMTLUYIA TI§ KOPLPES TOV KPAOAOP®V OTO YAPNAO €0pog
ovyvot)tev petady 10 kxat 40 Hz. Ot xopieg ovyvotnteg (21.4 Hz xat 25.2 Hz) etvat i0teg
oe OAeg T1g eCetalOpeveg ATIOOTAOELG KAl DIIAPYEL IKAVOIIOUTIKI] OLOXETION HeTASD TV
appNTIK®V  aroteAeopdtav Kat tov Oedopévav mediowv. EmuiAéov, oplopéveg
devtepedovoeg KopLPég TV petproeav (16,7 Hz, 29,6 Hz, 34Hz) emalnfevovtat xat
aplOpnTKd. ZtVv nepltoon) TV KOVIVOV 0E0emV, 01 atypeg ToV KPpadaopamv elvat Kovid

OTI§ peTProelg IIEGioD.

A.3.4.2. A1gpedvnon emtmédoD VIETIUTTEL

Ze auTHV TV eVOTTd, MIAPOLOWI(ETAl evav eLPE®S arrodektog delktng yia )
dtepevvnon xpadaopwv amd T dweAevorny HST, movo avtiotoyel ota vteowpmel g
tayomtag (Vas) oty kevipikr] ooyvomta kabe 1/3 oxtdfag, yia tm odykplon oV
appNTK®V anoteAeopdtodv pe TG Owabeopeg petprioelg mediov. To Vg oe kabe

eCetalopevn oxtdPa vroloyiletatl cOpPOVA pe TV akolovdn oxéon:

Vims
de = 2010g10 Vo (Ag)

orov:
Vims: HEOT] TETPAYDVIKI] pila TV Tayot)tov Kabe oktapag,

Vims: EMUIED0 AVAPOPAG TAXVTHTOV.

To Zxrjpa A.7 anewoviet 1o erinedo twv vieowpnel oe kabe 1/3 oktafa pe Kevipikr)
ooxvotnta amo 1.25Hz xat 50Hz ota 15 xat 35 petpa amo mv tpoxid Aoye TG StéAevong
tov Thalys HST amo tig tpetg eSetalopeveg Oeoelg. Ot oywnAotepeg Tipeg Kpadaopmv
napovotdafovrat petagd 1215 kat 157 oktdaPag oe OAeg Tig eSetalopeveg Béoetg. Ze yevikeg
YPOARES TA APIOPNTIKA ATIOTEAEOPATA £XOVV H1A KAAL] AVTIOTOLY A [IE TIG PETPI)OELg TIEGTIOD
kat otig 3 B¢oetg ota 15 pérpa amd v tpoxa. H ovykAnon tov amotedeopdtov etvat
EVIDIIOOLAKI] OTO KOVTIWO medio, diaitepa oty mePUITtmor TOL EMYOPATOS OIGG
arreikovietat oto Zynpa A.7a. Zto xovtvo medio n xoplapyn oxtaPa eivar n 140,

@tavovtag tipég petadp 70dB kat 75dB.

Koptlapxn ovxvotmta mapapéver 1 141 oto pakpwvd medio, Opmg -O0n®g 1tav
AVAPEVOHEVO- TO EMITEOO TV VIEOIHITEN PEIMVETAL ONAVTIKA O OLYKPLON HE TO KOVTLVO
nedio. To péyloto emnimedo VieoHIIEN OtV IEPUITOON TOL eM®UATOg eivat oo pe 56dB
(Expa A7B), n Ty avt) elval oe ooppevia pe Tig petprjoetg mediov. Xt Oéorn Tov

OPVYHATOG, TO PEYLOTO einedo vieowuéN avdavetat ota 62dB ooppava pe Tig petproetg
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ediov Kat napapevet otV idwa oktaPa pe to eniyopa. To aptdpntiko povtélo minotadet

APKETA ALTIV TV TUL).

150

~

o

150

50

150

50

—— ApIBunTika ATroteAéopara (a)

Metpnoeig Mediou

2uyvortnta (Hz)

— ApiBunTikd AtTroTeAéopaTa

(v)

MeTprioeig MNediou

50
2uxvoTnTa (Hz)

— ApIBunTIKa ATroTeAéopaTa (€)

sseseneenes MeTpAOEIC MeBiOU

" L I SR S S R '

50
zuyveétnTa (Hz)

150

150

50

150

—— ApIBunTIKG ATToTEAéOpaTa

(B)

METPﬁUSlg MNediou

zuxvoemra (Hz)

—— ApiBunTikG ATToTEAéTATA (8)
T METpf]OEIg MNediou

50
zuyvotnta (Hz)

—— ApiBunTiké ATToTEAéapaTa

(@

MeTtpnroeig MNediou

zuyxvotnta (Hz)

Ixnpa A.7. Zoykpion Vap kabe oktafag @v apldpntik®v arnoteAeopdt®v Katl ToV PETPIOE@V
rediov oe emyopa ((a), (b)), opvypa ((c), (d)) ko eminedo ((e), (£)).

ATO Vv aAAn mAevpd, otV Tpity eCetafopevn Oéon (oto eminedo), To poviEho dev

npoPAénet pe akpipeta to erninedo 1@V kpadaopav oto pakpvo nedio. [To ovykexkpipéva,

10 emnnedo TV vieotpuréN kopo@ng etvat 10dB yapnAotepo ano tig perprioetg mediov otig

[IEPLOCOTEPEG OKTAPES, ONmG arekovietat oto Zxnpa A.7C. Ze aotv v IePUITOON 1)

AaItoKAL0n 100G oPetAeTal OtV DYNAL] AIIOOPEOT) TG EMPAVELAKTG EOAPIKIG OTPOONG TG
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Tpitng 0€0ng, MOTOOO, O YEVIKEG YPAHRHESG, TO APOPNTIKO HOVIENO elval wKavo va

ripoPAéwet pe akpipera to emninedo TV KPAdATHAOV.

A.3.4.3.Mepevvnon uerafolnc tayvmtov PPV

2T OLVEXEWD MAPOLOLACETAl £Vag KOWA XPNOLIOIOo0pevVog delktng peTpnong twmv
MAPAyOpevVeOV Kpadaopmy, 1 peylotn taxvmta oopatdieov (PPV) oe avfavopevy
arootaon aro v tpoxid. To Zyrjpa A.8a ameikovilet tig Tipég g PPV oty nepimtoon)
T0V 0101 POOPOPIKOD emy®patog. Eivatl mpogavég o1t 1o aptfpntiko mpooopoiopa etvat
wKavo va npoPAeyet pe akpifera to eminedo g PPV og 0Ao 10 £Dpog arnootdoemv petadd
15 petpa xat 35 pétpa aro v owdnpotpoxtd. Edwkd otig kovtiveg 0éoetg ot Tipeg g PPV

elvat oxedOV MAVOHOLOTOIIEG.

3 3 - -
MeTpRoEIC TTEBIOU (B) Merpfoeig TTediou
(o) e BOBUATIKG OTTOTEASOUGTE | N T AQIBUNTIKG OTTOTEAEOL QTG

T 2
=
E
=
o
o9

0 0

15 20 25 30 35 15 20 25 30 35
Armaoroon (m) ATaaraor (m)

MeTpfaerg Tediou
(y) s ANIBUATIKG QTTOTEAST|ICTC

15 20 25 30 35
ATTOOT O (m)

Zxnpa A.8. Zoykpon PPV oe avavopevn anmootaon aro v tpoxid oe: (a) eniyopa, (B)
opoypa kat (y) eminedn Oor).

To Zynjpata A.8P deixvel v e§aobévnon too PPV, oe avlavopevr) amodotaon otnv
0¢on tov oWnpodpopikod opvypatog. Ot tipég g PPV oe avtv v nepimtoorn etvat
AapKeTd DYNAOTEPEG O OLYKPLOTL| He TO eniy@pd. Avto propel va duatoloyn et Aoyw g

XapnAotepng anoofeong g edAPIKIg OTPMONG ALTHG TG 0£ong. Xe Yevikég YPAPHES, Ta
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aplOpnTikd anotedéoparta eival apKeTa KOVIA OTIg PETPI|oelg mediov Kat oe avtv myv
neptntoon. Télog, oty tedevtaia 0éon to povtélo mpoPAénet emroxawg v PPV oto
KovTvo medio. 0T1000, ot peyalvtepeg anootaoelg nf PPV avfavetat apketd ooppava pe
11§ petprioetg ediov. I'ia mapdaderypa, n PPV ota 19 pétpa eivat xapnAotepr) oe oxéon pe
ta 35 petpa amo v tpoxid. Eav o1 1010t)1eg Tov eddpoug eivat otabepég oe oONOKANpn TV
arootaon Kdat dev vIdapyovv AaAAeg Mnyég KPAadAopmy, avTo TO @Aaivopevo Oev eival
Aoyiko. Enmopévamg, yivetrat n ommobeon o1t ot petprioeig mediov oe avt)v ) Oeon dev eivat
axkpPets. Ao v alAn mevpd, cOPP®VA pe Ta apunTkd arnoteAéopara, 1 Stapfadpion
g PPV @aivetat va etvat mo Aoyikr), Kabmg ot TIpEG PEI®VOVTAL [E TV AIIOO0TAol)] arid

TV TPOXLd.

A.3.5. Baoika ovurepaopata

Ta xopwa oopnepaopata g dradwkaotag enairbevong g appntikg pebodoloyiag

sivatl ta akolovba:

= H poper) xat 1 S1dapkeld TV xpovoioToplaV elvatl IAPOPOd HE TIG PETP0eLg KAt

yla Tig Tpetg Beoetg, e101Kda 010 KOVTLVO medio.

" Yndapyet bynAr) oooxETion petady Tav KDPLapX®V OLXVOTIT®V OTO XApNAO e0POg

ovxvot)Te®v petasd OHz xat 40Hz.

* To enimedo tov vieowprel ota 15 petpa amd v tpoyud eivat kovtda ota 75dB kat
pewoverat ota 56-63dB ota 35 petpa. To eninedo twv Kpadaopmv Tov aplopnTkov
ATIOTEAEOPATOV EIVAL TIAPA HOAD KOVTA OTIG HETPLOELG DOV, E1OKA OTIG KOVTLVEG
Béoers.

»  Xeyevikég ypappés, i) taor g PPV oe 0Ao 10 eDpog TV AIIOoTACE®V OOPPDVA e

ta apldpntika anotedéopata, akohoodet ta dedopéva nediov.

Metd v enalrfevon 1oV aplipnTik®V armoTeAeOpdaT®V pe Tig Otabeotjeg petprioeig
rediov, etval mpo@aveg 0Tt 1o apldpnTkd povieNo eival KAavo vd AavardapdoTr)oel )
delevon tov HST pe axpifeta. Oplopeveg Oragopeg, mov £xovv emiong avagepbetl oe
oxetikeg peleteg (.., (Kouroussis et al., 2011)), eivat evoyeg, Aappdvovtag vrioyn v
OADIAOKOTNTA apToL ToL dvvapkod mpoPAnparog xat Tg afeParotnreg yua Tig
dvoKOAleg OV avamapaywyl] OV OPAYHATIK®V oovinkeov 1) axopa kot mbava
OPAApaTa Katd t) OudIpKela TV petprjoeav. Qg ek tovtov, pmopet va SiepevvnOet 1)
EPAPPOYL] OLIPOP®Y PETPOV HETPLACHOD, TPOIOMOIWMVTAG KATAMNAa Ta Packd

IIPOCOPOLOUATA AVAPOPUS OTLg dtdapopeg Beoet.
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A4. Evioyvon emiyopatog pe Iy Xpnoy yewappoov EPS
A.4.1. Ilpoterouevy oratady

21 ovveyewa, eGetadovrat evalaktikeg datadelg pe ) xprion yeoagpov EPS yiua tov
IIEPLOPLOPO TOV KPAOAOP®DV O¢ O101)POOPOPIKO EMiY®A, IIPOKEWEVOD va Ipotabdel pia
BeAtot Owatadn. Apyxwkd, eSetaotnke 1) TANPNG AVIIKATAOTAOL TOL EMYOPATOG HE
vewappo EPS, opwg n pébodog avtr) amoxeiotnke AOywm avdnupevng mbavotntag
extpoxtaopod tov HST, efattiag t@v avinpéveov Hnapapop@ooemyv. Avtiotoyd,
aroKAelOTNKe Kat 1] TAIPOON TOL KEKAIPEVOD THHRATOg Tov emyopatog pe EPS, Aoy
IIEPLOPIOPEVTG ATTOTEAEOPATIKOTTAG KAt MOavI)g aotadeldg 0To KEVIPO TOL EMYM®HATOG.
I'a tov Aoyo avto, mpotetvetatl 1) Xpr)orn Heploptopévon apttpod tepayov yeoappoo EPS,
Oappeveov oe pikpod Pdabog oto mpavég tov emywparog. Me avmv ) dapopemor),
EMTOYXAVETAL 1] €LOTADEld TOL EMYMOPATOG Kat Oev av{avovial ONUAVTIKA Ot
KATAKOPO@PEG HETATOMIOELG. ZNHEWDVETAL OTL AUTI) VAL Pl EOKOAA €PAPPOOIHN KOt
OLKOVOH1KI) AVOT) ITOL pIopet va ypriotpornowmndetl oe vea KAt DQLOTAPEVA OlO1)POdPOHIKA

EMY@PaTd.

(a) (B)

B Yropaon N Payeg
I ESadog EE svpwripeg
Mmiok EPS [ Epua

H - Vﬂé‘éppa
Edadukr orpwon 1
ESadwn otowon 2
Edadikr otpwon 3

Edadukr orpwon 4
Edadukr otpwon 5

Ixnpa A.9. ITpotewvopevr) Oratopr).

H mpotewvopevn owataln pe ) xprjon yeoappobd EPS amewkovietat oto Zxnpa A.9.
ESetadetat i) anotedeopatikotta dvo tonev yeoagpoov: EPS19 kat EPS46. To EPS46 etvat
10 1o ot Papo petady tav emtda drabiopmv tonwv EPS, kabwg 1) mokvotta tov etvat ion
pe 45.7 kg/m3 xat 1o perpo ehaotikotntag tov eivat 12800kPa. Ao v a\n mevpd, To
EPS19 etvat vAiko yxapnArg mokvotntag (18.4 kg/m?) pe pérpo ehaotikottag ioo pe
4000kPa. Znpewwvetat 01t o Aoyog Poisson kat tov 600 DAK®V elvatl TOAD yapnAog, kadmg

toovtat pe polg 0,05, eve n artooPeor) tov EPS eivat ion pe 2%.Me otoxo T dtao@dion
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TG AIOTEAEOPATIKOTITAG T1)G IIPOTELVOHEVIG dtdtadng, eSeTAOTNKE 1) eMPpPor) SldPop@V
IIAPAYOVI®V EMPPOIG, OM®G 1) TaxLTTa OieAevorng tov HST, ot pryavikég 1910t teg tov

EPS xat Tov eda@oug Kat Ta YE@PETPKA XAPAKTPIOTIKA TOD EMYOPATOG.
A.4.2. Emppon unyavikov 10101tV EPS

O neproplopog v kpadaopwv amo T dtélevor) tov Thalys HST yprnowponowwvtag
Vv npotewvopevn datady yeoagpov EPS anewoviletat oto Zxnpa A.10. Ot 6vo npwteg
Xpovoiotopieg Katakopopmv Taxvt eV (Zxnpara A.10a xat A.10y) anewovifoov T
BeAtiwon) g amokplong tov eddgoug ota 15 petpa kat ota 35 pérpa aro v Tpoxd IIoL
emroyyaverat pe twm xpnon tepayxeov EPS46. Avtibeta, 1 xpnon tov tepayeov EPS19,
petmvel povo ehagppmg tig 0ovroels. ITo ovykekpipeva, oto xovtvo medio (15 pérpa amo
NV TPOX), KATA 1) OEAELON TOV KV TPV Payoviov (Ta omotla etvat ta Papdtepa), 1)

KATAKOPOQI] TAXVTTA PEI®VETAL ONHAVTIKA.

15 15
(C[) Edaqikd eTTiywa (B)

1 e ETT WG HE EPS46 1 e ETT MO e EPS46

EdagIkd eTTivwpa

KoTakdpugpn TaxUTATO (MM/s)

Karakdpuagn TaxiTnra (mmss)
[

1.5 -1.5
0 1 2 3 4 0 1 2 3 4
HKpdvog (s) HKpdvog (s)
15 15
(Y) Edapikd eTTiywpa (6) EdagIkd eTTivwipa

1 e ETTW G HE EPS19 1 e ETT MG e EPS18

Karakdpugpn Taxdtnra (mm/s)
=

Karakopugn TaxiTnTa (mmis)

0 1 2 3 4 0 1 2 3 4
HKpdvog (s) HKpdvog (s)

Zxnpa A.10. ZOyKp1o1 XPOVOIOTOPIOV KATAKOPLDP®DV TAXVTIT®V EOAPKOD KAl EVIOXDHEVOD
pe EPS emyopatog: EPS46 ((a) ota 15 pétpa, (B) ota 35 pérpa ano v tpoyud), EPS19 ((y)
ota 31 pétpa, (8) ota 35 petpa amo v TpoyLd).
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201000, 1] TaYLTTA OTO PECO TG XPovoioTopiag etvat ehappwg avinpévn. H péylotn

KATakopo@n taydtta xet pewwdet aro 1.1mm/s oe 0.7mm/s kat 0.45mm/s ota 15 petpa

amno v Tpoxld, peta v epappoyn) twv EPS19 xat EPS46, avtiotoiya. Ztn ovvéxela,

IIapovOoLdoVIaL ot XPovoloTopieg KATAKOPLP®V TAXLTHTOV OT0 Hakpwvo medio. ‘Omneg

gatvetat oto Zxnpa A.108, xat oe avtjv v nepinteon to EPS19 nmapapéver apketa

ATIOTEAEOPATIKO KAl 08 PeYAleg artootdaoels. Opmg, 1) pelwon tov Kpadaopmy eivat akopa

mo peyalog pe v xpron tov EPS46 xat oe avtv ) Oéon (Zxrpa A.11p). ITwo

OLYKEKPLEVA, TO eminedo PEI®ONG PTAVEL Ot OPLOPEVEG MEPUITWOELG KOVTIA oto 50%.

ITpoxomtet 1o ooprépaocpa ot to EPS46 eivat 1) feAtiotn emhoyr) bAKoo, Kabmg petmvet

TNV KATAKOPLEPL] TAXVTTA 0 ONO TO €DPOG ATIOOTACEDV PeTASL 15 xat 35 pétpav amo v

TPOXd.
0.4 04
Edoqik6 eTTiywia (a)
e ET WG UE EPS46
0.3
E
£
w02
L]
[an)
[}
&
=
0.1
0 10 20 30 40 0
ZuywatnTa (Hz)
04 0.4
Edapikd erTiytulo (Y)
e ETTWHG ME EFPS4E6
03 0.3
f) o)
£ £
=02 =02
i L]
B B
& &
= =
01 0.1
0 -~ A /‘A.LMPJ‘ v O

e ETTiwpo pe EPS19

L YE

10 20 30 40

Edcqpikd eTTi WU (B)

ZuywatnTa (Hz)

0 10 20
Zuvatnra (Hz)

= ETTwwpo ue EPS19

Edapikd eTTivwpe (6)

Ak

30 40 0

10 20 30 40

Uy arnTa (Hz)

Zxnpa A.11. Zoykpron gaopdtaov Fourier edagkon kat evioyopévoo pe EPS emyoparog:
EPS46 ((a) ota 15 pétpa, (B) ota 35 pérpa amo v tpoxida), EPS19 ((y) ota 31 pétpa, (8) ota

35 pétpa amno v tpoyid).

Zto Zynpa A.11 mapovotaletat 1) OOYKPLON TOV QACHATOV TAXVTTAG TOL APYLKOL

EMOPATOG KAl TOV EVIOXOPEVAOV pe yewappo EPS emyopdtov. Ztnv mAnoleotepn)

arootaon (15 pérpa amo v tpoxld), 1] Kopoer) g Koplapxng ocoxvotnrag (25.2Hz)

neplopiletal ONPAVIIKA PETA TV epappoyn) TV tepayov EPS19. Ao v aA\n mAevpd,
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ot kopo@ég ota 16.8Hz xat 21.4Hz eivat kovtd oTig TIpEG TOL APXIKOD EMYOUATOG. ZTNV
reptteorn) tov EPS46, ot meptoootepeg amo Tig KOPLPEG OTO EDPOG XAPNADY COXVOTITOV
10 ewg 40 Hz éxouv pewbel onpavtika. ITio ovykekpipéva, ot kopo@ég otig Ovo Koplapyeg
ooyvotnteg ota 15 pérpa amno v tpoxid, petwvovtat ano 0.28mm/ s oe 0.09mm/ s kat aro

0.31mm/s oe 0.1mm/s ota 21.4Hz xat 25.2Hz, avtiotowa.

Emum\éov, ot kopogég ota 16.8Hz kat 28.1Hz £xoov oxedov eSagpaviotel. O@a mpenet va
onpelwdel OTL 1] PAOPATIKI] TAXOTINTA OTO pPakpwvo medio (Zynparta A.1ly kot A.115)
petwvetat oe OAo 1o egetalopevo evpog ovxvott®V (10 £wg 40 Hz) pe tn xpron yeoagpov
EPS. O evepyetikog pOAOG TNG IPOTELVOPEVTG IIPOCEY Y0NS IIEPLOPLOPROD TOV KPAOAOP®YV,
eldwka otV nepimtoorn tov dvoxkapmtov EPS46, eival epgpavrig. ITo ovykexpipéva, n
epappoyn) tepaxov EPS46 nepopilet v kpiowun xopogr) ota 25.2Hz anod 0.08mm/s oe
0.02mm / s ota 35 pérpa amo Vv Tpoxld. Xty mepimtwon too EPS19, n typn avt)

HPELOVETAL, OP®G OX1 TOOO AMIOTEAeOHATIKA 000 pe To EPS46.

A.1.1. Zoykpion emmédov kpadaouoo pe 0p1akeg TIHEG KAVOVIOUMOV

Ze aoTiyv TV evottd, Xprnowponou)0nkav eykekpipévot deikteg amo diebveig kavoviopoog
yla ) dlepedvnon TOV ENUITOOEDV TOV KPAOAop®y otV avipomvn vyela kat oty
AIIOKP101) TOV KTIPL@V, P OTOXO0 TV IEPALTEP® OLEPEDVIOL) TG ATIOTEAEOPATIKOTTAG TG
rpotelvopevng owdrtadng. Xopgava pe 1o 'eppaviko Ivotttovto Tononoinong (DIN 4150-
3, 1999b), mpoteivetar 1 oplaxr) Tyr] t@v 3mm/s ywa mv PPV yua v npootaocia
evatobntev ktipiev ano mbavég (npieg. Onwg gatvetat oto Zxnpa A.12a, 1) tipr) g PPV
TOL APYKOL HOVTENOD elval YapnAOTePO Ao avto To Oplo oe ONo To efetalopevo edPOG
anootacenv. Elval mpogpaveg o1t kat petd myv epappoyr) tov yewappod EPS, n PPV

IIAPApEVeL XaApnAOTepr) amo v oplaxr) Tpr) tov DIN.

Extog ano tig mbavég (npieg oe xovtiva ktipla, Oa mpénet va extipnOet o fabpog
evoxAnong tov katoikov amod 1 OweAevory tov HST. Zopgova pe to Ymovpyeio
Metagopav tov Hvopevev IToAtteiov (USDT, 1998), to 0p1o TG Vims Y1a TV IIpooTacia
Tov neptowkev etvat 0.10mm/s yia Alyeg Swedevoelg (<70 ava npépa). Avt n T
avfavetat ota 0.26mm/s ywa meptoootepeg arod 70 Stedevoelg ava npépda. To vims TOO
apYKoL emy®parog eivatr xapnAotepo amod to opto USDT yia ooyvég diodovg oe
anootdoelg peyaldtepeg aro 21m amo myv tpoyxid. H tonobéton tepayov EPS46 oty
IACYLA TOV EMYOPATOG OOPBANNEL 0T PELDOT TOV Vims KAT® ATIO ADTO TO OPLO Y1 ONEG TIG

amootdoelg petasd 15 kat 35 pétpa (PA. Zynpa A120). Zopeova pe tov Iaykoopto
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Opyaviopo Yyetag (ITOY, 2018), ot dovroelg ave tov 55dB eivat apxetd emkivooveg ya
) Snpooia vyeia. XtV mepintmor) Tov APXKoL PHOVTEAOD, To Vg eivatl bypnAotepo aro to
opto twv 55dB oe OAeg Tig e€etalopeveg anootaoelg. H epappoyr) tov tepayov EPS46
petmvet To Vgp KAT® amo to opto twv 55dB yia arnootdoeig peyalotepeg amo 23 pétpa amo
Vv TpoXtd. Ao Vv aln mhevpd, To I'eppaviko Ivotitovto Tonomnoinong (DIN4150-2,
1999) mpoteiver ) ovykplon petalv 100 KBrmax Kat tov optov twv 0.15mm/s yua
Katownpeveg meptoxes. To  KBrmax petvetatl KAt amo aovtd 1o Oplo yld dIloOTAOELg

peyaloTepeg amo 21m pe v xpron tepayxeov EPS.

3.5 0.3
3 (@) 'Opro DIN (B) ‘Opo USDT
Edaqikd eTriwpa Edapikd emiywpa
o5 | e EVIOXUpEVO ETiXWHA pe EPS46 srreneeenens EVIOYUPEVO ETTHXWHO pE EPS46
= ' ~ 02
-~ w
E 2 €
£ £ \
>15 =
E
o = 0.1
1
0.5
0 0
15 20 25 30 35 15 20 25 30 35
Améortaon (m) Améotaan (m)
1.2 — 75
Eda@ikoé etixwua ( )
------------- Evioyupévo emixwpa pe EPS46 Y
65
é 0.8
E g
o =~ 55
[0} o
c =
0 0.4
........ 45
.......... Opto DIN )
.................... Edagiko emriywua
gl e 35 sesassssnsass EV'UXUHE’VO Eﬂixwua us EPS46
15 20 25 30 35 15 20 25 30 35
Atéartaon (m) Amdéoraaon (m)

Ixfpa A.12. Zoykpion) emurEdov kpadaopod pe opraxég e (a) PPV, (B) Vims, (y) Vas, (8)
KBF,max.

A.4.3. Emppon YEOUETPIKOV YAPAKTHPIOTIKOV TOV ETLYOUATOG

[Tpokewpevoo va efetaotel 1 emidpacrny TOL OWPOLG TOL  EOYYOUATOG OV
ATIOTEAEOPATIKOTITA TOL eGETACOPEVOD PETPOL PETPLACOD, EGeTACOVTAL KAl CLYKPIVOVTAl
dagopa vy emyopatog petadd 3.5 xat 5.5 pérpov. Oha ta eetafopeva emyopara
éxoov xAion npavav 30°. T'ia Adyovg ovvtoptiag otV ektevn) mepiAnyn napovotafovrat ta

anoteAéopata enyopatov ota 15 kat 35 pétpa ano mv tpoxid.
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210 oxynjpa A.13 mapovolaletatl to eminedo g PEIWONG TOV VIECIHIEN OTlg OLO
arnootaoelg. Ot oxtafeg pe kevipwkég ovxvotnteg 16Hz, 20Hz xat 25Hz eivatl ot mo
Kplotpeg kat otig 6vo egeTalopeveg AIOOTACELS. ZOPPOVA pe To Zxrpa A.13a, otig mpmteg
4 oxtaPeg, to emimedo Hel®ONG TOV VIEOWUIEN elval DYPNHAOTEPO OTIG MEPUITMOELS TOV
XAPNAOTEPOV OLXVOTTOV ota 15 petpa amo v tpoxid. H epappoyr) tov yeoagpov
EPS46 aoavet eAagpmg To emirnedo Kpadaop®mv OTlg OKTAPeg pe KeEVIPIKEG OLXVOTITEG
oyn\otepeg ard 31.5Hz ota yapnAda emyopata. Me v epappoyr) tov yeaagpoov EPS oto
EMiY@OPa pe VYOG PeyaALTePO ard 5m, TO eminedo T®V VIEOIPIEN TIAPAPEVEL TO 1010 1)
petwverat oe OAo to eSetafopevo paopa. To Zyrjpa A.13 Seiyvet 10 eminedo 1OV VTeoTPIIEN
ota 35 pétpa arod v TPoxLd, Orov To emninedo pelwong eSakolovbel va etvat vynAotepo
ota emyopata pe peyaivtepa dLyrn. Eival mpogavég ott o avtiv v mepirtoorn, to
eMminedo TV VIEOWHITEN yia OAeg Tig eeTalopeveg oktaPeg exet meproptotet katw amno 50dB,

aveSdptnTa amno To YOG TOL EMYMDHATOG.

100 Eédcleé'ETﬁxw‘uG Hes 5 100 Edagikd eTmigwpa
<+ BVIGKULIEVO ETTIXWHO | = mi (q) e EVIGYULEV ETTXWHIS (H=5 5m) ([3)
------- Eviayupév o emmiywpa (H=5m) --=-—= EVIOYUNEY O ETTYWwHO (H=5m)
_____ Evio)ULEvO erTixtoua (H=4.5m) == = BEvioyupevo eTixwpa (H=4 .5m)
—_— Ewcrxuuavo ETTIYWC (ﬂ—ﬂrrg) — . — Evigyupiévo eTTivasia (H=Am)
—_ VIOXUHEV O ETTiXWHA { —_ EvioyUHEy O ETTIvWHO (H=3.5m)
o o
5 =
T 50 f T 50
> >
D L i i 1 PRI B 0 i i i 1 P A1
1 50 1 50
Zuyvornta (Hz) Zuyvomnrta (Hz)

Zxnpa A.13. Zoykplor enuredov VIEOHIIEN Yia eEMy®@PATa pe oy amno 3.5 petpa £mg 5.5
pétpa: (a) ota 15 pétpa, (B) ota 35petpa amnod v Tpoxd.

21 ovvéxela, mapovoldaletal 1 emidpaon TG KAIONG TOL EMY®OUATOS OV
ATIOTEAEOPATIKOTTA TNG IPOTELVOPEVIG OLATOMIG OTOV IEPLOPIORO T®V KPAOATHMDV.
Atepevvavtat 000 emy®patd, eva pe peyalvtepn (45°) xat éva pe pikpotepn kAion (20°)
ano 1o apyko eniyopa. H anokpiorn tov eddgoug ota 15 petpa amo v tpoxtd Aoym Tov
AVAIToooOPEV®V OOVI|OE®V APOLOLACETAL OTNV MEPIIIT®OL) eMty®@patog pe kKAton 20° oto
Zxnpatog A.l4a. To emnedo T@V VIeouEN tTov KOptev ovxvotytov (130, 14n kat 150),
kopaiverat petado 65dB kat 70dB npwv v epappoyr) tov tepayxov EPS. Aotég ot tipég
éxoov meploptotel katw and 60dB petd v epappoyr) g mpotevopevng dwatadng. Xe

OplOpéveg MEPUITMOELS, OIS OTlg dVO TeAevtaieg oKTdPeg, TO eminedo T®V VIECIHITEN
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avlnbnke eAa@png. Q0TO00, 0 €VEPYETIKOG POANOG TG MPOTELVOpevVIg Owdtadng eivat

ODLOLAOTIKOG, KAaOmG TO emiredo TV VIEOIHITEN HELOVETAL OTIV IAELOVOTITA TOV OKTAP®OV.

To Zyrjpa A.14 anewkovilet 10 €minedo TOV VIECIHIIEN OTNV MEPIITOON ENYMUATOS
e kAion 45¢. Etvat mpo@aveg Ott to emiredo TV VIeoTPIIEN TOL apyLKoD eMYOPATOG elvat
HPEL®HPEVO Og OLYKPLOT pe To emiyapa pe kAton ion pe 200. Ia mapadetypa, to eminedo
VIEOWHIIEN OTIg HMPwTeg IEVIE OKTaPeg elvat oxedOV TO MO0 Ot OLYKPLON HE TV
npornyovpevy neptmtoon (PA. Zynpa A.l4a). Qotoco, 10 enirnedo T®V VIEOIHIEN OTig
Koplapyeg oxtdPag (131, 14n, 15m) mapapéver vynAotepo amod 60dB. H epappoyr) too
vewa@poo EPS dev al\adet onpavtikda to 1101 YapnAo eminedo 1oV VIeoturéN otig oKtapeg
HE TIG XapNAOTEPEG KEVTPLKEG OLYVOTNTEG. ATIO TNV AAAL TAEDPA, O EDEPYETIKOG POAOG TOD

OTI) PElOT] TOV dOVIOE®V elVal EPPAVIIG OTIG IO KLPLapxeg OKTAPES.

100 100
Soil embankment (C{) Soil embankment ([})
""""""" Embankment with EPS46 s Embankment with EPS46
2 2
z T 50
> >
0 . 0
1 50 1 50
Zuyvornra (Hz) Frequency (Hz)
100 100
ESagiko eTrixwpa (v) ESapiké iy wpa (0)
o Bvioyupivo etrixwpa e EVIGYUMEVO ETTiXWHA
2 g
T T 50 f
> =
0 : 0 . S
1 50 1 50
ZuyvomTa (Hz) Zuyvornta (Hz)

Zxnpa A.14. Zoykpror enuredov vieopne ota 15pétpa aro v TpoxLd yid ey ®pPatd pe

KAion: (a) 200, (b) 45°, ota 35petpa amo v Tpoxd yia emyopata pe kAion: (y) 200, (6) 45°.
To eninedo TV vieouré oto paxkpivo medio mapovotdaletat ota Zyrpara A.14y kat
A.148. XV nepimtmorn) Tov apxKov emy®patog pe kAton 200, to eminedo TV VIeoUIEN
etvat oynAotepo amno 60dB otig oxtafeg pe kevipikég ooxvotnteg 12.5Hz, 16Hz, 20Hz xat
25Hz. H peloon avtov Tov TipeV petd my epappoyr tov EPS46 etvat adoonpeimt),
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kabwg xopaiverat petalv 11dB xat 14dB. A&iCer va onpeiwbei, ott to eminedo 1oV
VIeoWIEN mmapapével xapnlotepo ard 47dB oe oAOKANpo 10 €0DPOg CLXVOTT®V. XTIV
MePLITOOT TOL eMmYMPATOg pe KAiorn 45° KALoNG, To apyKO emredo T®V VIEOIHIEN elvatl
xapnAotepo amo 51dB, onwg patvetat oto Zynpa A.1406. Enurkeov, n) epappoyr) too EPS46
PelmVeL Mepattép® 1o erinedo TV vieowprnel. H peloon tov vieowprel eivatl pikprn otig

XapnAotepeg oktdaPeg, av kat etvat oynAotepn anod 3dB oty koplapyn oktapa.

A.4.4. Emppon tayotnrag 61 evomng

H tayovmrta delevong tov HST éxet kaboplotikd polo oto eminedo tov dovrjoewv. H
péylotn tayomta Aettovpytiag tv Thalys kat TGV HST, ot v ypappur) ITapiot-BpogéAeg,
etvat ton pe 300km/h. T'ia avtov tov Aoyo, eytve 1) vrmobeon otL o Thalys pmmopet va 61ENBet
aro v eSetalopev) O¢on pe tayvtnteg arrd Okm/h g 300km/h. Qg ex TovToUL, eCeTaleTal
TO eninedo KPAdAOP®V KAl I AIOTEAEOPATIKOTNTA TNG MPOTEWVOHEVHG dtatadng yia )
d1elevor) tov Thalys pe dragopeg Tayxvtteg yapnAotepeg amnod 300km/h. To Zynpa A.15
detyver v avdnon g PPV yia avfavopevn tayovtnta OteAevong mpwv KAt peTa v
epappoyn t@v Tepayov EPS. Eival mpogaveég ot yia xapnAotepeg tayotnteg n1 PPV
napapevel xapnAn. I'a napadetypa, 1o eminedo g PPV eivar poig 0.3mm/s, omv
neptatoorn delevong pe 100km/h mpwv v epappoyr) too EPS. H tipny avt) avaverat
ota 1.3mm/s ywa diehevorn) pe tayvmta 200km/h. Emum\éov, 1 PPV napapévet nmepimoo
oto 1810 errinedo ya tayovtnteg dtéAevong petalo 200km/h xat 300km/h. H epappoyr) too
vewagppoov EPS otnv mayid 1ov emyopatog Helmvel To erinedo 0ovioemVv yia dteAevoelg
pe xapnAn tayotnta. Ao v aAAn DAeopd, 1) AIOTEAEOPATIKOTTA T1)G IIPOTEWVOHEVIG
diatadng etvat akopn mo peydln yia taxvtteg vynAotepeg amnod 150km/h.

14

ESa@ikd emixwua
1.2 Jeiis Evioxupévo emixwya pe EPS46

1

o)
£
E
06| T e
D_ CEERY

0.4 .............................

0o [

0
100 150 200 250 300

Taxutnta digAeuong HST (km/h)

Zxnpa A.15. Eninedo PPV yua diagopeg tayotnteg GtéAevorng.
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A.4.5. Emppon) oovbnkwv 0redagong

Ze AotV Vv evotta Olepenvmval ot edagikég ovvirkeg mpoxketpévoo va eetaotet n
ATIOTEAEOPATIKOTNTA TG IPOTEWVOpEVNG Otdtadg (Awartadn 1) oe drapopa eddagn edpaong.
Emm\éov, 1 xprjon yeoagpov EPS yia tov meploptopd T®vV Kpadaopmv, emeKteivetdl
ePATEP® eSeTAlOVTAg TV €PAPHOYT) TOV MG DAIKOD IAT)P®ONG TAPPOoL (Atdtadn 2) kat o
oovdvaopog g pe v tonobetnon tepayxmv EPS otig mhayieg tov emywpatog (Awataln
3). Ztv extevr) mepiAnyn napovotalovtat dHvo YapaKTnPloTIKA edAPKA DAKA, 1] XaAapn
Apyw\og Kat 1) IOKVI] dpHOG pe KPokKdaAeg. Ot pnyavikég 1010tnteg Tov eSetalopevov

edagpav divovrat otov [Tivaxa A 4.

IMivakag A.4. Mnyavikd xapaxktnploTiKd edagav.

, Métpo , . YovteAeoTng
: , IMToxvotyta , Aoyog Poisson .
Tomog eddagovg (keg/m?) eAaotikotnTag ) anoofeong
(MPa) £ (%)
[Toxvr) appog pe
KPOKAAEG 2100 1000 0.20 5
Xalapr) apythog 1850 170 0.35 5

To eninedo 1OV viteowpéN 1@V Tpev eeTtalopevav Olatdiemv MePLOPLopod TOV
KPAOAOP®V COYKPLVETAL PE TO APYKO EMUIEDO VIEOIHIIEN OTNV MEPUITOOT TIOL TO EMXOPA
e0paletat oe xahapny apyo. H amoxpion tov eddagoug ota 15 pétpa amd v tpoxia
patvetat oto Zynpa A.16a. Ot xopiapyeg oktapeg etvat ot 131, 141 kat 159, oo 1o emntrnedo
TOV KPAOAOP®V OtV HePIIIT®OL TOL APXLIKOL E0APIKOD EMYM®HIATOG KOPALVETAL HETASD
60dB kat 64dB. H epappoyr) mg Awdradng 1 oopPdlet ot pelmon avt®v ToV THOV, Yid
napddetypa To eninedo v vieowneA pewwvetal ano 64dB oe 48dB otnv oxtapa pe
kevtpikn) ooyvotnta 31.5Hz. Emunh¢ov, 1) xprijon tappov EPS (Awatadn 2) peimoe ehagppag
TO minedo T®V KPAOAOH®V, @OTO0O avTh| 1) diatady etvatl Atyotepo ArOTEAEOPATIKY] O
ovykpon pe ) Awataln 1. H mo anoteAeopatikr] péfodog meptoplopod 1oV Kpadaopmv
etvat ) tavtoxpovrn) tonobétnon EPS oto mpavég tov emyapatog Kat @g DAKO HA1)P®ONG
g Ta@pov. Aotn 1) datadn nepropilet o eminedo 1OV vieoyuneN kate ard 52dB oe 6o

10 eSetalopevo evpog.

Onwg ntav avapevopevo, To apyiko eninedo vieowpre ota 35 pETpa amo v TpoxLa
elvat apKetd YapnAoTepo o€ OLYKPLON HE TO KOVTLVO medio, (Zxrjpa A.16b). Ot oxtdPeg pe
KevTplkég ovxvotnteg petado 16Hz xat 31Hz eivat ot koplapyeg oe avthv TV IEPUITOOT).
EmuAéov, 1o eminedo vieowprEN mapapével kato aro 52dB yia oAoxAnpo to ebpog

ooyvot)tev. Eivar altoonpeinto o1t kot ot tpeig eetalopeveg dratddelg nmepropifoov
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emroXwg To erninedo xkpadaopwyv. ITo ovykekppeva, ot datadeig 1 kat 3 mepropifoov to
eImiredo T®V VIEOWUIIEN OADV TV eSeTalopevev oKTdPmv Kate amno ta 46dB. Opawg, 1 mo
aroteAeopatikn) Owdartadn napapevet ) tpitn), Kabmg Katagépvet va pEL®OoeL TO eMinedo TV

VTEOWITEN KaT® amo ta 42dB.

100 100
ESagIko emiywpa (O[) ESagiké emiywpua ([5)
e AIGTAEN 1 e NiGTOIEN 1
------- Midradn 2 -----=- Aidradn 2
--=--Marafn 3 - == Aidrafn 3
@ @
o o
E 50 ¢ ]
= >
0
1 , 50 .
Zuyvotnta (Hz) Zuyvortnta (Hz)

Ixnpa A.16. ZOykplor enuredov VIEOUIIEN yia emyopata edpalopevo oe xalapr) apylo: (a)
ota 15 pétpa, (B) ota 35 pérpa ano v tpoyid.

211) OLVEXELD, TTAPOLOLACETAL TO EMITESO TOV VIECIHIIEN 0TIV IEPIUTTMOL] IOV TO EMIXDHA
edpadletat oe oKANPO ApPpOdeg EdAPOG e KPOKANEG. Xe LTIV TV HEPUITOOT) TO EMinedo TV
VTEOIHITEN TOL KAVOVIKOD EMYDUATOG ELVAL PEI®PEVO O ODYKPLOT] [ Ta IO XAAAPd eddQn).
Eldwotepa, to péyroto eminedo vieowpriéA ota 15 pétpa amo v tpoxud eivat ioo pe 53dB oe
ovykplon pe ta 64dB omv mepimteon tng xalapng apyilov. Qg ex tovTOL, Oev elvat
AIIaPAttn T I EPAPHOY] OIIOLOLONIIOTE PETPOL MEPLOPLOPODL AOY® TOL XAPNAOD MUTEOOD TOV
VTEOWIIEN. Ze YeVIKEG YPAPHES, TO eminedo TV KPADAOP®V MAPApEVEL KOVTIA OTO aPXKO
ermnedo oe oOAOKANpPo 1o eetafopevo evPog oLXVOTTOV. Xta 35 pérpa amo TtV TPoxd, TO
emimedo pelmong TV dovioe®v etvatl LYNAOTEPO, av Kat dev LIIAPYEL AVAYKI Yid EQPAPHOVT)

PETP®V MEPLOPIOROD TOV KPadaopmv, kabwg to apyiko eminedo etvat yapnAotepo amo 50dB.

A.4.6. Baoika ooprepaoyara

Zovoyiloviag, Oe ALV TNV eVOTTA IAPOLOWIOTNKE HII OWKOVOPLKI] KAl OIIAN
IIPOOEYY101) IPOKEIPEVOD VA TIEPLOPLOTOVV Ol MPOKAAOVLHEVEG dovroelg amo Tr dteAevon
HST. H npotewvopevn Swataln nepthapBavet my epappoyr) evog meploptopevon aptdpon
tepayov EPS xat pmopel eOkola va epappootel OV KATAOKEDI] VEMV I)/Kal OtV
avaBadpion vnapxoviev emyopdatov. Ta kopa evprjpata amno t) Slepedvnon TV XPr|ong

EPS yia tov nieploptopo tev kpadaopmv oe 0eoelg emympdatov ovvoyifoviatl g eGrg:
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* H epappoyn) g npotetvopevng diatadng pe v xprjon EPS meplopilet onpavtika
ToUg Kpadaopovg oe amootdoelg arod 15 émg 35 petpa amno v tpoxia. H xpnon
oxAnpotepov EPS eivar 1) PeAtiotn) emhoyr) kabmg odnyet ota yapnAotepa emineda

Kpadaop®v.

*  Hegpappoyn tov tepayxmv EPS oopPdiet otov meploptopod tov dovrjoemv yia OAa

ta eSetafopeva LY Kat KAOEG IPAVAOV eMYOPATOV.

* To eninedo 1@V KPAdAOP®V elval xapnAotepo otav 1) owdnpotpoytd edpadetat oe

oKAnpa edaqn.
100 100
ESagikd emriywya a Edagikd smiywpa
e AiGTagn 1 (ar) e Aidradn 1 (B)
....... Aiéragn 2 -=---=- Aidragn 2
————— Aiaragn 3 - == Aidraén 3
) 3
gz F 50 |
> >
i
1 50 1 . 50
ZuyvotnTa (Hz) zuyvornta (Hz)

Ixnpa A.17. ZOykpion enuredov VIeOWUIIEN yia emyopata edpalopevo oe OKANpI) appo pe
KkpokdAeg: (a) ota 15 pétpa, (B) ota 35pétpa amo v Tpoyid.

A.5. Evioyvon opoyuatog pe xptjoy yewappov EPS

21V mponyoovpevr evotnta diepeovrOnke 1 xpron yeoagpoov EPS ya v anopeiowon tov
Kpadaopmv oe 0€oelg 0101 POOPOPIKOD EMXDOPATOG. XTI OLVEXELD, AOY® TG EVEPYETIKI|G
OLPPOAIG TV IPOTELVOPEV®V PETPQDV Ot BE0e1G EMYOPATOV, 1] OlEPELVN O] EMEKTELVETAL OE
Déoelg o010 podpopkav opvypdT®Y. APXIKd, 1) eMKPATEOTEPT) Otatady otV MePiIt®on)
TOL EMYOPATOG Tpomomoleitat ywa va xpnowpomowfel xat oe 0Oéoelg opoypdtov.
Atepeovdatat 1) xpron meplopopévon appod tepayov EPS otnv mhayid tov opvypatog
(Awtaln S), n tommobetnon tdgpov EPS omv Pdaon tov opvyparog (Awataln T) xat 1)
TavtoxPovn epappoyt) twv dvo datalemv (Awataln ST).

Emum\éov, otn ovvéxeta Stepevvdatatl 1) aviKatdotdon TG ENPAVELAKIS edAPIKIG
OTPWO1G TOL OpLYHaTog pe EPS pe otoxo v evpeon) tng PeAtiotng Sidradng. Atepevvavat
dagopa mdyxn otpwoeav petadd 0.5 pétpov kat 2 petpev. XV ektevi) mepilnyn)
rapovotdfoviatl ot 0o akpaieg MEPUITOOELS. ZVYKEKPIPEVA eCeTACETAL 1) AVTIKATAOTAOL

otpopatog edagpovg vyovg 0.5 pétpov (Awataln A) xat 2 petpev (Awdataln B) xat
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MaPOLOLACETAl 1] OIIOTEAECPATIKOTNTA ALT®V TOV IIPOOEYYlOE®@V OT HEI®Oon TV
dovrjoewv oe dvo kpiotpeg O¢oetg. H mpmtn) eSetalopevr) 0éon) Pploxetat ermt Tov KeKATPEVOD
THIHATOG TOL OPLYHATOG ota 15 pétpa amod v tpoxa Kat ) devTepn ota 23 petpa amo

TNV TPOXLA, KOVTA OTO AV® THIHA TOL OPVYHATOG,.

A.5.1. Xpnon EPS otnv mAayia too mpavodg

Apyxika, oto Zynpa A.18 mapovoialovidat ot xpovoilotopieg IOV KATAKOPLP®V TAX LTI TOV
ota 15 pétpa amo v tpoxLd, otig mepurtmoetg Tov Atatadeav S, T kat ST. To emniredo tov
Kpadaopwv peta Vv epappoyr) tepayxov EPS oty mhayia tov opvypatog (Awdradn S),
avti va pewwbdet, avavetat. [a napadetypa, 1) péylotn katakopo@n taxdTa avdavetal
ano ta 1.45mm/s ota 1.6mm/s. Ao v dAAn mAeopd, 1 epappoyn g tappov EPS
(Awatadn T), mepropilet ) péylotn katakopo@n tayovmta ota 0.7mm/s, onwg @atverat
oto Zynpa A.18p. Téhog, 1) anmotedeopartikotnta g dwatadng ST, etvat avapeoa otig 6vo
npoavagepbeioeg amhovotepeg Owatadelg, meplopifoviag Tn HEYLOT] KATAKOPLPN

Taybuta ota 0.95mm/s (Zxrjpa A.18y).

(a)

KaTakGpupn TaxdTnTa (mmis)
[

------------ Edapikd dpuypua AN | Edagiké dpuypa
5 AIGTAEN S ) Merdin T

0 1 2 3 4 0 1 2 3 4
Fpowog (5) Xpovog (s)

Kartaképuen tayxdtnta (mm/s)

Karaképuen taxutnta (mm/s)
o

------ 1| BBOQIKG dpuypa
1 Mdaragn ST

0 1 2 3 4
Xpovog (s)

-2

Zxnpa A.18. ZOyKplon xpovoioTopl@Vv KATAKOPLP®V TaxLTtav ota 15 pétpa ano myv
TPOXWI PV KAl PETA TV epappoyr) Tev owatalemv: (a) S, (B) T, (y) ST.
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To Zynpa A.19 anewovifet T1g xpovolotopieg T®V KATAKOPLP®V TAYVLTTOV, otd 23
pétpa amo v tpoxia. H 0¢on avtr) Ppioketat oto ave eminedo TPHpa 1ov opOYHATOG. 2e
avto 1o onpeto, n anoteAeopatikotnta g Awatadng ST arAadet awobntda oe obykplon pe
ta 15 pétpa aro mv tpoxid. ['a mapadetypa, 1) pEy1oT KaTakopL@r) TAYOTTA PELOVETAL
amo to Imm/s ota 0.33mm/s, onwg gaivetat oto Zynpa A.19a. Akopa mo xapnAr tpn
NG HEYL0TNG KATAKOPLPLG TAXLTNTAG, 1| onoia gptdvet £éng 0.33mm/s, kataypd@etat ya
) Swaradn ST (Zynpa A.19B). Ze avtifeon pe ta 15 petpa amd myv tpoxud, 1 owdradn T
elvat 1] AtyOTepo AroOTEAEOPATIKI), TIEPLOPIfOVTAG T1) PEYLOTH KATAKOPLPN TaxLTHTa otd

0.44mm/s.

(a) (B)

Karakdpuagn Tax0TnTo (mmis)
(o]

Koar ok opugn TaxoTnTo (mmJs)
(]

s EACIKG GpUYHT
figTatn T

o EQOIKG dpuypa
AigTatn S

0 1 2 3 4 0 1 2 3 4
KXpdvog (5) Hpdvog (s)

Kartaképuen taxutnta (mm/s)
o

Xpovog (s)

Zxnpa A.19. ZOyKplon xpovoioTopleVv KATAKOPLP®V TAaXLU|TOV ota 23 pétpa ano tmy
TPOXA PV KAl PETA TV epappoyr) Tev owatdalemv: (a) S, (B) T, (y) ST.

Eivat @avepo amd ta Zxnpata A.18 xat A.19 0Tl 1] AHOTEAEOPATIKOTTA TOV
datalemv S xat ST, Oragoporoteital CNUAVTIKA ard TNV KeKAIPEVI) EM@AVELd TOD
opLYpatog oto ave emninedo Tpnpa. [a tov Aoyo avto, oto Zynpa A.20 napovotaletat 1)
PETAPOAI] TNG HEYLOTNG KATAKOPLPNG TAXLTNTAG O ALSAVOHEVI] AIIOOTAOL dIO TV

Tpoxud, petado 15 perpav kat 35 petpev. Onwg exet 11dn avagepdet, 1o eminedo TOV
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KPAOAOP®V TOL dPXIKOD OPLYHATOG EAATIMVETAL OO0 ALSAVETAL I AIIOOTAOL Ao TV
tpoxud. H epappoyr) g dwdradng S aviavel otadtaxd o eminedo xkpadaopmv oe ONO To
KEKAPEVO THHpa TOL 0pLYRATog, dnAadr| yla armootacelg pkpotepes Twv 19 petpov amo
Vv Tpoxtd. Opme, OTr) OLVEXELD HEW®VEL AIIOTOPA TO EMedo T®V KPAOAOP®DV O TUEG
pkpoTtepeg amno 0.5 mm/s. H idia taon napatnpeitat oty nepimoon g owaradng ST,
OTIOD Ol KATAKOPLPEG TAXVTHTEG IAPAHEVOLY XAPNAOTEPES ATIO TO APYLKO OPLYHA Ot ONEG
T1g eCeTalopeveg AIIOOTAOELG AIIO TV TPOXLA. Q0TO00, 1) KATAKOPLPN TAYOTNTA QTAVEL
TIpég 101eg e avTEG IOV MAPATHPOLVTAL OTO APYIKO OPLYHA OTNV KOPLPL| TNG MAAYLAS.
AgiCer va onpewwdet o1t avtr) 1 ddatadn @tavel TG XaApnAOTePeg TG O AIIOOTUOELS
peyalotepeg v 19 pérpwv. Avtibeta, otig Koviwvég Oéoelg emi ToL IIPAVOLG TOL

OPVYHATOG, 1] MO artoteheopatiky) dataln eivar n tagpog pe EPS (Awataln T).

........... Edadiko opuypa
Avdratn S
- ——=- Aarafn T
5 N Mdragn ST
)
E 1
=
o
o
05 | e NN\ e
0
. 20 75 30 35

Amootaon (m)

Zxnpa A.20. Zoykpron PPV oe dtagopeg arootdoelg aro v TpoxLd.
A.5.2. AVTiKATAOTAOY EMPAVEIAKNS OTPWONS TOL spavovg pe EPS

Eivat mpogavég ot kapta arod tig npoavagepeioeg Statadetg dev etvat 1) PEATION) yia To
oOVOAo TV eSetalopevav amnootdoemv, kabaog n Awataln T etvat mo aroteAeopartikr) yia
1) PEl®OI) TV dOVI0E®V OTO MPAVES, eVR Ot AAAeg ODO MPOOEYYIOELG OTIG MO PAKPLVEG
Oéoelg. H Paowr) attia g avlnong tov xkpadaopov oto mpaveg eivat o peydalog
ovovteleotr) oelopikt)g avaxkAaorng (R=0.95) oty dientagpr) EPS-edagoug, mpokalavtag tnv
avaxAaon tov Kopdatev ano 1o EPS niom oty emgavelaxr) otpamor) Tov eddgoug. Qg ex
TOOTOV, évd PeYAAO IIOCOOTO T®V KPAOAOH®DV «IIAYIOEDETA» OTO £0aPOg KANDYIG TV
tepaxov EPS, odnymvtag oe avinpévo eminedo dovrjoewv. I'ta va amogevybel avto,
dtepevvdarat pa evalaxtikr) dwatadn ywa va Swatnpndet o o@épog polog g datadng

S o pelwon TV KPaddopmv oto paxpvo medio kat va emivbel to {mpa tov
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avinpevev enurEdav Kpadaopav oto npaveg. ITo ovykekpipéva, n em@pavetlaxs) edapixr)
OTPWOL) TOL IPavoLg éxel aviikataotadel pe EPS46 yia va amogevybel 1) ovykevipmor)
TOV Kpadaop®v oto £6agog. Zto nAaiolo g datpiPrig éxoov diepevvnOel apketd maxy
EPS mpoketpevon va egetaotet 1) emidpaon tov Idayovg TOL OTO EMiredo IMEPLOPIoHOD TOV
Kpadaop®v. Z1o MAAio TG eKTeEVODg HepiAnyng apovotdlovial ta dvo axkpdaia mayn

0.5 petpa (Awatadn A) xat 2 pétpa (Avdradn B).

(@) (B)

Kook dpuen x0T T (MmmJs)
Kaakopuen Taxurnra (mm.s)
[

s BROQKO dpuyya | 2 | e Edagikd dpuyyua

5 Midragn A 5 Adrogn B
0 1 2 3 4 0 1 2 3 4
Hpdvog (s) Hpdvog (s)
2 2
(v) v EBGGIKS SRUYY 6 Edapikd dpuyyHa
Micragn A Midratn B

ook Gpugn TaeUTnTa (mimyds)
K agKdpugen TaxdT o (mmJs)
(e}

0 1 2 3 4 0 1 2 3 4
Apovog (s) Hpovoag (s)

Zxnpa A.21. ZOyKplon XpovoioTopleVv KATaKOpLP®V Taxvt|tov ota 15 pétpa ano my
Tpoxud ((a) Awatadn A, (B) Awataln B) xat ota 23 pérpa ano myv tpoyxud ((y) Awataln A, ()
Awartaén B).

H eni6paon tov nayoog tov EPS oto eninedo tov kpadaopmv ota 15 xat 23 pétpa ano
NV TPOXWI IAPOLOLACeTdAl OTIg XPOVOIoTOpleg KATAKOPLPMV TAXVTTOV TOL ZXIHATOG
A.21. Onwg @atvetat amo 1o Zynpa A.21a, n mpoobnkn piag Aemtng otpmong pe mdayog 0.5
pétpov (Awdtaln A) odnyet oe pa pikpr) pelmon oV TIH®V g xpovoiotopiag. H péylotn
KATAaKOpo@n tayovtnta exet pewwdet amnod 1.4mm/s oe 1.05mm/s. Avtifeta, 11 epappoyr)
pag otpwong 2 petpav EPS eivat mo armoteAeopdatiki) ot pelmor) tov Kpadaopomv, Kadaog
1 pEyoT) Katakopo@n tayvtnta neptopifeoat ota 0.52mm/s. Extog ano to mpaveg, ot
ovveyela napovotafovrat ota Zynpara A.21y kat A.218 ot xpovoiotopieg KATAKOPLPHDV

TAXLU|T®V OTO EmIedo TRHHA OV KOpo@r) ToL Ipavog. H epappoyr) g mpotetvopevng
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dartadng eSaxolovbel va etvat anotedeopatiki) kat oe avtr)Vv I 0eon. Onwg gatvetat oto
Zxnpa A.2ly, n peylotn katakopo@n taxvmnta vnoduihacwaletat and lmm/s ota
0.5mm/s pe v epappoyr) 0.5m ndayovog EPS. Avtr| 1) Tijr) pel@VeTal aKOpr HePLOCOTEPO
000 avdavetat to mcdxog tov EPS gtavovtag ta 0.33mm/s (Zyfjpa A.210).

To Zxnpa A.22 amnewovifet 600 OTIYHIOTOIIA T®V KATAKOPLP®V TAXLTTOV 0TV
em@avela tov edagovg, ota 0.6 devtepOAerrTa petd ano myv evapdr g avaivong. Ta mo
EVIOVA YPOPATA AVIUIPOOMIIEDOLY TG (MVEG OIOL Ol KATAKOPOLPEG TAXVTTEG EXOLV
arolvteg Tipeg peyalotepeg ano 0.5mm/s. Onwg @atvetat oto Zxnpa A.21, n peyor
ArroAvTI KATakopo@rn tayvtnta TV dwatdalemv A kat B, etvat 0.73mm/s xat 0.42mm/s,
avtiotoya, ota 23 pétpa amno v tpoxtd. Etvat epgavég 0Tt ta emeavetakd kopata etvat
ITl0 £VIOova OtV Iepirtmorn) g datadng A, gravovtag oe Tipég vynAotepeg amo 0.5mm/'s
OtV KOopou@r] Tov mpavovg. Avtifeta, n okédaon tov Kopdatov tng dwatalng B, eivat
AtyoTepo éviovn onwg @atvetatr oto Zynpa A.220. Emopeévmg, pmopet va eGaxbet to
OLPIIEPAOPA OTL 1] AIIOTEAEOPATIKOTTA aLTrg TG didrtadng eSaptatat amd To Idyog g
otpwong EPS, o0nywvtag avanog@evkta Kat oty addnor) Tov KOoTtovg. Qotd00, T0 KOOTOg
tov EPS etvat yevikd yapnAo xat mowkilAet avaloya pe TOV TOIO TOL LAKOL, Tig
AIIONTODHEVEG TIOOOTNTEG Yl E£Pyd PEYANNG KAIPAKAG, TO KOOTOG HETAPOPAS, K.d.

Enopévag, n Stagopd otov nmpodroloytopd tov épyov dev Oa eivat onpavtiky).

Ixnpa A.22. ZTiypoTtonda Katakopu@@V TAXOTTOV OTNV EMPAVELT TOL £0APOLS PETA TV
epappoyn tv dwataiemv A (aplotepd) kat B (6eSua).

A.5.3. Zvykpion datadeov

Onwg exe1 1161 avagepbet, ) diatadn B exet SiepevvnOet wg evalhaxtikr) g dwdartading S, pe
OTOXO VA AVTIHETOIIIOEL TV adSN 01 TOV KPAOAOP®V OTO IIPAVEG Tov opvypatog. To oxnpa

A.23 ovykpivel T peylotn Katakopogn tayxovtnta tov Oowatalewv S, T kat ST oe
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auSavopeveg AOOTACELS AIIO TNV TPOX LA, OIIOL PAtvetdatl 1] avSNPEVT AITOTEAECPATIKOTITA

g dwataln B. ITo ovykekpipeva, avtr) n didarady elvat Mo armoTeAeOPAtiiy) arnod v

tagppo EPS (Awataln T) oto mpaveg tov opvypatog. EmuAéov, katagépvel va @taoet oto

1010 emiredo mePLOPLopoL TV Kpadaopwv pe ) owdtadn ST oto paxpwvo medio. Eivat

npo@avég ot n dwataln B etvat 1) PeAtiotn) mpooyyiorn, Kabwg pelmvel To eminedo twv

kpadaopwv mnepiroov 70% otig meptoodtepeg aro Tig eSetalopeveg ArIo0TAOEL.

2
»»»»»»»»»»» Edad ko opuypa
Aataén T
- === Muctaén B
s\ emeeees Mdtaln ST
. ——“ ,,,,,,,,,
e | e ST
E 1 ........ “ .....
= ‘\‘
=8 ~
o “-.\
0.5 _.__\ \\ ...................................................
--.-..--v‘nh'—l—--d-f'—!'-':—_‘.-‘-.:-2-"_?_:--:___‘__’__nh-ﬂ-——_‘
0
15 20 25 30 35
Amootaon (m)
Ixnpa A.23. Méylotn Katakopov@n) TaxdTTd o ab{avopev) armootaon Ao Ty Tpoyid.
16 16
Ludrain B () fidratn B (B)
""""" Sigrain T ceneeenee ALGTAEN T
12+ - 12
) )
= =
8 s 8
= =
4 4
0 0 .
1 50 50

ZuyvaTTa (HzZ)

ZuyvaTnra (Hz)

Zxnpa A.24. (a) Zoykpion IL Swataemv D ko T ota 15 pétpa amo myv tpoxid, (B) Zoykplon
IL Swatalemv D xat S ota 23 pétpa amo v tpoyid.

To Zynpa A.24a anewoviCet tig kapmoAeg IL tov datademv B xat T emt g mhaytdg

ota 15 pérpa ano v tpoxia. H peiwon tov kpadaoponv kopatvetat petasp 0dB éwg 7dB

oe ONo TO evpog tav efetalopevav oktaPwv. Ta ownlotepa emmeda pel®ong OV

KPAadaop®V IApATPOoLVTdAL 0Tl OKTAPeg pe Kevipikég ovyvotnteg 8Hz, 16Hz xat 25Hz,

ornov @tdavouv oe emreda vynhotepa amno 6dB. Emu\éov, n tagpog pe EPS eivan mo

artoteheopatiki) amo 1) dataln B otig oktaPeg pe kevipikég ovxvotnteg petasd 8Hz kat
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12.5Hz. Ao v aM\n m\eopq, 1) Owartadn B emttoyyavet peyalvtepa emineda pelowong tov
Kpadaopmv o€ 0Aeg Tig dANeg oktaPeg. Adiel va onpetmbel 0Tt mapatnpeitat peiowon tov
kpadaopwv peyalovtepn ano 13dB oty 121 kat 141 oxtdPa. Ztn ovvéxela, oto Zxnpa
A.2403 10 eminedo peiwong T®V Kpadaopmv ota 23 petpd ard TV TPOXA HETA TNV
epappoyn g dwatalng B ovykpiverat pe TV ANOTEAEORATIKI), OTO HAKPWO Iedio,
Awataln S. H amoteheopatikomta g dwatadng S oe avtr) ) O¢on etvat adtoonpeiotm),
kabwg 1 pet®on 1oL vieoué etvat oypnAotepn aro 6dB oe OAeg T1g eSetalopeveg oxTdPeg.
Emnpoobtétmg, n IL gtavel ehappwg xate amo 12dB oy 121 xat 130 oxtafa. H IL g
diatadng B etvan emmiong kavomoutikr) ota 23 pétpa arro v TPoxld, av Kdt 1 pel®orn Tov

VTEOWHIIEN, OF YEVIKEG YPAMHES, Elvat xapnAotepn) aro v dwatadn S.

A.5.4. Baoika oopmepaoyara

Ta xdpla oopnepdopara mov propoovv va egayxboov amod v aplBuntikr) dtepevvnon

oovowyilovtat wg egr|g:

* H egappoyny tagpovo EPS amotelel éva eSaipetikd HETPO IEPLOPIOHOD TRV
Kpadaopy.

* H e@appoyn meplopopévoo apibpov tepaxov EPS oty mhaywa aofavet to
emedo Oovioewv Oto mpavég Aoywm g “mayidevong” tng dovnong otnv
em@avelakn eda@ikr) otpworn. Qotooo, 1o eminedo pelwong eivatr vynAotepo
OLYKPUTIKA PE TV TAPPO OT0 paxkpwvo medio. Emumhéov, edav avtr) 1) mpooyyion
ovvdvaletat pe pa tagpo EPS, 1o eninedo pelwong tov Kpadaopmv oto PaKpivo
edio etvatl akoprn oywnAotepo.

* H avuxkatdotaon g emupavelakng otpaong e0dagovg tov opvypatog pe EPS
avTpETOIICet ArIOTEAeOPATIKA TA VYN ertirteda kpadaopmv oto rmpavég. Emniong,
000 peyalvtepo maxog éxet 1 otpwon EPS, toco peyalotepn eivar n

AIOTEAECPATIKOTTA TG,

A.6. Ilpootaocia v7Oy€ELOV Ay@Y 0V

A.6.1. Ewayoymn

211G IIPONYOLHEVEG EVOTITEG, AIOTLNIOONKE pe akpiPfela T0 PAIVOPEVO TOV KPAdAOP®MV
riov npoxaloovvtat ano T diedevon HST oty emdvela tov eddgoug kat mpotadnkav
pétpa neploptopon. Zn Oebvr) PrpAtoypagia, 1 COVTPUITIKI| IAEIOWPNPLA TOV EPELVITOV

EIMKEVIP@VETAL OTr) O1ddo0r) TeV empavetakav dovijoenv (Celebi, 2006; Gao et al., 2019;
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Singh and Seth, 2017). Ao v aAAn mAeopd, Alyeg povo peAéteg eGeTalovy TIG EMUITWOELG
TOV AVAIITLOCOPEVOV dovrjoemv arto T deAevor) tov HST oto vriédagog kat ota vroyeta
texvikd épya (Liolios et al., 2002; Saboya et al., 2020). £2g ex ToOTOD, O ALYV TNV EVOTTA
yivetar pia mpotn mpoonddeia diepedvnong tg SOVAPIKIG ATIOKPONG TOV DIIOYELDV
ayoyev oo Ppiokovtat Bappevotl kate amno pua ypappr HSR. X1 ovvéyela, diepeovarat

n xprnon EPS ywa ) draopalion g dopikr)g Tov akepatottag.

A.6.2. EmaAnBevon amokpiong aywyov oe kokAopopiaka @optia

21 Owebvr) PipAoypagia dev €xoov Kataypagel MEPAPATIKA Oedopéva 1) HETPHOELg
11ediov oxeTl{OPEVA e TV AIIOKP101) DIOYEIDV AYDYDV OTIG OOVIOELG ITOL IIPOKANOLVTAL
arno 1 OwAevon HST. Qotooco, vmdpyet pia oelpd MePAapaTtik®v OeOOHEV®V IOV
IIPOCOPOLMVOLYV TV AIIOKPLOT] TOV DIIOYEI®V AYDY®V AOY®D POPTImV 001K1g KOKAOPOPLag
(Tafreshi et al., 2020, Khalaj et al., 2020). Ta anoteAéopata aotd xpnotponou|dnxkav oty
napovoa datpiPry yia ) Stao@alion) g agomotiag tov aplpnTkod IPOCOHOIMHIATOG
TOV DIOYEIDV AYy@Y®V. Zopeava pe tm) diaradn tev Tafreshi et al. (2020), évag aywyog
noAvatfoleviov vynAng mokvotntag (HDPE 100) dwapétpoov 250mm exet tommobetnOet oe
Bdabog poov pétpov. I'ia v npooopoinor) ToV 100d0VAP®Y POPTIOV £VOG POPTIYOD, Exel
epappootel oty em@avela tov edagovg tieon ton pe 800kPa, péow petal\ikrig MAAKaAg
poptiong Stapétpov 250mm. O aywyog vroPAndnke oe 150 xkdxAovg poptiong. Ot Khalaj
et al. (2020) xpnowpomnoinoav pia oxedov mavopolotorr dataly, Opmg epappooav évav
POVO KOKAO @opTiong avsavovtag otadtakda 1o goptio amd 0 oe 800kPa oe ypoviko
Swaompa 5 Oevtepolémtwv. Ileplocdtepeg Aemtopepeleg yla Ta XAPAKTINPLOTIKA TOL
IIPOCOPOIMHUATOG KAl TG WOW0TTEG TOV DAK®V, IIAPEXOVIAL OTO KUPIWG Kelpevo g
datpipris.

To Zynpa A.25 napovowalet v ernai)fevor) tov aplfpnTiKov IPOCOPOIOPATOG He T
HEPAPATIKA arnotehéopata g doxiur|g tov Tafreshi et al. (2020). Zoykexkpipéva, ) kabetn
Kat 1 optgovTia peTaPolr) g OAPETPOL TOL AYDYOD OOPPOVA HE TA IMEWPARATIKA
arotehéopata (Tafreshi et al., 2020) amewovifetat oto Zxnpa A.26a. ZOpQevVA pe ta
MEWPAPATIKA AIOTENECHATA, TO TT0000TO alayr|g g dtapétpov aviavetat ano 0 oe 6%
peta amo 25 KOHKAOLG POPT®ONG Kat oTig dvo dtevdvvoelg. Xt ovveyeld, o pudpog avdnong
TOV 0POVII®V KAl KATAKOPLP®V PETAPOA®V T1)G OIAPETPOL PELDVETAL, PTAVOVTAS £6dG
7% xat 8%, avtiotoya, peta ano 150 kvkAovg poptmong. To apdpnto npooopoinpa
Kataypdeet pe akpifeia 1o mooootd alkayng tng Swapétpov peta amd 150 xkoxlovg

POPT®ONG, ONmG @aivetat oto Zyfpa A.253. Ano v alAn mlevpd, ta apldpntka
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aroteAéopata delyvoov pa pikpr) arrokALon arno td MEPAPATIKA 000 A@opd TV KALoN
g ypaPikng apaoctaong. Eivat mpogavég ot 1o aptfuntikd npoocopoiopa ypetaletat
TOug OUIAAOLOLG KOKAOLG POPTIONG Yld VA PTACEL O IIOO00TO 6% O Oxéon pe Ta
MIEWPAPATIKA AIoteAéopatd. 0T000, O YEVIKEG YPAPHES, TO AdplOpnTko povielo etvat

oxeTkd adlomoto yia T depebvnon TG arOKPLoNg LIIOYEIDV AY®YOV AIIo T dteAevon

HST.
10 10
(a)
N w| e ® -
6 6
4 4
2 2

AN\ayn 6Lauérpo'b,'ﬁ
2

4 4
- +

-10 -10
Kukhol dpoptiong KOkAot poptiong

Zxnpa A.25. Katakopogn (ADy) kat opilovtia (ADp) alayt) Siapétpod ay®yon oOPQ®VA e

(a) ta mepapatika 6edopéva (Tafreshi et al., 2020), (B) To pOVTENO ENEPAOPEVAOV OTOLXEIDV.

8 8

(@) ®)

o
L

Metatomnion kopddrig (mm) gTaToman Kopg'cb ¢ (mm)

0 200 400 600 800 0 200 400 600 800
Taon (kPa) Taon (kPa)
Ixnpa A.26. Metakivnon Kopo@rig ay®@yob oOp@ova pe: (a) Ta neipapatikd dedopéva
(Khalaj et al., 2020), (B) To povté\o MenmePAOPEVOV OTOLXEIDV.

2T ovvexeld, Ttad dpWpNTIKA AroTeAéOpatd OLYKPIVOVTIAL He Ta IMEPApATIKA

dedopeva g depevvnong twv Khalaj et al. (2020). To Zyrjpa A.26a mapovoialet
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petaxkivnon TG KOpuerig TOL AYy®YOL OLHPOVA pe Tad Olabéopa MEPApATIKA
arotehéopara. H petaxivnon avSavetatr ehagpmg ard 0 oe 2mm Otav to piod Tov
ODVOAIKOD @POPTIOL epappoetat otov aymyo. Axolovdmg, o pvbpog avinong g
petaxivnong etvat peyaldtepog, kabwg 1) péylotn PETAKIVION KATA TV EQAPHOYT| TOD
oLVOAOL TOL PopTiov eivat ion pe 6mm. Onwg paivetat oto Zyrpa A.26p, to aptldpnTiko
HOVTENO DIEPEKTIPA EAAPPXOG TIG PETATOINOELG O OLYKPLON HE TA MEPAPATIKA dedopeva.
Q0t000, 1] pop@n] Tov Staypdappatog exel avanapaybet pe apkerd kalr) akpifeia kat ta

apldpnuikd amnotedéopata etvat g i0tag Tadng peyeboug pe Ta melpapatikd.

A.6.3. Opréovria tappog EPS

Meta v enahnfevon Ttov aplpnTikov  anoteAeOpdtov, TO  MIPOCOpOoiopa
Xpnowporoteitat yia t) depedvnor) g aroKplong ToL ayayob oty Owehevorn HST kat v
ATIOTEAEOPATIKOTNTA TG d1artadg Tng optlovTiag TAPPOL OTNV IPOOTACia TOL aywyoo. To
Zxnpa A.27 anewoviCet TNV mpotevopevy dwatady), 1) ornota Paciotnke 0T yVOOTL 6
«Imperfect trench» pebodo, onwg mpoteiverat amo to NPRA (2010). Zopgava pe to NPRA,
pua oprgovtia tagpog EPS pe mAdatog 1.5D tomofeteitat ota 0.2D nave amo tov aywmyo,

onov D eivat n) dtapetpog tov.

Ixnpa A.27. Opwlovta tagpog EPS (Imperfect trench method).

A.6.4. Emppon mayoog tappov EPS ka1 tayvtnTag 01éAevong

Apywda OtepeovriOnke 1 arroteAeopatikotta g oplovrtiag tagpov EPS otov eproptopd
TOV KPAOAOP®V 0TV EMPAVELD VOGS PETANIKOL aywyod notottag X-65. H eSotepixr)
diapeTpog KAt 1o mayog 1oV ayoyov X-65 etvat 914mm kat 12.7mm, avtiototya. O ayoyog
éxet tonmobetnOel oe Pabog oo pe To durhaowo g dapétpov tov (Mohitpour et al., 2007).

ITeproootepeg MANPOPOPieg OXETIKA P TA PNXAVIKA XAPAKTPLOTIKA TOD ay®@YOoD Kt TOD
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eddagovg mapéyxoviat oto mArpeg ketpevo g OwatpPrig. Ilapovorwalovtal tpia maxy
otpwoemv (12.5cm, 25cm kat 50cm) yia va peketnOet 1) emppor} Tov IAxovg TG OTP®ONG

otV anotedeopatikotnta g pebodoo.

210 oyfjpa A.28 mapovotaletatl 1 PE®OL) TOV VIECIHITEN IOV EMTVYYCAVETAL PETA TV
tortofétnon g opllovTiag TaPPov ya OAeg Tig eSetalopeveg Tayxvtteg dieAevong. Ta
dwaypdappata tng IL £xoov vmoAoylotel yia Tig oKTaPeg pe KEVIPIKEG CLXVOTITEG AIIO
1.25Hz ¢wg 125Hz. Ztnv npotr) Hepintmor), O1ov To Idaxog TG TA@Pov toovtat pe 12.5cm,
1 pelwon T®v kpadaopwv napapéver oto 0o eminedo, xovta ota 4.8dB yia Oleg Tig
eCetalopeveg TayvTNTEG O ONEG TIG OKTAPEG HE KEVIPIKEG OLXVOTNTEG XAPNAOTEPEG aTIO
31.5Hz. Ztig oxtdfeg pe vynAotepeg KEVIPIKEG OLXVOTNTEG, 1] HEI®ON TOV VIEOUITEN
rapovotdfet Stakopdavoetg, kabwg Kopaiverat petaly eSalpetikd YapnAov 11 oynAov
Tipav. l'evika, n xpron tagpov EPS pe iayog 12.5 exatootav petmvel eEAa@pag To emedo

KPAdaop®V OTo MAVeM PEPOG TOL Aay®YOL, av KAt avtr) 1] peiwon dev etvat ikavomouTiky).

20 20
——240km/h (@) ——240km/h PB)
15 | ——300km/h 15 | ——300km/h
360km/h 360km/h
o )
= =
—10 =10
| ='—h—_=-|:|=|—‘r=|—'_
5 FO——— 5t — l
s I
—
0 ) 0 L e =N
! Tuyvotnta {Hz) 125 1 Zuyvotnta {Hz) 125
20
— 240km/h
— 300km/h (Y)
15 ¢ 360km/h
o
=
— 10

0

1 125
Zuyvotnta {Hz)

Ixnpa A.28. IL oty emgpdveld oo ayoyob yid Idayog optlovtiag tagppov: (a) 12.5cm, (P)
25cm, (y) 50cm.

211 OovVEXELd, TTAPOLOLACETAl TO eminedo PEIDONG T®V VIEOWUIIEN OtV IIEPUITOOT)

epappoyng tagpov EPS mayovg 25mm. Eivat mpogavég amo to Zynpa A.28B ot n
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arnoteAeopankotta g pedodov eival Kalvteprn) 0e OOYKPON PE TNV IIPONYOUHEVT)
epITOOoT), Kabmg 1) peiowon tov vieotpE avdavetat ota 6.7dB yia oktdafeg pe Kevipikr)
ooyvotta pikpotepn amno 31.5 Hz. H peiwon tov vieowpuéN @tavet ) HEyoTn Tipn) ToV
12dB oty oxtaPa pe xevipikr) ovxvotnta 40Hz otav 1o tpévo depyetat pe 360km/ h.
Té\og, oo Zyrjpa A.28y amewkovifovtat Ta 01 aroteAeopatda otV IEPUITOON EQAPHOYG
g mayvtepng eSetalopevng tappov EPS. Ztig yapnAeg oktdPeg, 1) anoAeld T@V VIEOUITEN
Kopaivetrat yopw ota 7.3dB. Avtég ot Tipég mapapévoov oto id10 erminedo yia OAeg Tig

eCetalopeveg OOYVOTITEG.

A.6.5. Emppor mayoog kar vA1koD kKaTAOKEDY]G AY @Y 0D 0TI TAPAUOPPWDOELS

Onwg £xet avagepbel oty IPonyovpev) evotntd, 1 PAPHROYL] TG optlovTlag TAPPOL
HEW®VEL EMTOXAG TO €MiNedO TV KPAOACPUMY 0TIV EMPAVELT TOL AY®@YOL. LQ0TO00, Y1d T1)
dtao@dalion NG OOHIKIG TOL AKEPAOTNTAG eivatl onpaviko va Otepevvnet 1) enidpaor
Twv @optiov tov HST omyv alayn tng Owapetpov Tov aywyov, xabwg peydleg
IIAPAPOPPROOELG PIIOPOLY va odnynooov oe PAAPeg ToL ayw@yov. ¢ ek TOOTOL, OtV
napovoa evotnta diepevvavtat aywyot Bappévor oe pikpo Pabdog, ot omoiot Bewpoovvtat
®G IO EDANDTOL O PEYAAEG TAPAPOPPROOELS. ZoyKekpipéva, aywyog HDPE100 mdyovg
TOYOUAT®V 3mm, o omoiog xpnowpomoujdnke Kat yia TtV enaindevon Tov
aroteheopdarev, tornobetnOnke oe Pabog 0.5 pérpaov. Emiong yia va OSiepeovnbet n
emidpaot) Tov MAXOLG TOL CWANVA OTNV AIOKPLON TOL ay®yov, éxet diepevvnbet évag
OHMO10G ay®YOg HE May0g ToXOPAtov Imm. Téog, pedetribnkav dvo petaluol aywyotl
pe dudpetrpo 250mm kot mayn 3mm kot 9Imm. Ot pryavikeg 1010t 1eg ALTOV TOV AYDYDV

eivat tommoov X-65.

Apxwd, mapovotdletat 1 petaPoArn) g SIAPETPOL TOV MAACTIKOV AY@Y®V IPLV Kt
peta my epappoyrn oprgovtiag tagpov EPS pe mdayxog 25cm oto Zyrjpa A.29. Katd )
dtelevon tov pwtov afova tov HST, 1 katakdopovgn alAayr) g SapeTpov mpwv v
EQPAPPOYT TNG TAPPOL etvat ion pe 1.6mm ya aywyo mdyovg 3mm. H tipr| avtr) avdavetat
otadlaxkd, @Tavoviag T PEYoT] TP T®V 7mm Katd T OwAevorn Tov TeAevtaiov
Bayoviov. INMapatnpeitat ot petda ) dwelevory tov HST, mapatpeital napapevovoa
napapop@oor ton pe 0.8mm. Téog, mpénetl va ava@epOet 0Tt To MAATOG TAAAVTIDONG TG
PEYLOTNG Iapapop@®ong eivat xovta ota 6mm. H epappoyr) tng tagpov EPS &xet
EDEPYETIKI) EMOPAOT) 0T Helwor) TG PETAPOATG OLAPETPOL TOL AYDYOL, KADMG PELDVEL TN
PEYLOTI] KATAKOPLQI IMAPAPOPP®OI Ao 7mm o 3mm, eV® TO HAJTOG TAAAVIOONG

nepropiCetat oto Imm. H avdnon tov mdayovg tov aymyobd ota I9mm peimvet Tig Kabeteg
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petaPorég otn SIAPETPO TOL AYDYOL KATK AII0 3mm KAt TO TAATOG TANAVI®ONG oTa Smm,
onwg @atvetat oto Zxnpa A.29B. O evepyetikog poAog g oplovTiag Td@pov eivat
EUPAVIG KAL O ALTHV TV IEPUITOOT), KAOmg TO PEY10TO MAATOG TANAVI®ONG €xel petwbet

Kate aro 0.4mm.

s | ®

------------- Xwplg oplovia tadpo e Xplg opovia tadpo

Me oplévtia tadpo

Me opuloviia tddpo

Ahhayn Slapétpou aywyou {mm)
AMAayr) SLapETpou aywyol (mm)

0 1 2 3 4 0 1 2 3 4
Xpovoc (s) Xpodvoc (s)

Ixnpa A.29. Katakopoegn alayr) dapétpov ayeoyov PVC ndayovog (a) 3mm xat (B) 10mm.

H petaPolr) mg diapétpov tov PeTAAIKOV ayoyov napovotdletat oto Zynpa A.30.
H péyrotn aMayr Staperpov 100 aywyod pe maxog 3 mm eivatl ion pe 3 mm, onwg
patvetat ota oxnpata A.30a. Enuméov, to mAdtog TaAdvimong etvat ioo pe 3 mm Kat n
napapevovoa napapopeoon eivat ton pe 0.8 mm. Eivat mpogavég ott o petalAikog
aywyog etvat apketd mo avbektikog oe ovykplon pe tov ayoayo PVC. H epappoyn g
opLLOVTLAG TAPPOL HPELDVEL ONHAVTIKA TG IPOKANODHEVES TAPAPOPPDOEL, EV®D OXEOOV
pndevidel TV MAPAPEVOLOA HAPAPOPP@OT). TNV MEPUITOOL METAAAIKOD ay®dyoL pe
ayxog 9mm, n alayr) g dapérpov napapévet xapnAotepn ano Imm xat dev vmapyet
napapevovoa napapopeaon (Zxnpa A.30p), enopévag dev eival amapaitntn n xpron

opllovTLag TAPPOU.

— 7 7
E 5 | () E 5 ®)
5 =
s 3 2 3
3 2
g 4 g
2 =
g 3 LA AR AR
=1 B 1
g g
& -3 = -3
‘g g | Xwpig opliova tddpo E Xwpic opiiovua tddpo
N g -
% Me opuovtia tédpo = Me oplovTia tédpo
-7 < .7
0 1 2 3 4 0] 1 2 3 4
Xpovoc (s) Xpovoc {s)

Zxnpa A.30. Katakopogn alayr) Stapétpov petalAkod ay@yobd mayovg (a) 3mm xat ([3)
10mm.
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A.6.6. Baoika ooprepaoyara

Ta xopla ovpmepacpata Moo MMPOKLIITOLVY dArd T dlepedVION TG AIOKPLONG AYDYDV

kata 1) OweAevon HST, oovowilovtat wg e€rig:

* Hegpappoyn oprlovtiag tagpov EPS petadd g o1dnpodpopikrig ypapprg Kat Tov
DIIOYELOL AY®YOU IEPLOPifel TOLG KPAOACHODG OTNV EMIPAVELD TOV AYDYOL KATA
mVv dwehevon tov HST. To mooooto pelwong eSaptdtal apeoa amo To IAx0g TG
tagppov EPS, xabag ot maydtepeg Ta@POt elvat Ot IO AIIOTEAEOPATIKEG.

* H napapévovoa napapoppuon tov ayeoyov PVC eivat oynAotepn oe ovykplon
pe toug petalkovs. Emurhéov, i1 avlnon tov mayxoovg 1@V ay®yov odnyel oe
pelworn) g arlayng g StapeTpoo.

= H opilovtia tappog pelmvel emroxag T petafolr) g dapétpov oAV TV
eCetalopevov ayoyov. H epappoyr) avt)g g owdtadng oe évav mayd Kat
dvoKapmto petaliko aywyo dev eivat anapaitn, kabwg n napapopPwon Tov

elvat pikpr).

A.7. Ilpootaocia KTipiwv pe ypyoy yewappov EPS
A.7.1. Ewayoymn

Ze otV Vv evotnta napoovotdaletat 1) aplpntiky depedvnon g AoOKPLoNg KTipimv
Katd v OeAevor) Tpévav YNNG Taxovttag. Onweg éxet 1101 avagepbet, i) emidpaon ToV
KPAadaop®V OTa YETOVIKA KTipla KOVTAa ot ownpotpoxida eivat &va Onpavtiko
reP1PAANOVTIKO {rjtrpa Iov OXETI(ETal [E TV AVEST] KAl TV Lyeld TOV Katoikev. I'ta tov
AOYO avTO, TO EMKDPMHEVO IIPOCOHOIMLA MEMEPACHEVOV OTOKelwV amo emimnedn Beon g
owdnpotpoxiag [Tapiot - BpogéNeg tpononoteitat katdAAnAa mpoketpévoo va dtepeovndet
1] armOKPlon KTPi®V OHAIOPEVOD OKDPOOEHRATOS KAl (PEPOVOAS TOLYOIIOUAG KATA T
d1elevor tov Thalys HST pe 240km/h. 2t ovvéxela, peletdrat 1) epappoyr) dtagopmv
datdalemv tagppov EPS, pe otodxo v ehayiotomnoinorn tov enurEdov 1oV KpAdAaop®y oe
Kpiopeg 0éoetg Tov kTipiov. Emumhéov, £xet OtepevvnOei 1) entdpaon tng Arootaocng amo tmyv
TPOXLA OTr) SOHIKI| AIIOKPLON T®V KTPI@V, yid va Ipoodiloplotel oe mota arootaor) Oa
HIIopobOAavV va KATAOKEDAOTOLV T KTIPWA yld VA MV DIAPXOLV HPOPANjpATa otovg

Katoikoog eCattiag towv doviioemv.
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A.7.2. TloAvwpopa xtipia O/

Apykd, diepeovatal 1 ArIOKPLON TOAD®POP®V KTIPI®V OIAIOPEVOD OKDPOOEPRATOG KaTd
m Owlevony tov HST. Zmnv extevi] mepiAnyrn mapovotaletar 1) dmmoxkplon evog
TETPAM®POPOV KA1 EVOG OKTAMPOPODL KTLPLOL IOV £XOLV Kataokevaotel oe arootaot) 10 xat
30 petpov amo TV TPOXUA. XTI OLVEXELWD, KATAOKELACeTAl povy) 11 Our\r) tagpog EPS
petadd tov KTiplov Kat g TPOXLAG yid TN HeEl®on Tov Kpaddopmv tng avadopns. Ta
eCetalopeva xtipla edpdlovtat oe TAAKaA mayovg 0.2 {1., eV® TO TOIMKO LYOG OPOPOL £Xel
optotet ota 3 petpa. H xdroyn teov xtipiov etvat opboymvikn) pe mhatog 12 pétpov. Ta
dvo ktipla amotedodvial amnd opfoydvikda vrootvAepata Kat doxkdapta pe datopég 0.6
pétpa x 0.4 pétpa xat 0.4 perpa x 0.2 perpa, avrioroya, oneg @atverat oto Xxnpa A.31.
Emum\éov, omv oyn tov ktipieov amnod wmy mevpd dwlevong tov HST, vodpyet évag
npoPolog prikoog 1.5 pétpwv. Ia Tov meploplopo v kpadaopmv apyuka tornobetr|Onke
tagppog Paboog 60 exatootmv, To omoio Hewpeitat wg eva PéAtioto Babog coppava pe Tovg
Alzawi et al. (2011), mapd\AnAa pe Vv Tpoxid. Zop@ava pe toog Yarmohammadi et al.
(2019), n duaA1) TAPPOg aviavet to eminedo PelmOng TV OOVIIOEDV 08 OOYKPLON HE Tr| HOVI)
TAPPO. Qg eK TOLTOL, pia devTEPT) TAPPOG KATAOKEDAOTNKE O AIIO0TAOT 3 PETP®V arId TV

IPWTN YA TV HEPALTEP® PELMOL TOL EMUIEO0D TOV KPADAOH®V.
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Ixnpa A.31. E¢etalopeva ktrjpta O/ 2.

To Zxnpa A.32 anewoviCet v enidpaor) g dieAevong too HST otnv amtokption tov

PEOOL TNG KEVIPIKNG MAAKAG ota emirneda tng PAong Kat Tov TeAevTaiov opopov Tov
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TeTpampo@ov kTipiov. Eivar epgaveg ott otig meproootepeg eSetalopeveg oktdPeg ot
kpadaopoil avSdavovtal otov Tehevtaio OPoPo Tov KTpiov. Ztn otdabun tov edd@Poug 1)
Koplapyn oxtaPa eivat n 14n. Ano v aAAn nAevpd, to ennedo kpadaopwv tng 13ns
oKTdPag avSdvetat ONUAvTiKa otov 4° OPOoQPo, PETATPENIOVTAG ALV TNV OKTAPa oty
kOpta. Otav 1o xtipro edpddletat ota 10 petpa amo v tpoxd (Zynjpa A.32a), o eminedo
TV vieolprreA oty 120 xat 1315 oktapa avlnonke xata 9dB xat 12dB otov 40 0pogo oe
OX€oT P& TO £0a@Oog.

To Zynpa A.32p amnewkoviet o emnedo T®V VIeoWUIEN ot PAon Kat otov 4° 0pogo
TOL KTIpilov otV Hepinmt®or) nov to Ktipto edpadetat ota 30 perpa amo v Tpoxtd. To
eminedo T@V KPadaopmv eival onpavika YapnAotepo ot OXE0n pe TNV MIPO1YOoLHEVH
eCetalopevn amnootaot), Kabwg To emirmedo T®V VieotpIiéN ot Bdor) Tov Ktipiov €xet petndet
oe Tipeg xapnAotepeg amo 47dB oe OAeg eGetalopeveg oktafPeg. To eminedo TV vieoipred
avfdavetat oe ONo TO eSeTalOpevo €DPOG OTNV KOPLPI| TOL KTPLOov. ZOYKEKPIHEVA, TO

errinedo 1@V vieowprre otny kdpa oktaBa (13n) gravet ta 55dB.

% 4og 6pogog % 4oc é
0G 0poPog
--------- ledyzio () e |GBEID B)

60 | 60 |
) )
5 Rz}
> >

30 | 30

0 0

1 50 1 50
Zuyvornra (Hz) ZuyvomTa (Hz)

Ixnpa A.32. Eninedo vieotpré oto p€oo TV KeVIPIKI) IAAKAG Tov Ktipiov (a) ota 10 pérpa,
(B) ota 30 pérpa amno v Tpoyid.

90 90
(o) )

60 60
o )
Z Z
< =

30 30

1 50 1 50
Zuyvornta (Hz) Zuyvornta (Hz)

Zxnpa A.33. Eninedo vieowprié otnv akprn tov npofBolov (a) ota 10 petpa, (B) ota 30 pérpa
aro v TPoXLd.
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2T ovvEXEld, IIAPOLOLACETAl TO Emedo TV VIEOIHIIEA OtV Mo Kpiowpn O0¢on tov
KTplov, otV akprn too mpoPolov. ['a xtipto edpalopevo ota 10 pétpa amo v Tpoxid, To
errinedo tov vieowpreN gravetl ta 83dB kat 81dB, omyv 131 xat 140 oxtaPa avrtiotolya,
onwg @atverat oto Zynpa A.33a. ASilet va onpewwbet 0Tt To eminedo TV VieopIE etvat
oynAotepo amno 40dB oe oAoxAnpo 1o eetalopevo gpdaopa ovyxvotntay. To emimedo tov
Kpadaopwv etvat petwpevo otav 1o Ktipto Pploketatl oe amootaon 30 petpov amo myv
TpoXUd, Onwg @aiverat oto Xxnpa A.33p, kabwmg 1o eminmedo T®V VieoWmeN eivat

xapnAotepo amno 60dB oe oAoxAnpo 1o eCetalopevo eDPOG CLXVOTHTOV.

A.7.2.1. Movn ta@pog

ITpokepevoo va pewwbet to eminedo TV VIEOWUEN, apyikd epappoletat TapalAnAa pe
Vv TPoXa pa Tdgpog EPS. Zto Zxrjpa A.34 mapovoialovtat ot kapmvAeg IL g tagppov
EPS ota tpia onpeta napatrpnong otov 4° 0popo tov KTipiov yia Tig dvo efetalopeveg
AIIOOTACELG. 2TV HEPUITOOT] £VOG KTIPLOL KATAOKELAOPEVODL ota 10 petpa amo v Tpoxd,
IIAPATNPOLVTAL DYNAEG PELWOELG TOV VIEOIHIEN yia ONeg Tig eSetalopeveg Oeoeig otig
OKTAPeg pe KEVIPIKEG OLXVOTNTEG DYNAOTEPEG am1d 16HZ. Ao v alAr mAevpd, 1) peloon

TOV vieowrel etvat yapnAotepn amno 4dB yua tig npwteg 11 oxtdfeg, onmg ¢aivetat oto

Zxnpa A.34a.
20 20
KevTpikr TAdka (@) Kevrpikn Adka )
Fwviaké urooTOAWME 7 | | IEIwYIdK)? uTroaTUAWHA
........... MpsBohoc popoAog

) @

=

S 10 ¢ i § 10 s

5
1 50 1 50
ZuyvomTa (Hz) ZuyvotnTa (Hz)

Ixnpa A.34. Kapmbdeg IL povrg tagppov otov 4° dpo@o, tetpampo@ov Ktipiov: (a) ota 10
pétpa, (B) ota 30 pérpa amo v Tpoyid.

210 KEVTPO g NAAKAG Hapatnpeitat peiwor) ion pe 10dB ot 161 oxtapa. EnurAéov,
otig kOpteg oktafeg (11n, 120 kat 13n), i) pelworn TV vieowpunéN kopatverat petado 4dB kat
6dB. Z1nv xopLP1] TOL YOVIAKOD DIIOCTVADPATOG, APt Peital 1) DYNHAOTEPT) PEI®OL) TOV
vteoureA. ITo ovykekpipéva, 1) pelor) Tov enuredov tov Kpadaoumy éptaoce ta 11dB kat

ta 13dB otv 147 kot 157 oxtafa, avriototya. Ztnv akpn tov mpoBolov, 1 pelwon etvat
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eAappmg XapnAoTepn 0e OLYKPLOT pe Tig AAAeg dvo Beoetg. QoTO00, 1) PEI®OT) TOV VIEOTIITEN

¢tavet ta 10dB ot v 161 oxtafa.

To Zxnpa A.340 deiyvet rig kapmoAeg IL yia xtipto kataokevaopévo ota 30 pérpa amo
Vv tpoxia. H peiwon tov enurédov 1oV Kpadaopamv oTig OKTAPEG e KEVIPIKEG OOXVOTITEG
HKpOTepeg amo SHz etvat vynAotepn amd v mponyovpevn) mepimt®orn oe OAa ta
eCetalopeva onpela mapatrpnong. e oplopeveg mepurtwoets, 1 IL otig yapnAotepeg
oouxVOTTEG elvat bnAOTepn arod 5dB. Ao v dA\n mevpd, 1) pei®on) Tov enurEdoL THV

VTEOWPIIEN elvat EAa@Pag XAPNAOTEPT] 0TI DYPNHAOTEPEG OKTA[ES.

A.7.2.2. AtmAn Ta@pog

To Zxnpa A.35 anewovilet tig kapmoleg IL g durhig tagpov. Eivatl mpogavég ot 1)
pelwon tov Kpadaopmy exel avinbdet oe obyKPLoN pe ) povr) Tdgpo. ITo ovykekppéva,
OTNV KOPOPI)] TOL YOVIAKOD DIIOOTODA®HATOG, 1] PEl®Or) PTavel Tipeg Kovta ota 15dB kat
12dB otig oxtdPeg pe kevipukég ooyvotnteg 20Hz xat 25Hz, avtiotoiya. YynAo eminedo
PElDONG TOV KpadaopaVv exet ermong napatnpndet kat ota aAa dvo onpeia nmapatipnong
,pravovtag Tpég petalp 9dB katr 12dB otig xvpleg oxtaPeg.  Zto Zxnpa A.35p
Hapovotddetal 1) pel®on T®V KPAOAOP®V OtV IEPUITOON KTIPLOL KATAOKEDAOPEVOD OTd
30 pétpa amo v tpoxwa. H pelwon tov enurédov tov VieowméN elvat eAagpog
XapnAotepn amod Ty mponyobvpevn mepimtwor. To vynAotepo eminedo peimong exet
napatnpnfet oty axprn oL TIPOPOAOL, OV OKTAPa pe Kevipikiy) ovyvornta 20Hz.
Emnpoobétmg, 1) anmAeia etvat vynAotepn amo 5dB otig 1petg kupiapyeg oktapeg yia OAa
ta eetalopeva onpela napatpnong. AapBavovtag oroyn ) OXETIKA DYNAL] AIIooTaon

AIIo TNV TPOXLA, TO EMredo TV VIEOUIIEN 1)Tav 1101 XApNAO TPV amod TV QAPHOVT) TG

TAPOV.
20 — 20 —
KevTpikn TrAdka KevTpikn TAdka
Fur\{ldKé UTTOCTUA WA (C{) I UVIGKG UTFOGTUAWHA (ﬁ)
--------- Mpopohog ceeeene [IpOBOAOG
& @
o m el
o e =107
i | - =[]
Do ] F B snans H
0 | NN L 0 N N N PPN PP
1 50 1 50
Zuyvotnta (Hz) Zuyvonta (Hz)

Ixnpa A.35. KapmdAeg IL durhr)g tagpov otov 4° 6po@go, TeTpampo@ov Ktipiov: (a) ota 10
pétpa, (B) ota 30 pérpa amo v tpoyid.
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2T ovveExeld, MAPOLOLACeTAl 1] PEl®Ol] T®V KPAOAOP®V HETA TV EPAPHOYY] TNG
dur\rig Tagpov oTov 4° Kat Tov 8° OPOPO TOL OKTAMPOPOL KTipiov. 1o Zxnpa A.36a
rapovotadovtat ot KapmbdAeg IL oe 0Aeg Tig e€etalopeveg Oeoelg otov 4° 0POEPO TOL KTIPiov
ota 10 petpa amod v TPoxLd. XTig OKTAPEeG pe KeVTPlkeg ovyvotnteg petasd 1.25Hz kat
5Hz, 1 pelmon 1oV Kpadaopmy @TAVeEL 08 OPLOHEVES ITEPUITMOOELS, TIPEG DYNAOTEPES aTIO
5dB. I'a napadetypa, n IL eivat xovta ota 6dB otnv 51 oktaPfag 0to yoviako bImooToA@pa
Kdt oty 61 oktaBa otnv dakpr oo IpoPoAov. Ao v aAAn mAevpd, 1) OuIAr) Td@pog dev

elval aroTeAeOPaTIKI) OTLG OKTAPeG Pe KEVTPLKEG ovyvoTnteg petasd 6.3Hz kat 12.5Hz.

Onwg npoava@epdnke, ta vynlotepa emineda kpadaopmyv Ppiokoviat otig okTaPeg
pe xevrpkeg ovyvotnteg 16Hz, 20Hz xat 25Hz. Eivat mpogaveg 0t n epappoyr) g durhrg
Td@pov odnyet oe eSatpetikd vywnAég Tipég IL. Zoykekpipéva, 1) peiworn T@v VIeouEN oe
avTég Tig oktaPeg kopatvetat petasd 7dB kat 9dB otig dvo npwteg HBéoeig mapatrpnong. H
0wa mapatrjpnon eywve ota 30 pérpa amod v Tpoxld, ON®g @aivetal oto Zynpa A.36p.
ZT1¢ pwteg 6 okTdPeg, 1 pelwon tav kpadaopmv @tavel kovta ota 10dB. EmuiAéov, 1)
pelwon etvat vynAoTepn) oTIg OKTAPEG P1e DYNAOTEPEG KEVTPLKEG CLXVOTITES, PTAVOVTAG OE
OPLOHEVEG IEPUITOOELS TIPEG LYPNAOTEPeG amo 15dB. e yevikég ypappés, n epappoyr) mg

OUIAIIG TAPPOL EXEL EDEPYETIKO PONO 0TI PEIMOL) TOV DOPIKDV OOVI|OEDV OTOV 4° OPOPO TOL

KTipiov.
20 20
KevTpikA TTAdka Kevtpikr TAdka
Mwviakd utrooTUAWHA (a) Iov1aKd UTTOGTUA WA (B)
......... npépvog |-|pc')|30)\0g ey
3 ]
S 10 ¢ e 1.
i ;
B M Y N v 2 A . [0 el
1 50 1 , 50
ZuxvoTnTta (Hz) Zuyvornra (Hz)

Zxnpa A.36. KapmbdAeg IL durhrg tagppov otov 4° 0po@o, oktampopov Ktipiov: (a) ota 10
pétpa, (B) ota 30 pérpa amo v Tpoyid.

210 Zynpa A.37 napovolaletal 1 PEl®Oon TOV VIEOWUIIEN OTOV 8° OPOPO TOL KTIPlov
peta v torobetnon g duhrig tagpov. Etvat mpogavég ot n peloon tov vieotpriE etvat
XapnAotepn oe oxéon pe Tov 40 Opogo. Eav 1o xtiplo kataoxkevaotet ota 10 pérpa ano v
Tpoxud (Zynpa A.37a), n pelwon TOV KPAdAOP®V OTig KOPleg OKTAPeg (.., 121, 13n, 14n)

etvat peyalvtepn anod 5dB oe OAeg tig eSetalopeveg Oéoetg. Emum\éov, omv axkprn too
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npoPolov, 1 peiworn) gravet kovta ota 10dB oty 14ns oxktaBag. Ot peyalotepeg pelwoetg
éxoov mapatnpn et otV MEPUITOON KATA TV OIoia TO KTipto éyel Kataokevaotet ota 30
pETpa amo Ty TpoxLd, Onwg @atvetat oto Zxnpa A.37p. ITio ovykekpipeva, n peimor) Tov
Kpadaop®v otig oKTdPeg pe xapnAég kevipikég ooyvotnteg kopaiverat petado 10dB xat
15dB omv dxpn tov mpoPoAov. Emiong, 1n peiwon tov emurEdov TV VIEOWUIEN OTig

Koplapyeg ooyvotnteg (13n, 14n) pravet ta 9dB.

20 20
( a) KevTpIki TTAGKA KevTpiki TTAdKd
lMwviakd uTrooTUAwpa (B) Mwviako uTroaTUAWHA
......... MpéBolog Mpopoiog
g g |
; 10 t ; 10 | ..
i

. e

| =]

ZuyvotnTa (Hz) Zuyvotnta (Hz)
Zxnpa A.37 KapmoAeg IL durhrg tagpov otov 8° 0po@o, oktampo@ov Ktiptov: (a) ota 10
pétpa, (B) ota 30 pérpa amo v Tpoyid.
A.7.3. Kripio vrodopwv O/T

2TV I[PONYOLHEVI] EVOTTA IAPOVLOWIOTNKE 1) AIIOKPLOl IMOAD®POPOV  KTLPI®V
onAtopévoo okvpodépatog katd v dieAevon HST ya va eetaotet 1) féATioTn anootaon
KATAOKELI|G Y1a TV IPOOTACLA TV KATOIK®V aIIo T1g HVOHEVEIG EMUTT®OELG OTNV LYyeld.
Eivat epgaveg ot 1) xprjon tagpav EPS éxel petprdoet onpaviikd Tig avantoooOpeveg
dovrjoetg. I'a tov Aoyo avto, Stepevvavtat Ta SOPIKA XAPAKTNPLOTIKA T®V DPLOTAPEVDV
KTplov xatda pnxog tmg ypapprg Ilapiot - BpouSeMeg. Xe avtrv v meploxr), 1)
IAEOVOTTA TOV KTPLOV elval Kataokevaopéva anod gepovoa toryorota (O/T) evog 1)

dv0 0pOP@V pe opfoywViKT) KaToyn.

Zxnpa A.38. Ktipto pépovoag toryomotiag kovtda oty ypappn Iapiot - BpogéhAes.
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Ext0g amo ta xtipla pe xpron xatowkiag, ta omnota oovifwg Ppiokovrat ota 30-35
PETPA arrd TV TPOXLA, LIIAPXOLV APKETA HOVOPOPA KTipta vmodopmv tov HSR oe
arootdoelg petasd 10m xat 15m amo myv tpoxid, onwg ¢aivetatr oto Zyrpa A.38.
[Ipokewpevov va mIPOOTATELTOLY TA VLPLOTAPEVA KTIpld QEPOLOAG TOLYOIIoudAg,
dtepevvavtat Oudpopeg drataletg pe ) xpron EPS. H npotn dwataln amotelet pia povr
tappo EPS xataokevaopévr mapdMnla pe v TPOXWI, WOV YEDPETPIK®OV Kdt
PNXAVIKOV XAPAKTPIOTIK®OV He TNV HEPUITOOT] TOL KTipiov O/ Z. Zopgava pe t) dedtepn)
dwartadn), eva mepiPAnua EPS £xel kataokevaotetl meptpetpkd g Oeperioong Tov KTipioo.
H televtaia Owataln amotedel pwa oPpidikn) mpooeyylon, Katd TV omoia

Xpnotpomnotovvtat napdAnAa kat 1 tagpog EPS xat to mepifAnpa mepipetpikd amo to

KTIp10.
25 25
— MepifAnua oTnv BsueAiwon — MNepiAnua oTnv BeusAiwon
Taepog oTnv TPOXIA (C[) Tégppog oThv TpoXIA (ﬁ)
20 | ceeeeeees YPBpI1OIkr yéBodog 20 feeeeeeees YBpidikf yéBodog
5 15 =1t i
2 2
= 10 =10}
5 } 5 |
.
0 = 0
1 . 50 .
ZuyvoetnTa (Hz) ZuyvoeTtnTa (Hz)

Ixnpa A.39. Kapmbdleg IL xtipioo @pépovoag toryorotiag (a) otn Bdon, (b) oty opoer).

210 Zynpa A.39 ovykpivovtatl ta emnedd T@V VIEOIHIEN TOV TPLOV OlaTdiemV otV
Kopu@r] Tov egeTalopevou KTipiov gépovoag toryorotiag. To mepifAnpa EPS nepipetpika
G OepeAimong amotelel v AtyOTePO AMIOTENEOPATIKI) IIPOOEY Y101 KAOwg To eminedo TV
VTEOWUIIEN OTIg Ieploootepeg okTdPeg Oev Semepvdel ta 5dB. T'ia tov Aoyo avto, dev
IPOTELVETAL 1] epappoyn avtg g dwatalng. Avtibeta, n kataokeor tagpov EPS
apdAANAa pe TV TPoX L lvat ITOAD IO AITOTEAEOPATIKT), EWOIKA OT1g Kupteg oktapPeg. ITo
OVLYKEKPPEVA, 1 Pel®on ToV VIeopIEN gtavet kovtd ota 8dB kat 11dB otv oxtdpa pe
KevTplKn] ovoxvotnta 25Hz, ot dor) Kat oty Kopo@r) Tov KTipiov, avtiotoya. H xprion
g LPPOKNG pebodov aviavel akopn mePLOcOTEPO TN pelwon TV VieowpéN oty 14n
oktdPa, goavovtag ) peyotn tipn Tov 18dB otnv xopogr) tov ktipiov. Enopévag, 1)
peiwon v kpadaopmv pmopel va eivat wavomoutikyy ywa ktipta vrodoponv, HSR

IIPOKELEVOL Va Ipootatevel evaiodntog eSormiopog.
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A.7.4. Baoika oopmepacuara

XV mapovoa evotta, efetaletal n mpootaocia Kipiov kovia oe HSR pe 1t xprion
vewagppov EPS. Zopgaova pe ta aplfpnuika amotedéopata, Ta KOPla €0PHpata TG

peAétng mapartidevrat g eSrg:

»  Xe OAa ta eSetafopeva KTipla, To emnirnedo T®V dOVI|oE®V IOV IIPOKANODVTAL ATIO
) OtéAevon HST avlavetat otov teAentaio 0po@o Tov KTpiov o OLYKPLON e TO
€0aq@og.

= 2TV 10 KOVTLVI| aIIO0TAo!) arod TV TPOXLd, TO eninedo Tov Kpadaop®Vv @Tavet
ndave aro 80dB otig xbpleg oktaPeg. AmO TV AAAN ImAeLPd, OTHV IEPUITOON
kTplov edpalopevav ota 30 petpav amod Ty TPoXLd, TO EMIIed0 TMV VIECIHIIEN
petoverat kate arod 60dB.

* H tonobstnon povrg tagpov EPS petalo too HSR xat tov xtipiov omAiopevoo
OKDPOOEPATOG HELMVEL ATOTEAEOPATIKA TO EMiNed0 T®V KPAOAOP®DV, €V® 1|
Kataokevr] 6vo DapdANAOV Ta@P®V 00nYel O IMEPETAIP® PEI®ON TOL EMUIEOOL
TOV KPAOAOHOV.

= 2V Oepilmt®on) DPLOTAPEVOV KTplav @épovoag toryorotiag 1) PeAtiotn dataln
HETPLAOHOL TOV KPAOAOH®V Elval 1 Tavtoxpovr tomobétnon tdgpov EPS
napdMnAa pe v tpoxa kat neptPAnpartog EPS mepipetpika g OepeAioong.
Avtifeta, n epappoy1) povo tov nepPAnpartog EPS dev mpoteivetat Aoy® g

IIEPLOPLOPEVTG ATIOTEAEOPATIKOTL TAG TOD.

A.8. Xovumepaopara - Ilpotaoceig
A.8.1. T'evika ovpmepaoyara

2TV Oapovod evotntd oovoyifovtal Ta KOPLa OOPIEPAOHPATA Thg IIapovodag dtatpiPrg,
ON®G IIPOKLIITOLY AMO TIG IIPOIYOLHEVEG EVOTNTEG. 2XTO MP®WTO OTAdlo Tng Otatpifr|g,
npayparorowu)dnke avaokomnnon g oxeTkng PpAoypagiag, pe oToX0 Va eVIOIOTOLY Ot
KatdAnAeg pebodot mpooopoiwong tov oLVOeTOL PALVOPEVOD TV MAPAYOPEVHDV
Kpadaop®v aro 1) dwAevorn) Tpévav vynArg Taxdmtag. Emum\éov, katd to otadio avtod
Katavondnkav ta XapaxktPloTiKd TOV IAPAYOHEVOV KPAdAOp®V KAt 1) avdayKn
IIPOTAONG VE®V TPOI®V MEPLOPLOPOD TOVG. T OLVEXELD, avartuxOnkav KataAnAa 3A
IIPOCOPOIOUATA MENEPAOHEVAOV OTOLXEI®V e OTOXO TNV axkpiPr] IPOCOHOI®OI TOL

pawopévov. Ta apdpnuika amotedéopata mov mpoekoyav ovykpibnkav pe petrproetg
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nediov wote va Owaopaliotel 1 altomotia tovg. H Swadwkaoia enalrfevong tov

AroTeAeOPAT®V avédelle ta akolovba oopmepaoparta:

Qg pua npwtr) evoelln g aStomoTiag TV IPOCOHOI®PAT®V, Ol BE0ELg TOV KOPLOV
ovxvotT®V Katda 11 OwAevor tov HST ota @dopata Fourier, evtomiCovtat pe
akpifeia.

H dwapketa xat 11 pop@r] TV XPOVOIOTOPI®V KATAKOPLP®V TAXVTHTOV elvatl oe
oupP@Via pe Tig peTprioetg mediov, e1d1KA oto KovTivo medio.

Zoppava pe Ta nepapatikda dedopéva, ot Kopleg ovxvotnteg Pplokoviat oto
@aopa xapnlewv ooyvotteov petasd OHz xouv 40Hz. Ta apdpnuka
IIPOCOPOIWHATA EMTOYXAVOLV va IpoPAeyoov ) Oéon xat to péyebog tov
Kpadaop®v og avtod To eDPOG.

Yndapyet oynAry ovoxétion) oe 0opovg PPV kat KBgmax petalo tov apldpntikeov
AToTEAEOPATOV KAl Tov dedopevmv mediov oe avfavopevy) amootaon amod tnv
TPOXLAL.

Opopéveg  amoxAioelg Hetald TV  dplpnTuk®v Kat IOV HEPapaTiKeOV
anoteleopdatev eivat edAoyeg AOyw TG molvmAoxkotntag Tov eSetalopevoo
PAVOPEVOD, WOTOOO Ol ATIOKALCELG ELVAL TIEPLOPLOPEVEG O COYKPLON He aplOpnTuKeg

IIPOooeyYLloelg ANV EPELVIT®V.

ITpénet va avagepbel oto onpeio avto, OTL Ol HeTProelg Iediov yprotponoudnkav

avtoboteg, dnAadn) xwpig TV epappoyr) KAotov QiAtpov yia tov kabaplopo amnod mbavo

0opvPo, 1o omoio evdexopeveg va PeAtiove v -101 APKETA KAAN- TALTION TV

appNTIK®V AMOTEAEOPAT®OV KAl T®V petprjoedv mediov. Qg ek tovTOL, pHOpel va

OewpnOet 0Tt 1 avamtoyBeioa dradikaoia rmpooopoimong etvat oe 0¢on va mmpoPAéyet pe

akpipeia t1g dovroelg mov mpoxalovvrat aro t) SteAevor HST.

21 ovvexela, 1) idwa vmoloytotikr) pebodoloyia xpnoponow)dnke yia tm) diepedvnon

eVAAAKTIK®OV Otatdlemv pe T Xpr)on yeoappoov EPS yia tov neploptopod tov Kpadaopuomv

oe Béoelg owdnpodpopkod emymparog 1 opvypatos. H dadwaoia avtr) odrjynoe ota

axkolovBa evprjpara:

H tono0Betnon evog meptoplopévov aptfpoov tepayev yeoappod EPS oty mhayia
TOL EMY®PATOG IPOoTelveTal &g 1 PéAtiotn) diaradn, kabmg odnyet oe adloonpeimn
PElwon TV Kpadaop®y.

Zoykpidnke n) armotedeopatikotta Sapopwv v yeaappobd EPS kat mpoékoye

ot 1o mo dvokapmrto EPS46 etvat to BeATioto DAKO A1) pwOorG.
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H tavtoxpovn epappoyr) tg IPOTEWOHEVIG IPOOLYY10nG Kat piag tagpovo EPS
HPELOVEL ITEPALTEP® TO EMITIEOO KPAOACHRDV.

Ortav n xAion g mAayiag eivat otabepr] KAt To DAKO IAPMOIG TOL EMYM®HIATOG
etvat 1o 1010 pe To LIESAPOS, TO LYOG TOL EMYMHUATOG £XEL PIKPI) EMPPOI] OTY)
dadoorn v dovrjoemv, eved 1) IPOTELVOPEVT O1ATASH TIAPAPEVEL ATTOTENEOPATIKT)
oe O\a ta eSetalopeva VY| ENYOPATOG,.

To eminedo kxpadaopmv pewwvetal otav 1 kAton eival mo anotopn. H xpron
Tepay®v EPS pewwvel 1o eminedo Tov Kpadaop®y aroTeAeOpaTiKAa yid OAeG Tig
KAtoelg petado 200 ko 45¢.

To mo ovxVa XPNOIPOIIOIODHEVO PETPO TEPLOPIOHROD TOV KPAOAOP®Y, 1] TAPPOG
EPS, 0ev eivat 1000 amoteheopartikn) oe Oeoelg emyopdtov, kadmg Aoy Tig
yeopetpia tng Béong dev propet va tomobetnbet xkovta oty tpoxtd. Avtibeta, oe
Dé¢oelg opoypdatev, omov eival dvvaty 1 tomobétnon tg Olmha otnv Tpoxid, 1
Tappog arotelet pia adiomotn evarlaxtikn) owdrtad.

H avukataotaon tng emu@avelaki)g otpmong Tod opLypatog pe yeaappo EPS
reptlopifet wavoromTikda 1o eminedo tov kpadaopmv. Emum\éov, pia mayotepn)
otpwor EPS o0nyet oe peyalvtepn peimon) 1oV KpadaoHov.

To eminedo twv kpadaopwv etvat xapn\o oe Oéoeilg omov 11 HSR edpadetar oe
oxAnpa &ddagn xat avfavetrat onpavika oe Oeoelg pe xahapda edagn. Ot
npotevopeveg  Owatadelg oe  0eoelg  emMYOPAT®OV KAl  OPLYHAT®V  eival
AIOTEAEOPATIKEG aveaptnta amo tig ovvirkeg vedagovg, Wiaitepa yla yakapd

e0aqQn).

Emupoobétwg, o yewagpog EPS ypnowpomouifnke yia v mpootaocia vLIOyelimv

Ay®Yy®V KAl YETOVIKOV KTIPI@V aIld TOvG HNApayOpevoug Kpadaopovg. Ano aotiv Tn

dlepevvnon mposkoyav ta akolovba oopnepaopata:

Ia v akpPr] npocopoimon Thg AOKPIONg DIIOYEIDV AYOY®V, Td AplfpnTika
AIIOTENEOPATA OLYKPIONKaAV pe MEPAPATIKEG HETPIOELG 100O0VVAUDY POPTIDV
kivnong, eSattiag éNenpng Sedopévav mediov ava@opikd He TV aIIOKPLon)
VIIOYEI®V AY@Y®V 0Tlg doviioelg oL Ipoxalovvtat amnod HST.

H xprjon oplovtiag tagppov EPS petald g tpoxidg xat tov aymyov odnyet ot
PO TOV HAPAROPPHOOEDV TOL AYy®YOL Katd tr) dtéAevor) tov HST.

H OuéAevor) too HST mpoxkalel peyaldtepn HApapévovod IAPAPOPP®OL O

IAQOTIKODG Ay®@YOVG O€ OUYKPLOT € PETAANKOVG.
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Aywyol pe peyaloTtepo Iaxog TolY@OPAteV etvat mo aviektikol otig petaPoleg g
drapérpov toog amo tn diedevor) HST.

H epappoyr) opilovtiag tagppov EPS oe évav nayo kat SOOKapmto aywyo dev eivat
arapaitnt AOy® TG apXKI|g EAAY10TNG IAPAROPPHDOLG TOL AY®DYOD.

To eninedo xpadaopamv amno ) delevory HST avdavetat otnv xopo@r OAav Tov
eCeTafOPeVmVY YEITOVIK®V KTIPIOV 08 ODYKPLON He TO €da@og, evm ta peyaldtepa
erneda kpadaopmv napovotdafovtat otovg IPOPOAODG TOV KTIPLWV.

To eninedo T@V KPAOAOP®V OTODG OPOPOVS KTIPLMV OMAIOHEVOD OKDPOOEPATOS
neplopiCetat onpavtikd pe v tomobetnon piag tdepov EPS mapd\Ania oy
tpoxta. H xprion 6vo mapd\nAev ta@pav peimvel akOpd IIEPLO0O0TEPO TO enirnedo
TOV KPAOAOP®V 0TOVDG 0POPOLS TOV KTIPLV.

2V IEPUITOON KTIPIOV PEPODOAG TOLYOIOLAG, 1] MO0 AMOTEAEOHATIKI] OidaTady)
elvat 1 tavtoxpovn epappoyn tagpov EPS mapdMnla pe v Tpoxid Kot
nepiPAnparog EPS nepipetpikd tng OepeAioong too Ktipioov.

ZopPoln aTnv mp0060 THG EMOTHUNSG THS UIXAVIKHG

H napovoa dratpifr) kat ot Snpootedoelg Iov MPoEKLYAV OTO IAALOL0 TG, AIOTEAOLY Eva

IIPWTO ONOKANP®HEVO eyxelpnpa yia T Olepedvnol) TOL MEPITAOKOL PALVOHEVOD TV

MAPAYOPEVOV KPAOAOP®V artd v OteAenor) TpEvav DWPNALG TayxLTNTAG arld EPELVITEG

ot v EAAada. Ot yvooeig Kat ta arnoteAéopatd oo ovykevipobnkav ta teAevtaia teooepa

xpovia etvatl pua eSapetiki) Baon yia peAlovtikovg epeovnteg otov toped. H xvpua

OLPPOAI OV EMOTHPN TG PNXAVLIKIG, TIOD IIPOKLIITOLY AIIO TV IAPOVOA O10AKTOPLKI)

datpiPr) oovoyiletat wg akoAovOwg:

AnpovpynOnkav mr)pwg eranOevpéva VIIOAOYIOTIKA IIPOCOROIOPATA, KAV VA
npoPAéyoov pe akpiPela tig dovroeig moov npoxkalovvrat amo HST.

[Tpotadnxe éva ooy VA XP1OHOIIOIODPEVO DAKO Ot TTOANEG YEDTEXVIKEG EPAPHOYES,
onwg o yewa@pog EPS, yla mpatn gopd kg eVAANAKTIKY| eIIAOYL Y1d T PEI®OL) TOV
avamtoooopevov dovioenv efattiag tov HST. Ou mpotewvopeveg dratdleig
IIEPLOPLOPOD T®V KPADAOP®V OF EMYMUATA KAl OPOYHATA IAPOLOLAovTal yia

MIPWTN POPA OTO MAAIO10 TG Iapovoag Otatpifr|s.

Eywve pa mpot) npoomdbeia mpoketpévoo va Otepevvnbel 1 amokpilon 1oV

VIIOYEI®V AYDY®V OT1g dOoVIoelg TTov mpokalovvtat ano 1 Owehevor HST. 2

S1ebvr) P oypagia dev LIIAPYOLY OXETIKEG OlEPEDVI|OELG TI|G ATIOKPLONG AYDYDV
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katd tm) dweAevon) HST, yia tov Aoyo avto, n mapovoa diepedvnor) amoteAet ) fdorn)
eVOG VEOL ePeLVITIKOL 11ed10D e TOANEG TIPOEKTAOELG,

*  Melem)Onke n emppor) TV KPadaopmy otr) Aelttovpyld YETOVIK®V KTIplodv Kat
npotadnkav pérpa IEPLOPIOPOL TOV KPAOAOP®V pe Ootoxo 11 pelwon g

EMTPENONEVIG ATIOOTAOLG KATAOKEDI)G TOLG ATIO TNV TPOXLA.

A.8.3. ZouPoli ot mpdodo TG P YAVIKYG TIPAKTIKYS

Tig tedevtaieg dexaetieg, éxoov avlnbet paydaia ot kataokevég véov HSR maykooping.
Emu\éov, 0o kxat meploootepeg cvpPatikeg owdnpodpopikeg ypappeég avapadpifovrat
npoxepevoou va efommpetovv HST. Ia napddetypa oty Kiva émg 1o t€hog tov 2020,
Aettovpyovoav mepimov 38,000xAp., eveo péoa ota emopeva 15 xpovia avapéverat va
Senepdoovv ta 70,000xAp. Zmyv kevipikr] Evpwmr), ot HSR efommpetody émg kat to 40%
TV Opopoloyinv peoainv anootacenv. Emm\éov, oe moAAég dnpogileig Stadpopeg Omg
10 Aovoivo-TTapiot 1j to ITapiot-BpogeéAleg, 1o mooootd avtod eivat axkopn vynlotepo.
Zmv Avatohkr) Evponn kat oty ENdada, 1 avdmnrtolny ypappov HSR etvatr akopn
neplopopevn. Lotoco, avapévetrat paydata avamrodn tov ypappov HSR ta enopeva

XPOVIA AOY® TOV OIKOVOPIK®DV KAl KOWVOVIK®V OPEA®V TODG, 101MG OTOV TOLPLOHO.

Eivat mpogaveg ot ot kataokevaoteg HSR avadntoov datalelg ikaveg va petwooov
T1G IIPOKAAOVEVEG OOVIIOELG pe YAPNAO KOOTOG epappoyr|s. Ot mpotetvopeveg dratddetg Oa
HIIOPODOAV VA PEL®OOLV ONHAVTIKA TO €Mmedo TV KPadaopmy oe Xalapd e0d@r), OIIoL
o1 IIpoKalovpeveg dovr|oelg etvat vpnAeg. Ze avtég tig Beoetg, n xataokeory HST Oa ntav
advvar yepig Vv epappoyr) KAmotag d1atadng meploptopon TV kpadaopmy. Emuméov,
IIPOKEEVOL va avaPabpiotel pa vrapyovoa ypappr) yia v egonnpétnorn too HST, Oa
MIPETIEL TIPOTA VA IIPOOTATELHOVY TA LIIAPYOVTA KTIPLA KAl Ot DITOOOPEG MEPTHETPLKA TG
Tpoxtdg. Ot IPOTEWVOpEVEG MPOOEYYIOES Yyla TV IPOOTACId dy®Y®V Kal KTPlov
dtevkoAvvovv v avaPddpion tev owdnpodpopav. Aiet va onpewwbet 0Tt OAeg ot
IPOTELVOHEVEG Olatadelg etvat €DKOAEG OV €QAPHOYI), OXETIKA OWKOVOHIKEG KAl O
yeoappog EPS etvat eva bAko evpeiag xpriong Kat eQappoyr|g oe OAeG TIG KATAOKEDEG OTIG

AVEITOYHEVEG XDPEG -KAl Ol LOVO- IIAYKOOHPI®G.

A.8.4. Ilpotaoeig y1a TEPAITEP® Epevva

Eivat mpogaveg Ot omowadnmote €pevva eivat advvato va Kaldyer DANPpeG éva
MIOADIIAPAPETPIKO Kt oLVOeTO epepVNTIKO 11E010, OTIOG 01 KPAOAOPOL TTOL IIPOKANOVVTAL

arto HST. Muwa 6i0axtopikr) SiatpiPr) prropet va oopfPdlet otny Katavonorn oplopevev
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EMOTUHOVIK®OV (NTNPAT®V, aAd TALTOXPOvVAd Vvd dIOoTeAéoel Kal T Pdon ywa v

IIEPALTEP® AVAIITLSN TN)G €PEDVAG OTOV EMOTNHIOVIKO TOPEA oL mpaypatevtat. Me faon

ta npoavagepbévia evprjpata g napovodag datpifr)g, Oa prmopovoav va IpoKLYoLV ot

axkoAovbeg peEANOVTIKEG EMTEKTAOELG:

Agdopevoo Ot eival 1 mpwty) Popd 1oL Ypnowpomnoteitatr yeoappog EPS pe tig
npotewvopeveg dwaradelg, mpémet va Oweaybel mepattépw diepevvnon ya v
AITOTEAEOPATIKOTTA TOV IIPOTELVOPEV®DV Olatdlemv péom petprjoemv mediov 1)
EPYAOTPLAK®OV OOKIP®V.

2 v napovoa pelétn), Stepevvavtat povo Tpéva vynAng tayovtntag. Qotdco, Oa
propovoav va diepeovnbovy apketol dANoL TOIOL APASOOTOX IOV, OIS POPTNYA
Tpéva, oLpPATiKA TPEva KAVOoVikng tayvtntag 1 tpap. EmurAéov, vmdpyoov
ypappég HSR mov eommpetodv meprocotepovg amo évav tomovg HST. Qg ex
TOVTOV, TIPOTELVETAL 1] OlEPELVNON TG ATIOTEAEOPATIKOTNTAG T®V IPOTEWOHPEVOV
datdlemv yia SapopeTikodg TOITOVG APASOOTOLYIMV.

Ta televtaia xpovia, 1 xprjon oovexovg Paydg Kat To VYNAO eminedo ovvtr)PNnong
TOV OONPOdPOPIKOV YPAPH®V LYNANG TaxLIntag, meplopilel apKetég mmnyeg
Kpadaopwy, ON®G elval Ol ACLVEXELEG OTIG PAYEG KAt 0Tovg Tpoyovg tov HST.Ia
TOV AOYO avtod, ol IAPAPETPOL avtot Oev Anponkav vroy oty napovoa dtatpiPr.
Qot000, Oa propovoe va diepevvndel 1) enidpaoy) 1OV DAPAPETP®V AVTOV OTNV
ATIOTEAEOPATIKOTITA TOV IPOTELVOPEVRDV OATASEDV.

Extog amo tov yewagpo EPS, mpaypatomou)fnke pua mpwt mpoordbewa
npokepevoor va diepevvnOel 11 AOTEAEOPATIKOTNTA PAG TAPPOL VEPOD OTOV
IIEPLOPLOPO TOV AVAIITDOOOPEV®V Oovijoemv. Mia mo Aerrtopepr)g Stepedvnon
aotg g mpoocyyong 0a pmopovoe va Oteaxbel wg eméxtaon tng Mapovoag
peAétng.

Zmv napovoa Otepevvnor), 1 otpworn EPS Bemprifnke ot etvat povolbikr) kat
naktepévny oto vmedagog. H ev Aoywm vmobeon Oewpeitat pealiotiky), agoov otnv
pagn xpnotpomnotodvtat cuvVOeoot yid 1) obvdeon) TV tepayev EPS. Qotooo, oto
PENov Ba propovoe va npaypatornowmdet Aemtopepeotepn) diepedvIon yia TV o
akp1Pr) mpooopoimor) g dteragng eddagpovg / EPS xat v ege¢taon) too poAov tov

mOavev KIVIPATIK®OV PNXAVIOR®V PHETadd Tov tepayxov EPS.
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CHAPTER 1

INTRODUCTION

1.1. Subject of the Doctoral Dissertation

In recent decades, High-Speed Railways (HSR) have constantly been growing, as High-
Speed Trains (HST) are widely used in many countries worldwide. For instance, in China,
the total length of high-speed railway lines reaches up to 38,000 km by the end of 2020. As
one of the most modern means of transportation, the HST is a high-quality transportation
choice as it is less expensive than airplanes, more convenient than the highways and
primarily significantly fast. The peak operational speed of HST is constantly increasing
and nowadays reaches 600 km/h, while it is expected to increase even further in the
coming decades. Because of these advantages, many new HSR lines are going to be
constructed worldwide, making the 21st century the HST era. In Greece -despite the great
economic-technical difficulties due to the non-smooth landscape- a serious effort is made
to upgrade the railway network and to harmonize as much as possible with the modern

data.

Increasing number of HSR projects are being developed in Europe. The European
Union (EU) aims to develop an HSR network that will serve the least developed regions
and connect them to major European financial centers. The Maastricht Treaty established
the Trans-European Transport Network (TEN-T) program by Decision 1692/96/E.C. in
1996, in which the development of high-speed trains has a prominent place, in order to
ensure optimal transport infrastructure between EU countries. It is worth mentioning that

the number of passengers in the new EU HSR constantly increases. Today, HST account
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for about 40% of the continent medium-distance traffic. Even higher rates have been
observed on some routes, such as London-Paris, Paris-Brussels and Madrid-Seville. For
trips that take less than three hours, HST are now very competitive, as the waiting time is

much shorter than air travel, while the travel time is shorter than traveling by car.

Figure 1.1 LO-Series Maglev: the fastest train in the world.

In Greece and the wider Balkan region, the development of HSR networks is still
discussed at a theoretical level. Nevertheless, due to the common policy of the EU, in
combination with the economic and social benefits mentioned above, it is a given that in
the coming years, HSR networks will be developed both in Greece and in the wider region.
At this time, the benefits would be significant for the tourism and the trade sectors.
Connecting Athens with other Balkan capitals with a cheaper and faster means of
transportation would boost the economy. The benefits to domestic travel would also be
significant, as the increased safety combined with high speeds would lead many people

to use HST over road transport, reducing emissions and fatal road accidents.

However, as it happens in the early years of all innovative ideas, several issues related
to the HST should be addressed to ensure safe operation, the durability of the HST and
tracks, and the environmental and human impacts of their operations. For this purpose,
numerous researchers focus on vibrations, especially the ground vibrations caused by
HST passage. The developing vibrations, except from the discomfort of the passengers,
cause disturbance to the locals and possibly damage the neighboring buildings and the
railways infrastructure. HST operating speed is directly related to the functionality and

safety of modern high-speed railway lines. Functionality is related to: (a) railway
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vibrations that can cause significant impact-disturbance to the neighbors and (b) in
extreme cases, damage to adjacent structures due to the imposed vibrations. Safety is
related to the integrity of railway embankments or ditches and other railway
infrastructure. In particular, the induced vibrations could: (a) affect their stability or (b)
cause differential subsidence in the embankment body or the underlying soil layers. These

problems can be addressed with appropriate conventional or new techniques.
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Figure 1.2 Operational high-speed lines in Europe.

Numerous numerical approaches have been proposed to investigate the complex
phenomenon of the developing vibrations by the passage of HST. Initially, two-
dimensional (2D) finite element simulations were proposed. Then, a more efficient
numerical simulation (2.5D) methodology was developed, based on the assumption that
if the cross-section of the rail and ground is constant in length, then the load from train
movement can be described using Fourier transform. Both 2D and 2.5D simulations,
despite their relatively low computational cost, now have a limited range of applications
due to the many limitations and simulation simplifications. Therefore, more and more
three-dimensional (3D) simulations have been proposed to increase simulation

possibilities and the accuracy of the results. 3D simulations are now considered necessary
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to calculate the vibrations caused by the passage of HST. However, increasing the accuracy

of 3D simulations also means increasing computing costs.

Due to the potential negative effects of vibrations caused by the passage of high-speed
trains, key scientific questions arise related to the treatment of the phenomenon. The
scientific community has proposed various models for predicting and estimating
vibrations increases before constructing new lines or upgrading existing ones to answer
these questions. Also, measures to reduce dynamic vibrations have been researched and
used in practice. The most effective way to mitigate ground vibrations is to reduce train
speeds in locations where Rayleigh wave velocities on the ground are very low. If this is
not possible (e.g., for financial reasons), certain protection measures could be applied,
such as reinforcing railway embankments or constructing protective barriers between

railways and adjacent structures.

1.2.  Objectives of the Doctoral Dissertation

In this context, the present Doctoral Dissertation (DD) aims to investigate alternative
mitigation approaches to reduce the induced vibrations by using lightweight materials,
such as Expanded Polystyrene (EPS) "barrier". EPS geofoam is an industrially produced
material with great mechanical properties and high reliability in its behavior. The use of
EPS in geotechnical applications began in the early 1970s, when it was realized that, with
proper use of its lightweight and mechanical behavior, it offers technically reliable and
cost-effective solutions in cases where construction time is critical or alternatives
approaches require significant natural soil preparation/improvement projects. The total
volume of EPS that has been integrated worldwide in geotechnical constructions and
related technical projects over the last thirty years is estimated to be many tens of millions
of cubic meters. The majority of applications concern the construction of road construction
embankments on compacted soils, reducing the load on structures and pipelines, and
improving slope stability. In recent years, many applications are concerned with the
operation of EPS as a compact casing to reduce horizontal ground thrusts in structures.
Finally, the possibility of protecting buildings and retaining walls from dynamic stresses
is investigated with very positive indications using EPS. EPS is an industrial material,
which could be an advantageous and effective solution for dealing with subsoil vibrations

during the passage of high-speed trains due to its characteristics and low cost.
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As it was aforementioned, there are several numerical approaches capable of
predicting the HST-induced vibrations accurately. One main objective of the present Ph.D.
Thesis is to find the balance between results accuracy and computational of the proposed
3D prediction models. The results are primarily compared with field measurements and
experimental results of laboratory tests to ensure the accuracy of the proposed models.
Furthermore, the investigation tries to formulate a new, more effective and economical
proposal for mitigation measures to reduce the induced vibrations. In particular, it is
investigated whether the application of EPS could be a techno-cost-effective solution in

this direction. The main objectives of the current Ph.D. Thesis could be listed as follows:

* Proposal of an optimal prediction model in terms of accuracy and low
computational cost.

*= Validation of the examined models with reliable in-situ measurements and
experimental results.

* Proposal of an ideal EPS geofoam configuration to reduce the developing
vibrations on railway cuttings and embankments.

* Investigation of the optimal parameters such as the mechanical properties and the
geometrical properties of the proposed mitigation schemes.

= Examination of the effect of parameters, such as the subsoil condition or the train
speed, on the efficiency of the proposed mitigation measures.

* Investigation of the buried pipelines protection, passing below the HSR line with
the implementation of an EPS layer between the track and the pipe.

* The study of the effects of the induced vibrations on human health and structural
response as well as the reduction of the decibel level at nearby buildings by using

EPS-filled trenches.

1.3. Outline of the Doctoral Dissertation

The present Ph.D. Thesis could be divided into four main parts: (a) a literature review of
previous work relevant to this research, (b) the development and validation of a three-
dimensional model to simulate HST induced vibrations, (c) the mitigation of HST
vibrations with the use of EPS, (d) the protection of infrastructure and building with the

use of EPS.

Chapter 2 contains a literature review of previous work relating to ground-borne

vibrations induced by the passage of HST. Topics of interest include the impact of

5
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vibrations on humans, vibrations excitation mechanisms associated with rail track, and
analytic and numerical methods for simulating ground problems. Furthermore, the
existed mitigation and maintenance approaches of the HST-induced vibrations are
reviewed. Lastly, a brief presentation of EPS geofoam existing applications on several
geotechnical applications and their advantages against other commonly used material is

presented.

Chapter 3 presents the validations of the proposed numerical approach. An efficient
three-dimensional numerical model has been developed in conjunction with a user-
developed subroutine for applying the moving loads to calculate the dynamic response of
the coupled soil model accurately. The numerical results have been compared to pre-
available in-situ measurements in terms of vertical velocity time histories, Fourier Spectra
and PPV charts at several distances from the track. As case studies, three Paris-Brussel
High-Speed Railway line sites have been examined under the passage of Thalys and TGV
high-speed trains. The three examined sites concern the passage of the HST from a railway

embankment, a railway cutting and a horizontal site, i.e., at grade.

Chapter 4 investigates several countermeasures configurations to minimize the
induced vibrations on railway embankments by using an alternative low-density material
as an embankment fill to minimize HST vibrations. For this purpose, the application of
expanded polystyrene (EPS) blocks is investigated. A new optimal mitigation
configuration is presented in order to minimize the developed vibrations due to HST
passage. This simple, economical and fast intervention approach can protect the railway
embankments and soil layers from HST-induced vibrations. Aiming to examine its
efficiency, a typical railway embankment has been "reinforced" with EPS blocks and the
impact of this mitigation measure on the dynamic response of the system has been
investigated numerically. The soil response (in terms of ground velocity) is investigated
at various distances from the track with and without the proposed mitigation measure
(via properly positioned EPS blocks) and a detailed parametric study is performed. In the
sequence, the mitigation approach is implemented for different subsoil and railway

embankment material conditions.

Four typical soil types - categorized as rock, dense sand with gravels, stiff and soft clay
are investigated. In addition, the mechanical properties of the embankment material have
been altered to assess to what extent they can affect the HST vibrations. One more crucial

parameter, which influences the effectiveness of the proposed mitigation approach, is the

6



CHAPTER 1 | INTRODUCTION

geometrical properties of the embankment. Therefore, to ensure an optimal design, a
robust procedure that considers the impact of these factors is necessary. Hence, the
implementation of EPS blocks on several embankments with different geometry, in terms
of height and slope angle, has been investigated. More specifically, several embankment
heights between 3.5m and 5.5m and slope angle between 20° and 45°, have been

investigated.

Chapter 5 investigates the mitigation of the developing vibration from the passage of
HST from cutting sites. Several mitigation configurations with the use of EPS geofoam
have been investigated in order to propose a new optimal mitigation scheme. More
specifically, in the case of the railway cutting, the application of expanded polystyrene
(EPS) blocks at the cutting slopes has been proposed to reduce the levels of vibrations. The
efficiency of this measure has been investigated via advanced three-dimensional
numerical simulations. The retrofitted models have been compared with a typical cutting
without mitigation measures in the Paris-Brussels line in Belgium. Several thicknesses of
the EPS layer have been examined and the optimal configuration in terms of economy and
efficacy has been presented. Furthermore, the effect of the soil conditions on the efficacy
of the proposed mitigation approach has been investigated. For this purpose, several
subsoils conditions have been applied to the cutting site. The presented results illustrate
that EPS consists of an efficient solution for mitigating HST-ground vibrations in HSR

cuttings.

Chapter 6 examines the level of traffic-induced vibrations on the surface of buried
pipelines crossing the railway line vertically. Firstly, the 3D numerical model has been
validated with pre-available experimental data in order to predict traffic loads accurately.
In the sequence, the model has been modified in order to represent the HST moving loads,
aiming to investigate the pipe response to the HST-induced vibrations. Subsequently,
mitigation approaches are suggested to minimize the developing vibrations. EPS geofoam
blocks have been implemented between the HSR line and the buried pipeline in order to
mitigate the induced vibrations. This approach assumes that the HST-induced vibrations
are reflected on the EPS blocks, preventing them from reaching the pipeline surface.
Finally, useful conclusions are drawn about the mechanical properties and the geometry

of the EPS layer.

Chapter 7 presents a numerical investigation of the building response due to HST-

induced vibrations passage. The effect of the HST-induced vibrations on the neighboring

7
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buildings close to the railway is a vital environmental issue related to the residents
comfort. The effect of the distance of the track on the propagation and transition of the
vibrations is examined in the case of typical RC buildings. Furthermore, the efficacy of the
implementation of a single EPS-filled and a double trench is compared to examine its
impact on the dynamic response of the structural system. The vibrations on a 4-story and
an 8-story RC building in terms of dB are investigated. Furthermore, the insertion loss of
the proposed mitigation scheme is presented. In the case of the masonry buildings, the
effect of the induced vibrations, on two typical infrastructure buildings located in the
vicinity of the track area, is presented. Several EPS configurations using EPS geofoam at
the track and the building foundation have been examined to propose the optimal

approach.

In the sequence, except from the mitigation of HST-induced vibrations, the EPS
geofoam is implemented on traditional masonry buildings in order to investigate its effect
on the seismic response by taking into account the impact of dynamic soil-structure
interaction (SSI). More specifically, the dynamic response of a typical unreinforced
masonry (URM) building constructed over a silty sand layer is examined. The main
novelty of the investigation is that it considers time-varying soil mechanical properties,
i.e., depending on the soil saturation level, which usually varies with time. In addition, a
new structural assessment approach, which aims to accurately assess the performance
levels (Limit States) of historic buildings and monuments after performing certain seismic

rehabilitation measures, has been applied.

The conclusions of the present Ph.D. Thesis are summarized in Chapter 8. This chapter
includes a brief presentation of the findings of this research and recommendations for
mitigating the HST-induced vibrations. Furthermore, some useful remarks and ideas for
further investigation are proposed. Lastly, the journal publications and the participation
at international conferences are listed. The structure of the Ph.D. Thesis is presented in the

flowchart of Figure 1.3.
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CHAPTER 2

LITERATURE REVIEW

2.1. Introduction

In this chapter, a brief review of the previously published relevant literature review of the
complex phenomenon of the induced vibrations due to the high-speed trains passage is
presented. Initially, the generation and the propagation of the vibrations are discussed
and a brief overview on waves propagation theoretical aspects is given. The vibrations
impact on humans and buildings is reviewed, and the most common indicator for their
estimation is presented. Furthermore, a state-of-the-art review of the track maintenance
procedure and the available mitigation approaches against the developing vibrations have
been carried out. Finally, analytical and numerical approaches, which have been used to

describe the problem, have been briefly reviewed.

2.2. Ground-borne vibrations due to HST passage

2.2.1. Vibration source - Vibration excitation mechanisms

It is vital to investigate the excitation mechanism of train-induced vibrations generation.
Generally, the interaction of the moving train with the rails is the main reason for the
vibrations. The weight, the geometry of the train, and the suspension systems strongly
affect the induced vibrations. The car body is connected to the bogie via the secondary
suspension, which usually consists of an airbag in the case of modern passenger trains. In
the sequence, the wheels propagate the loads to the track. The ground-borne vibrations
developed by the train passage are dependent on factors as wheel and rail roughness, the

discrete track supports, the dynamic characteristics of the rolling stock, the rail support
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stiffness, the railway structure design and soil characteristics (Nelson and Saurenman,
1983). Remington (1976, 1988), Rudd (1976) and Ver et al. (1976) made the first attempt to
group the mechanism of the developing vibrations by trains passage and identified three
different vibrations excitation mechanisms (e.g., the quasi-static loading, parametric
loading, and general wheel/rail roughness). The generated vertical force on the rail could

be calculated as follows (Bahrekazemi, 2004):
FV = FVo+ FVi + FVgs + FVgy + FVgp + FV; (2.1)

where:
FVo: Static wheel force,
FVi: Quasi-static contribution in curves,
FV4s: Dynamic contribution due to rail roughness,
FVan: Dynamic contribution due to wheel flat,
FVap: Contribution due to braking,

FVj: Contribution due to asymmetries.

As earlier mentioned, an HST passage from a railway line generates forces at the
contact surface among the rail and the wheels of the HST. The acting forces are commonly
separated into two categories, the quasi-static and the dynamic part of the force (Lombaert
et al., 2003). The quasi-static loads of the passing train axles along the rail are responsible
for the low-frequency vibrations (e.g., 0, 20Hz). Figure 2.1 depicts the quasi-static load of
the train moving along the track. More specifically, the loads from the bogies weight at
the interface between the rail and the wheel generate deflections, producing harmonic
excitation as the train moves past an observation point. The quasi-static part of the force
depends on the HST weight, although it is not altered by the HST passing velocity.
Considering the railway track as an Euler beam laid on elastic foundations, the quasi-static

loads are defined as follows (Connolly et al., 2015):
w(x, t) = w(x —v,,t) (2.2)

w(x, t) = [cos(Blx — v,t]) + sin(B|x — v,t])] :;%e‘mx‘vot' (2.3)

where:

w(x,t) : track deflection at position x and time t,
E:: Euler beam Elastic modulus,

I;: Euler beam second moment of area,

12
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P: axle force,
vo: HST passing velocity,
K¢ stiffness of the Winkler foundation,

b is calculated as:

(2.4)

Displacement [m]

10 } _

_12 1 1 1 1 1
0 0.5 1 1.5 2 2.5

Time [s]

Figure 2.1 Rail deflection during the passage of the Thalys HST (adopted by (Kouroussis et
al., 2011).

On the other hand, the dynamic part of the load is strongly affected by the train
passing velocity as the main factors that affect the dynamic component of the force are
considered the sleepers placements, the subsoil conditions and the unevenness at the
interface between the wheels and the rail. Regarding the sleepers placements effect, the
supported track where the rails have been based is responsible for the change of the rails
effective stiffness. The rails are commonly based on equally spaced sleepers, which are
supported by the ballast. Hence, it is obvious that the stiffness is higher when the wheel is
passing over a sleeper and lower when it is passing from the spam between the sleepers,
leading to the periodic excitation. Heckl et al. (1996) carried out a series of experimental
measurements to investigate the effect of the periodic excitation mechanism and captured

the resulting characteristic peaks from the sleeper spacing in the acceleration spectra.

13
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The second main vibrations mechanism is the Parametric excitation, which is caused
by the periodic altering of the rails effective stiffness. As mentioned above, several other
parametric excitation mechanisms, such as problematic rail joints or wheel, are illustrated
in Figure 2.2. These discontinuities, known as rail irregularities, occur high-frequency
vibrations when the wheels pass over a rail joint or when the spot of the wheel flat is in

contact with the rail.

(@) (b)

Figure 2.2(a) Problematic rail joint, (b) wheel flat.

Car body bounce _

Bogie passage .

Car bogie bounce -

Axle passager I

Wheel passager

Upper soil layerf

Wheel out of roundness

Rail bending waver
Rail/sleeper-ballast resonance

[]
]
]
Wheel-ballast resonance r .
[
]
[

Sleeper passage

Rail-railpad resonancer -
Rail pinned-pinned resonance I
Wheel corrugation - -
Railhead corrugation _
10° 10' 10° 10° 10* 10°

Frequency [Hz]

Figure 2.3 The main contribution of dynamic vehicle/track and soil interactions (adopted by
Kouroussis et al. (2015)).
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The quasi-static and dynamic components of the train force are strongly dependent
on the train characteristics. Accordingly, the induced vibrations are widely varying. For
instance, underground trains induce vibrations at a higher frequency range in comparison
with regular trains. Furthermore, the dominant issue of high-frequency vibrations is the
generation of noise within the tunnel and the response of infrastructure and buildings
above the underground line. On the other hand, the low-speed tramways generate low-
frequency vibrations, although their passage close to buildings might cause disturbance
to the residents or negative structural effects. Due to their high weight and low speed, the
freight trains generate low frequency and high amplitude vibration, which propagate to
high distances from the railway line. The frequency range of each vibrations excitation

mechanism is summarized in Figure 2.3, as presented by Kouroussis et al. (2015).

2.2.1.1. Rail irreqularities & defects

The most commonly observed irregularities and defects can be classified in the

following categories:

e Complete switch mechanism: Comprises of successive step-up joints and
pulse joints.

¢ Crossings and diamond crossings: They are used in double junction and are
often found on tram or streetcar networks where lines cross or split. They are
considered approximatively as two successive negative pulse joints.

¢ Foundation transition zone: This is similar to a ramp which may occur at
track-bridge or ballast-slab track transitions due to a change in track stiffness.
A local foundation compaction can induce variation in height of rail.

¢ Rail joint: The force on the rail arising from a typical rail joint increases almost
linearly with the product of train speed and the angle of the dip, whereas the
force arising from a chordal flat increase with increasing severity of the flat,
but not in proportion with the vehicle speed. The higher loads which are
normally encountered by the track are those due to irregularities on the wheel
tread. They could be due to manufacturing faults, the wheel sliding on the rail,
tread braking or faulty turning and grinding during maintenance and repair.

e Wheel flat: Wheel irregularities are commonly defined into three categories:
out-of-roundness of the wheel, tread damage from loss of metal and flat zones

on the circumference caused by sliding. The typical wheel flat, caused by

15
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wheelset lock-up, has a simple geometrical relationship between the depth
and length. Flats have been observed in service with lengths extending
significantly around the wheel and it is thought that such flats are produced
by the dynamic forces modifying the shape of the original flat. Unlikely
dynamic forces at dipping joints, wheel flat forces do no increase linearly with

speed. Maximum force levels are produced when the wheel flat resonant

frequency and the frequency of the track response coincide.

Figure 2.4 Overview of possible surface defects encountered in practice: (a) reference (no
defect), (b) foundation transition, (c) fishplated rail joints, (d) turnout, (e) crossing and (f)
wheel flat (adopted by Kouroussis et al. (2015)).

It should be mentioned that those types of excitation mechanisms are becoming a less
and less important factor, in comparison with the other excitation sources as the level of
railway lines maintenance has been improved through the years. Furthermore, the
extensive use of the continuously welded rails has minimized the irregularities due to the

rail joints and wheel flats.

2.2.2. Propagation path of HST-induced vibrations
2.2.2.1. Wave types: Basics of the Wave Theory

After the generation, the train-induced vibrations are propagated from the track to the
soil. The vibrations could be separated into body and surface waves. The body waves are
traveling under the soil surface, in contrast with the surface wave, as illustrated in Figure
2.5. The first noteworthy investigations in the field of vibrations propagation have been

carried out by Rayleigh (1885) and (1904), who aimed to categorize the wave types in the

16
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elastic half-space into three types: the dilation waves (pressure or P-wave), the
equivoluminal waves (shear or S-wave), and the surface waves. The most common body
waves are the compressional waves (P-waves) and the shear waves (S-waves). P-waves
are the fastest waves and are travelling in longitudinal direction where the particles in the

solid move in the same direction as the wavefront.

P wave Compressions Undisturbed medium

Amplicude

Wavelength
Figure 2.5 Propagation of P-waves and S-waves.

On the other hand, S-waves are slower than the P-waves and propagate in a
transverse direction where the particles move perpendicular to the wavefront. The shear
waves could also group into two subcategories, the horizontal plane (SH-waves) and the
vertical plane (SV-waves). Furthermore, the variations of the layered soil medium lead to
the generation of the P-SV wave (e.g., the coupling of the P and the SV waves); on the
other hand, the SH waves remain uncoupled. Figure 2.5. demonstrates the propagation

mechanism of the S-waves and the P-waves. The body waves speed is defined as follows:

Cp = /“p 21 (2.5)

Cs = % (2.6)

where:
p: soil density,
A: bulk modulus,

p: shear modulus.

17
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Rayleigh wave

S L
. o o

B s

Figure 2.6 Propagation of R-waves.

The most dominant surface waves are the Rayleigh waves (R-wave). The propagation
of Rayleigh waves is caused by the elliptical movement of the medium particles with in-
plane longitudinal and transverse components, as illustrated in Figure 2.6. These waves
propagate on the surface to a depth of approximately one wavelength. They are the
slowest type of waves, and for linear elastic materials with a positive Poisson’s ratio lower

than 0.3, their speed is calculated by:

0.862+1.14v

CR = CC 1t (27)

v

where:

v: Poisson’s ratio.

Apart from the Compressional, Shear and Rayleigh waves, which are the most
common, there are several other types of waves, such as Lamb waves, Love waves or
Stoneley waves. The spread of the Love waves on the medium surface takes place in the
out-of-plane direction. On the other hand, Stoneley waves are located at the interface area
between different medium layers. However, those three types are the most dominant;
according to Woods (1968), 67% of the total excitation energy is transmitted as Rayleigh
waves. The percentage of P-waves and S-waves are equal to 7% and 26%, respectively.
Therefore, Rayleigh waves are the most dominant and could affect the residents and the

nearby structures.

2.2.2.2. Damping

The amplitude of the waves is minimized as the waves spread from the vibrations source
to the surrounding medium due to radiation damping and medium damping. The
induced waves widely spread at increasing distances from the source. The expansion of
the wavefront causes the reduction of the waves energy; this phenomenon is the radiation

damping. According to Woods (1968), who investigated the three-dimensional spread of
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waves induced by a surface point load, the body waves amplitude reduces inversely as
the square of the radian from the source and at depth as the converse to the radian (see
Figure 2.7.). On the other hand, Rayleigh waves decay contrariwise of the square root of
the radian from the waves source. Hence, it is obvious that the reduction of the waves
energy is a function of geometry and is independent of the material properties of the
medium. This theory also holds for propagation at depth, assuming that the radius r for
body wavefronts is measured from the source, while the radius of the surface wavefront
is measured from the surface vibrations epicenter.

On the other hand, material damping strongly depends on the material properties of
the propagation medium and is associated with the spread of waves energy through
mechanisms such as soil particles friction. The most common material damping models
are the viscous and the hysteretic model. Viscous damping is the dissipation of energy
that occurs when a soil particle is resisted by a constant force. Furthermore, viscous
damping is independent of displacement and velocity, and its direction is opposite to the

direction of the particles velocity.

Vert.

4 %

Figure 2.7 Different types of waves from a circular footing and their theoretical geometrical
damping (adopted by (Woods, 1968)).

Material damping is non-linear in the frequency range. Hence, the dependence of
frequency leads to complex modeling for time-domain approaches, in contrast with
frequency-domain modeling. Furthermore, it is observed that at the surface layer of the

soil, the damping is increased in comparison with deeper layers. The main reason of this
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difference is the lower compact of the upper soil layer particle, as the waves lose higher
amounts of energy when it passes through the air voids. In addition, in the case of
saturated soils, increased viscous damping values are observed at the high-frequency
range. Regarding the track, damping is dependent on a combination of rails, sleepers and

ballast materials.

2.2.3. HST role on the wave propagation

As it has been thoroughly presented in the previous section, the waves propagate into the
track and the surrounding soil upon their generation. However, apart from the HSR lines
surrounding area, a part of the vibrations is propagated upwards to the HST bogies. This
phenomenon is equally important with the propagation of the vibrations on the soil
surface, as the vibrations disturb the passengers of the train. Hence, the reduction of the
upwards vibrations is a vital issue to ensure the proper operation of the train. For this
purpose, HST commonly use two suspension systems, the first connect the wheels and the
bogies and the second joins the bogies with the car body (Kouroussis et al., 2014). This
system has been first used only on high-speed trains, although they are going to be used
on other train types in recent years. In the case of the high-speed trains, which commonly
serve business and luxury customers, the passengers comfort is vital; hence the HST
should provide a suitable environment where the passengers could read or write. For this
purpose, several researchers have investigated the effect of the induced vibrations on the

passengers comfort.

Pallord and Simons (1984) examined the role of the suspensions on the passengers
comfort and concluded that vibrations within the low-frequency range (0.8Hz-8Hz) and
especially below 5Hz, could disturb the passengers reading or writing tasks. A similar
observation has been made by Griffin and Hayward (1994), who proposed a critical
frequency range (1.25Hz, 6.3Hz) for the passengers reading. Furthermore, Corbridge and
Griffin (1991) found that the probability of spilling liquid from a hand-held cup was also
affected by the low-frequency range. Khan and Sundstrom (2007) concluded that low
vibrations levels could reduce the ability to perform sedentary activities. Except for the
reading and the writing, the induced vibrations might cause sickness to the passengers.
Suzuki et al. (2005) carried out a poll of four thousand train passengers and vibrations
measurements have been taken on each train involved. This investigation concluded that

the ratio of passengers who felt motion sickness on tilting trains was higher than that on
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non-tilting trains. Additionally, Low-frequency lateral vibrations between 0.25Hz and 0.32

Hz have been found to have a high influence on the degree of motion sickness.

In order to investigate the propagated vibrations to the train, the time-domain
multibody approach is commonly used. Kargarnovin et al. (2005) examined the comfort
of HST passengers when the train passes over bridges and concluded that the rail
unevenness has a crucial role in this case. Furthermore, several researchers have examined
the vibrations transmission of train seats in either vertical, lateral or fore-and-aft directions
(Corbridge et al., 1989; Jalil and Griffin, 2007; Lo et al., 2013). Lee et al. (2009) presented a
structural equation model for the ride comfort of the Korea Train Express in South Korea

HSR.

2.2.4. Track role on the wave propagation

The railway track has a vital role in the waves propagations as it acts as the foundation
of the whole railway track system. The basic HSR track commonly consists of the rails and
their foundation layers. The two commonly used tracks are the ballasted and the
ballastless track, as illustrated in Figure 2.8. There are several differences in the response,
the composition, the construction, the maintenance and the cost of the ballasted and

ballastless track.

(@) (b)
Figure 2.8 (a) Ballasted track, (b) ballastless track.

The ballasted track is the most commonly used and consists of steel rails, sleepers and
ballast bed. Generally, multi-layered ballast is preferred in order to reduce the stress on
the subsoil. Furthermore, the ballast bed improves the flexibility of the railway track and
reduces the propagating vibrations level to the surrounding soil. On the other hand, the

ballastless track is the railway track whose bed is composed of concrete. Generally, a
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ballastless track consists of steel rail, fasteners and slab, on which the concrete sleepers are
based. The ballastless tracks are a more advanced track than the ballasted and preferred
in constructing new HSR lines worldwide. However, nowadays, the majority of the

operating HSR lines are still based on ballasted tracks.

The track properties are one of the most important factors for wave propagation, as
the track supports the moving HST and propagates the vibrations to the surrounding soil.
A track with low stiffness occurs with high values of deformation, increasing the risk of
derailment. Furthermore, HSR needs increased power in order to move. On the other
hand, stiff track lead to wheel corrugation due to the concentration of stresses on a small
slide area on the rail (Grossoni et al., 2018). In addition, Dahlberg (2010) investigated the
track stiffness variations and concluded that when the stiffness of the track varies
drastically, it leads to track corruption and an increase of the vibrations level. In general,
there are no optimal values of track stiffness, as the proposed values differ according to
each county standards and the type of the operating trains. Hence, it is obvious that it is
hard to propose an optimal stiffness value for an HSR line, where several different types

of trains are operating.

As mentioned earlier, the interaction of the train with the track is the source of the
induced vibrations; therefore, it is vital to model the track components accurately.
Obviously, inaccurate modeling of the track could lead to errors on the vibrations level at
the surrounding soil. Several analytical and numerical approaches have been proposed
through the years, aiming to represent the track accurately. Those models are commonly

separated on either frequency or time domain.

2.2.5. Surrounding soil role on the wave propagation

One more important factor related to the propagation of the HST-induced vibrations is the
surrounding soil, as it is the transmission path for vibration to reach nearby buildings and
infrastructure. The most crucial amplitude related to the soil response is the HST passing
velocity. More specifically, a substantial increase in the vibrations has occurred if the HST
is running with a velocity higher than the surface wave speed of the surrounding soil. This
passing speed is well known as critical speed. The critical speed is a factor that is becoming
more and more important as the HST operational speeds increase through the years.
Obviously, as the HST speed increases, approaching the “critical velocity” at more sites of

the HSR is also increased. The site with loose surface layers is more vulnerable to high
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vibrations levels due to their low Rayleigh waves velocity. The incredible rise of the
vibrations level related to the critical speed except for a source of detrimental
environmental effect and human disturbance also affects the HSR operation, as several
issues such as degradation/deformation of track foundations, fatigue failure of rails and

interruption of power supply to trains could be observed.

Numerous researches have examined the phenomenon of critical speed. For example,
the Swedish Rail Administration (SRA) investigated the passage of X-2000 HST at the
Ledsgard site, where the HSR track is founded on loose soil and extreme vibrations level
in the HSR embankment surrounding soil have been observed. According to the
investigation of Woldringh and New (1999), the passing velocity of X-2000 HST
approached the critical speed of the subsoil; hence, SRA immediately reduced the passing
velocity. This observation led several authors to investigate this site, aiming to assess the

critical speed and associated issues (Auersch, 2008; Bian et al., 2016; Costa et al., 2015).

2.3. Effects of vibrations

In recent decades, the rapid growth of the HSR lines made their adverse effects related to
potential structural damage in nearby buildings and the users of the buildings and the
railway infrastructure even more pronounced. Hence, it is crucial to investigate the existed
appropriate indicators proposed by the relevant international standards. Those indicators
are relevant to the impact of the developing vibrations on the residents of buildings
located in the vicinity of the HSR area. The complex transmission path from the
HST/source to the receiver/building is demonstrated in the schematic diagram of Figure

2.9.

reciever building

- o
source
—

reciever surface waves?
human propagation

AN

body waves’ propagation

Figure 2.9 Scheme of vibrations transmission from HST passage to buildings and humans.
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The two most common issues, which are assessed via proper indicators, are the
human perception and the damages on nearby buildings. In the case of residents of nearby
buildings, their health and comfort are in danger due to the consecutive reception of the
developing vibrations. Furthermore, the vibrations could affect the dynamic behavior of
the structures. In some cases, the induced vibrations could cause structural fatigue. Thus,
it is crucial to ensure that the level of the receiving vibrations in structures by the passage
of HST will not affect the health and the comfort of the residents. For this purpose, several
international standards and guidelines have investigated this issue. For instance, the
international standards (ISO (International Organization for Standardization), 1997, 2003)
investigates the comfort evaluation and the Swiss standards (Schweizerische Normen-
Vereinigung, 1992) is focused on building damages. In central Europe, the German
standards (DIN (Deutsches Institut fiir Normung), 1999a, 1999b) are used and in the USA,
the recommendations of the United States Department of Transportation (USDT, 1998).

2.3.1. International Organization for Standardization standards (ISO 2631)

The International Organization for Standardization is focused on human exposure to the
induced vibrations. The standards are grouped into two parts, ISO 2631 part 1, which
investigates the vibrations felt by the train passengers and s ISO 2631 part 2, which
examines the effect of the induced vibrations on the nearby structure and their residents.
According to ISO, frequency-dependent filters related to human activities inside the
buildings, the body position (e.g., standing, sitting or sleeping) and the direction of
vibrations are proposed. This methodology is based on the assumption that a root mean
square of the weighted acceleration (aw) from the measured accelerations time hibase is
considered in order to describe the smoothed vibrations amplitude of the human

response. The weighted acceleration is calculated by:

a, = /% [} a3 (t)dt) (2.8)

where T is the total time of the acceleration time hibase.

In comparison with the vehicle passengers, just one single filter is presented to
estimate the vibrations level inside the buildings. Furthermore, this value does not
consider the direction of the vibrations and human body position and is focused on the

low-frequency range from 1Hz to 20 Hz.
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2.3.2. European standards

The German standards use a running root mean square of the velocity signal as the
vibrations are often non-stationary. According to DIN, the weighted time-averaged signal

is calculated as follows:

KBr(t) = \/é [T KB (§)e'< dg (29)

The weighted velocity signal KB (t) is obtained through the high-pass filter as the original

velocity signal:

Hyp(f) = 15 = (2.10)

1+G)?

The filter is a function of the frequency f and the integration time t to run the
averaging is equal to 0.125s. This value considers phenomena like impacts or shocks that
would otherwise be ignored if a simple rms had been used. Furthermore, the standards
propose three thresholds to compare the captured maximum level of KBk (e.g., Au, Ao, Ar)
to examine the level of comfort. On the other hand, DIN 4150-3 focuses on the effect of
traffic vibrations on buildings. For this purpose, a second indicator, the peak particle
velocity PPV, is introduced. PPV is defined as the maximum value of the velocity-time
signal. This value is compared to thresholds depending on the dominant frequency of the
vibrations. This standard examines the maximum value of the most dominant direction of

the vibrations. According to DIN, PPV is calculated as follows:
PPV = max|v(t)| (2.17)
It is worth noting that Switzerland standards (Schweizerische Normen-Vereinigung,

1992), in contrast with DIN, are taking under consideration all the three components of

PPV. Thus, PPV is defined by:

PPV = max [\/v,? () + v () + v? (t)] (212)

Obviously, in the case for which there is a dominant direction, Eq. 2.11 and 2.12 are almost

equivalent.
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2.3.3. USS Department of Transportation recommendations

The Department of Transportation of the United States presented a decibel scale to
investigate the effect of the HST-induced vibrations impact of passing high-speed trains
on buildings. In order to describe the velocity level, the proposed scale decrease the range

of the required values and the decibel level is calculated as follows:

VT'mS
VdB = 2010g10 Vo (213)

where vims is the root mean square of the measured velocity time hibase by the HST
passage. In comparison with the ISO standards, USDT proposed an equivalent (Viq4s) be
applied to the decibel level. For instance, in Japan, the standardized weighted vibration

level for all the frequencies higher than 8Hz is defined by:

VLdB = VdB —21 (214:)

Accordingly, Table 2.1. summarizes the proposed limits in the international standards

(Kouroussis et al., 2014).

Table 2.1. Standard analysis summary for ground-borne vibration assessment (adopted by
(Kouroussis et al., 2014)).

Standard Parameter Limits Conditions of use
DIN 415023 peak particle velocity 3mm/s (very) sensitive building
(the higher component) ~ 5mm/s dwelling place
SN 640 3124 peak particle velocity 3mm/s  frequently excited sensitive building
(the higher component) 6 mm/s normally excited building
1SO 26312 weighted rms 0.315 m/s?2 not or a little uncomfortable
acceleration 2m/s? extremely uncomfortable
rms velocity 0.10 mm/s residential area
frequent (>70 passbys per day)
T
usb 0.26 mm/s residential aera
infrequent (<70 passbys per day)
DIN 4150-2 weighted dose 0.15mm/s residential area
KBF,max 0.10 mm/s sentitive area

2.4. Vibrations mitigation methods

As mentioned, the HST passage developing vibrations are a crucial environmental issue,
which affects the passenger comfort, the health of the nearby residents and might occur,

in some cases, structural damages to nearby buildings or HSR infrastructure. Hence,
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several researchers have proposed numerous mitigation approaches in order to reduce the
developing vibrations (Feng et al., 2019a; Gao et al., 2020; Thompson et al., 2016a; With et
al., 2009). Several isolation measures have been proposed in recent decades in order to
minimize the ground-born vibrations. Generally, those remedial solutions could be
summarized into three categories: a) train modification and track maintenance (Ferreira
and Loépez-Pita, 2015), b) installing wave barriers in the transmission path (Garinei,
Risitano, and Scappaticci, 2014; Takemiya, 2004; Yarmohammadi, Rafiee-Dehkharghani,
Behnia, and Aref, 2018), c) retrofitting against vibrations of the nearby infrastructure
(Yang et al., 2019). The optimal approach should consider both technical and financial

aspects of each examined problem.

2.4.1. Train modification and track maintenance

The main strategies for the mitigation of the HST-induced vibrations involve design and
maintenance solutions. In new railway lines with appropriate route design, the optimal
locations are selected for track parts such as switches, turnouts, and crossovers, where the
vibrations level is usually increased. At the stage of the design of new HST lines, it is easier
to provide a high vibrations level. Optimal solutions to prevent the generation and
propagation of vibrations are the correct choice of railway track superstructure elements
(fastenings, sleepers, ballast). The increase of the flexibility of those parts could increase
their vibrations damping ability generated at the wheel-rail interface. Solutions such as
reducing the unsprung mass or better wheel/axle design using higher performance

materials should be considered in the design stage.

Figure 2.10 The resilient pre-loaded fastening system was adopted by www.pandrol.com).

Furthermore, the use of Resilient wheels (Pita et al., 2004) or active vibration control
systems (Dahlberg, 2010) could have a beneficial role in the reduction of the induced
vibrations. It has been reported that the implementation of resilient fastening systems

leads to noise reduction between 3dB and 6dB, in comparison with the classic fastening
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system (Federal Transit Administration, 1997). Resilient rail fastenings have been
implemented at several sites on the lines of the Pan-European Corridor X, which passes
from Retkovec and an average reduction equal to 2dB has been achieved. According to
them, elastic elements are placed below the rail, the implementation of high-resilience
fastenings prevents the contact of the sleepers and the rails. This approach increases the
vertical deflection of the rail and reduces the induced vibrations up to 10dB at higher
frequencies than 30Hz(Hanson et al., 2006). Figure 2.10 illustrates a discrete rail fastener
with a highly resilient under base-plate pad, known as a resilience pre-loaded fixation

system. This system could achieve even higher reduction of the vibrations level.

Figure 2.11 Rail vibration dampers.

Rail dampers are prefabricated elements implemented to the rail to reduce noise
generated by railway rolling stock, as illustrated in Figure 2.11. The dampers can be easily
glued or clipped on existing and new rail tracks. The main mechanism of this method is
based on the increase of the rail weight in order to prevent rail vibrations. More
specifically, the implementation of rail dampers minimizes the deflections along the rail,
followed by isolating the vibrating length of the rail and ending in reducing the induced
vibrations. The dampers are constructed by steel components, acting as springs under the
influence of vibrations, and elastomeric material that absorbs the energy of rail (springs)
oscillations. The use of continuously welded rail could also reduce the vibrations level as

it was aforementioned.

On the other hand, in the case of existing HSR lines, the mitigation approaches are
based on the maintenance of the track (e.g., rail grinding) and the wheels (e.g., wheel
truing). In addition, the reduction of the passing speed of the train at problematic sites

leads to the reduction of the vibrations level. One more effective approach is implementing
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highly damped pads (Alves Costa et al., 2012) between track components (e.g.,

rail/sleepers or sleepers/ballast) to minimize the vibrations. This approach moves the

vibrations to the lower frequency range, although it should be avoided close to buildings.

Moliner et al. (2012) proposed a mitigation technic using viscoelastic dampers (VEDs) to

protect existing railway bridges from the HST induced vibrations. Furthermore, floating

slab tracks are commonly implemented instead of ballasted tracks in tunnels in order to

isolate the induced vibrations.

Figure 2.12 Rail gridding.

Table 2.2. Effect of noise and vibration mitigation measures (adopted by Lakusi¢ and Ahac

(2012)).
Mitigation measure Noise reduction /dB(A)  Vibration reduction/dB
Reduction at source - permanent way
Resilient rail fastenings 3+6 5+10 (20)
Embedded rail system 3+10 8+18
Rail dampers 5+ 6 7+9
Wooden sleepers 1+2 3+5
Under sleeper pads 0+3 8+15
Ballast bed height increase 3+5 0+6
Ballast mats 8+18 10+15
Elimination of the rail running 6+10 0+5
surface discontinuities
Maintaining smooth rail 10+15 10+ 20
running surface
Reduction at source - rail vehicles
Wheel re-profiling 5+10 5+10
Reduction of speed 3+7(10) 3+6
Disc brakes 10+ 15 -
Composite brakes 8+10 -
Resilient wheels 3+20 3+4
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In practice, the implementation of just one of those mitigation approaches cannot
significantly reduce the vibrations level; hence commonly, a combination of some of those
approaches is used. The most common combination is the implementation of welded rail
with resilient fixation to the track, which is used in order to upgrade existing lines.
Furthermore, each mitigation approach is more effective at different frequency ranges.
Hence, for instance, in order to reduce vibrations at frequencies higher than 100, the truing
of wheel and rail grinding are the most appropriate solutions. Table 2.2 summarizes the
level of noise and vibrations reduction of several mitigation approaches at the source

(Lakusi¢ and Ahac, 2012).

2.4.2. Installing wave barriers in the transmission path

The reduction of the induced vibrations by modifying the source is partially effective,
although the mitigation level is limited. For this purpose, except for the modifications at
the source, numerous mitigation schemes have been proposed through the years in order
to prevent the spread of the vibrations on the surrounding area. Numerous researchers
have focused on the proposal of mitigation approaches that can be used to reduce HST-
induced vibrations (Connolly et al., 2015; Dijckmans et al., 2015; Karlstrom and Bostrém,
2007). The most commonly used mitigation approach is implementing one or more
trenches -open or filled- in the direction of wave propagation to reflect and absorb the
vibrations (Sitharam et al., 2018). The discontinuity between the soil and the trench fill
material leads to the mitigation of the soil vibrations at the trench-soil interface. Yao et al.
(2019) investigated the reflection at the interface of the soil material and the trenches filled
material and concluded that a high difference between soil and fill material Young's
Modulus and density leads to a higher reduction of the traffic vibrations. Numerous
investigations have been carried out to investigate the optimum trench geometry and

various filling materials have been proposed.

Beskos et al. (1986) compared filled with open trenches and concluded that trench
depth must be higher than 60cm for open trenches. Furthermore, the normalized product
(by Rayleigh wavelength) depth and width must be more than 1.5 for a trench filled with
concrete. In another relevant study (Adam and von Estorff, 2005), it has been noted that
the increase of trench width is less effective than its depth. Nevertheless, the
implementation of very narrow trenches allows a significant part of the vibrations to pass

(Bo e al., 2014). Feng et al. (2019b) examined the efficiency of open buried trenches also
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covered with an extending plate and concluded that the source- and receiver-oriented
extending plate is an effective mitigation approach, especially when the trench is buried
at a depth equal to 0.2-0.3 Rayleigh wavelength. The most effective trenches for the
mitigation of the traffic-induced vibrations are considered open ones (Hung et al., 2004;
Yang et al., 2018). Nevertheless, several issues (e.g., maintaining their initial geometry
intact, avoiding plants and filling with water or other materials) need to be properly

addressed in order to ensure their continuous operation as initially planned.

(@) (b)

Figure 2.13 Trench barriers from the full-scale experimental study: (a) open trench and (b)
Geofoam trench (adopted by Alzawi et al. (2011)).

(a) (b)

Figure 2.14 (a) Construction of the jet grout columns and (b) the stiff wave barrier upon
completion at El Realengo (adopted by Coulier e al. (2013)).
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Undoubtedly, the efficiency of a filled trench depends on filling material properties.
Several types of filled trenches, such as concrete or bentonite trenches (Al-Hussaini and
Ahmad, 1996), gas-filled cushions (Massarsch, 2021), water (Ekanayake et al., 2014), sand-
rubber mixture (Chew et al.,, 2019), polyurethane (Alzawi et al., 2011) or expanded
polystyrene (EPS) (Bo et al., 2014) have been proposed over the last decades. Frangois et
al. (2012) investigated the efficiency of a sandwich in-filled trench, using polystyrene as
core material and concrete side panels and concluded that this method is less effective
than an open trench. On the other hand, Kanda et al. (2006) studied the impact of gas
cushion trench on vibrations isolation; according to this study, the examined barrier of the

gas cushion is as effective as open trenches for the low-frequency range.

Yamohammadi et al. (2019) compared single, double and triple trenches and
concluded that the double trench increases the vibrations reduction compared to the single
trench. Moreover, double trenches require a lower depth in order to achieve a similar
reduction of the vibrations as a single trench (Jayawardana et al., 2019). Bo et al. (2014)
presented a numerical investigation of several parameters impact (e.g., trenches depth and
width) in mitigating vibrations induced by a dynamic load, using a trench filled with EPS
blocks. According to this investigation, larger depth leads to a higher reduction of the
vibrations, while trenches with a slight inclination from the vertical direction are more
efficient than the vertical cuts. Trenches filled with Fontainebleau sand were investigated
and some guidelines regarding the design of geofoam infilled trenches were proposed by
Murillo et al. (2009). Moreover, the effectiveness of the geometrical properties of open and
geofoam-filled trenches was compared via a full-scale field experiment by Alzawi and EI-

Naggar (2011).

There exist some alternative approaches for the mitigation of vibrations, aiming, for
instance, to improve soil stiffness (Coulier e al., 2013) (e.g., deep vibro-compaction,
grouting consolidation (Coulier et al., 2015), lime-cement columns (With et al., 2009) or
deep subsoil mix), which can be quite effective, but they are not commonly applied due to
their high cost. In addition, several studies have concluded that trenches provide a higher
reduction of the train-induced vibrations, compared to the local soil stiffening beneath the
embankment (Andersen and Nielsen, 2005; Pflanz et al., 2002). The heavy mass placement,

such as a gabion wall across the track, has been proposed by Dijckmans et al. (2015).

The implementation of a sheet-pile wall as a stiff wave barrier has been studied by

Dijckmans et al. (2016). This mitigation approach effectiveness is determined by the depth
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and the stiffness contrast between the barrier and the surrounding soil. Thompson et al.
(2015) examined the mitigation of the HST induced vibrations by stiffening the track
subgrade. The implementation of a horizontal wave barrier, known as wave impeding
blocks (WIBs), has been investigated by several authors (Antes and von Estorff, 1994; Gao
et al., 2015; Takemiya, 2004). WIBs are placed under the track parts, as is illustrated in
Figure 2.15 and their effectiveness depends on the position and the material properties of

the blocks (Celebi and Goktepe, 2012).

P
Surface foot
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Figure 2.15 Schematic representation of WIB in the layered ground for vibration isolation
(adopted by Gao et al., 2015).

2.4.3. Retrofitting against vibrations of the nearby infrastructure and buildings

The HST-induced vibration propagates through the surrounding soil to the nearby
buildings and railway infrastructure, resulting in re-radiated ground-borne noise.
According to Stiebel et al. (2012), this is a significant environmental issue internationally;
thus, it is vital to implement further local countermeasure to reduce the vibration level on
important structures. There is always the option to implement a trench between the

building foundation and the surrounding soil to protect against the developing vibrations.

This is an efficient retrofitting approach in the case of pre-existed buildings, although,
in the case of new structures close to HSR lines, it is possible to reduce the structural
vibrations via optimal structural design. This approach is commonly used for structures

above underground lines. One solution that can be followed during the structural design
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is to apply base isolation to modify the frequencies and the response of the building. The
selection of the optimal isolation system is a complex procedure as it depends on the
foundation properties, structural flexibility and building damping (Talbot and Hunt,
2003a). The most common isolation methods are mounting the new building on suitable
isolators (Talbot and Hunt, 2003b) and increasing the thickness of the lower floor (Zhao et
al., 2010).

2.5. EPS Geofoam materials

According to Horvarth (1994), geofoams have been introduced to the scientific community
to group in one category all the plastic foam, which are used in geotechnical applications.
There are two basic types of geofoams, the expanded polystyrene (EPS), which is the most
commonly used and the extruded polystyrene (XPS). The implementation of EPS geofoam
at multiple geotechnical applications as fill material is used from the 60s. The primary
usage of the geofoam is to provide lightweight fill material for numerous geotechnical
applications, as its weight is approximately 1% the weight of soil and less than 10% the
weight of other lightweight fill alternatives (Stark et al., 2012). The capability of EPS
geofoam to minimize the applied loads to the subsoil and infrastructure makes it a very
popular solution for several engineering challenges. Due to its mechanical behavior,
energy dissipation characteristics, low density, low permeability and ease of use, EPS
geofoam is ideal to be used for lightweight embankments construction, slope stabilization,

lateral and vertical pressures reduction, vibrations damping and sub-base fill material.

Figure 2.16 Implementation of EPS at the field with bare hands.
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The beneficial role of the EPS geofoam on the construction cost and schedule is
observed, as it is easy to handle, in some cases with bare hands without special equipment
(see Figure 2.16), and is not affected by the weather conditions. Furthermore, the life cycle
of EPS geofoam is similar to other competitive materials. Hence it is capable of retaining
long-term mechanical properties under designed conditions of use. The widespread EPS
geofoam usage leads to the production of several types of geofoams, ideal for each specific
application. Table 2.3 summarises the mechanical properties of the seven EPS types,
classified by ASTM D6817 (2017). Worldwide, there are numerous EPS geofoam producers.
Hence it is easy to find EPS in the majority of the countries. The geofoam is formed into

blocks with various shapes and sizes to fill the needs of each project.

Table 2.3. Physical properties of EPS geofoam according to ASTM D6817 (2017).

Units EPS12 EPS15 EPS19 EPS22 EPS29 EPS39 EPS46
Density kg/m3 112 144 18.4 21.6 28.8 384 45.7

Compressive
Resistance, kPa 15 25 40 50 75 103 128
at1l %
Compressive
Resistance, kPa 35 55 90 115 170 241 300
at5 %
Compressive
Resistance, kPa 40 70) 110 135 200 276 345
at10 %
Flexural
kPa 69 172 207 240 345 414 517
Strength
Oxygen
index, % 24 24 24 24 24 24 24

volume

2.5.1. EPS impact on the Environment

Commonly, in order to caegorize a material as ecological and environmentally friendly,
the raw production materials are examined. Furthermore, the energy spent for its
production and its application in construction as well as if the matterial can be easily

recycled are taken under consideration. EPS is a 100% recyclable and environmentally
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friendly material as EPS is non-toxic, completely inert.It does not contain
chlorofluorocarbons (CFCs) or hydrofluorocarbons (HCFCs) throughout its life. In
addition, EPS does not contain any nutritional value and therefore there is no risk of fungi

Or microorganisms.

Furthermore, EPS can be recycled in many ways when it can no longer be used in its
original form. It can be recycled directly into new construction products or it can be used
as a clean fuel in order to recover its energy content. The choice of recycling method is
based on technical, environmental and economic studies. The environmental impact of the
manufacture of raw materials (expanding polystyrene drop) and their conversion into EPS
insulation is very small. Throughout the life of EPS, the only environmental aspects are

those of gases released into the atmosphere for the required energy for its production.

It should be mentioned that EPS does not endanger health both during installation
and during its function. EPS does not affect the health of workers, e.g., it does not irritate
the skin or mucous membranes. The rules of working conditions do not require the use of
gloves or a mask when using such a soft and compact material. EPS is biologically neautral
and does not produce any pathogenic dust, even in the long-term conditions. As a result,

EPS is equally safe for those who install it and for those who use it.

2.5.2. EPS Geofoam geotechnical applications

2.5.2.1. EPS applications in highways engineering

As it was aforementioned, EPS geofoam is a multi-functional material, which is ideal for
several geotechnical applications. The geofoam applications to railways projects are still
limited, although it is most commonly used in highway applications to prevent similar
issues with the railways. For instance, EPS has been used to construct highways over loose
soil, which cannot manage supplementary loads. For this purpose, heavy road-fill
materials should be avoided. Hence, the use of lightweight fill material, such as EPS
geofoam, is the optimal choice. Furthermore, the high compressive resistance makes the

EPS geofoam able to support high highway traffic loadings effectively.

The EPS geofoam has already been used on numerous highways worldwide. For
instance, in the USA, EPS has been selected for the Borman Expressway reconstruction in
a site with loose subsoil close to Michigan lake. In this case, just 32 truckloads of EPS have
been implemented. It is evident that if common soil fill has been used instead of EPS

geofoam, four hundred truckloads would be needed. In addition, at the coastal area of
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Great Yarmouth in the UKK, the native soft alluvial clayey soil level was needed to be
raised above sea level. For this purpose, EPS has been implemented to address this
sensitivity issue. In Greece, EPS geofoam has been used as large-scale road embankments

fill in the new highway in Maliakos Gulf on loose native soil (see Figure 2.17).

Figure 2.17 EPS application on Maliakos Gulf as highway embankment fill material.

Figure 2.18 Widening of roads with the use of EPS geofoam.

Except for the highway settlement of loose soil, EPS has also been used to widen
existing roads. In such cases, the use of EPS instead of traditional fill materials significantly
minimizes the construction schedule. In some locations, several underground utilities
such as gas lines, water mains and communication cables are pre-existing and must
remain in use during the widening schedule. The EPS implementation in the sites where
those utilities are passing makes the fast procedure of the construction without expensive
interruption or relocation of those utilities. An example of EPS geofoam use to widen a

highway is interstate 15 (I-15), which runs north-south in Utah, US. The widening
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working schedule started in 1997 at a part of the highway close to Salt Lake City. This is
the biggest EPS project in the USA as close to 100,000 m3 EPS has been implemented on
the highway.

2.5.2.2. EPS applications in bridge engineering

In more geotechnical applications, where the EPS geofoam is commonly used is the
construction of highway or railway bridges. The advantages of EPS geofoam, such as its
low weight, make it a great fill material for bridge abutments or underfills. The high
compressive resistance of EPS geofoam leads to lower differential displacements at the
bridge/abutment interface. Hence, the maintenance cost of the bridge is reduced in the
long term compared with the soil abutments. Furthermore, due to its low weight, the
lateral forces on abutment walls are reduced. Hence, there are lower expectations in the

dynamic design of new abutments.

Figure 2. 19 EPS as bridge abutment.

In several cases, EPS geofoam has been used as bridge underfills in order to support
them. More specifically, in the case of existing bridges, which are no longer capable of
carrying the required traffic loads, the underfill could further support the span and
transfer the traffic load to the subsoil; EPS geofoam is a great solution. This approach was
implemented on a masonry bridge along Tucker Boulevard at Saint Louis, USA, which

was no longer capable of supporting a common soil underfill.

2.5.2.3. Rail embankment

Compared to the bridges and the highways applications, in the case of the railway

projects, the implementation of EPS is not yet commonly used. However, its mechanical
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properties attract the interest of several researchers in the field of railway engineering. As
mentioned in the section with the mitigation approaches of HST induced vibrations, EPS
geofoam has been used as trenches fill material (Khan and Dasaka, 2020; Majumder and
Bhattacharyya, 2021) with great results. Except for the mitigation of the HST-induced
vibrations, EPS geofoam can be used to manage similar issues with the highway

applications, such as the settlement of the railway track on loose soils.

B B -

Figure 2.20 EPS Geofoam Embankment, UTA light-rail system, West Valley Line.

More specifically, the EPS geofoam can construct railway embankments that do not
overload the underlying soils or stabilize the slopes of railway embankments or cuttings.
Utah Transit Authority based its light-rail system on an EPS-filled embankment in Salt
Lake Valley, as illustrated in Figure 2.20. This project is the first application in the railway
system and one of the largest projects in terms of EPS geofoam usage in the USA. It should
be mentioned that this project has been finished under budget and ahead of schedule due

to the easy use of EPS geofoam application.

2.6. Calculation of vibrations

The complex phenomenon of the HST-induced vibrations has led the researcher to the
proposal of several experimental, analytical and numerical prediction models. The ideal
prediction model should accurately predict the amplitude of vibrations at several
distances from the source, considering both the geometrical and material damping. In the

sequence, a brief review of the existed prediction model is presented.
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2.6.1. Experimental Investigation

The experimental investigations are the first approaches, which have been used to
investigate the phenomenon of track-induced vibrations. A general guideline for
predicting the developing vibrations in a variety of cases has been provided by ISO 14837-
1 (2005). According to the proposed work schedule, a series of sensors is placed in
increasing distance from the track to calculate the velocity or acceleration decrease level
with the distance from the track. Degrande and Schillemans (2001) carried out an
experimental investigation to examine the induced vibrations at the surface of the track
and the surrounding soil in the cases of Thalys HST passage with speed between 223km/h
and 214km/h. Those measurements greatly contributed to the field, as numerous

researchers used them to validate their numerical models.

One more experimental investigation, which provided helpful information, was
Auerch (2010) work, who also examined the reduction of the vibrations at increasing
distance. More recently, Connolly et al. (2014) carried out an experimental analysis of
ground-borne vibrations level generated by Thalys, TGV and Eurostar HST on several
sites (at-grade, embankment, cutting and overpass) of Paris-Brussels HSR. Figure 2.21
illustrates the component geophone, which has been used in the in-situ measurements. It
should be mentioned that the authors provide free access to the dataset of measurements

for researchers working in the area of railway vibrations.
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Figure 2.21 (a) In-field deployment of the three-component geophone, (b) Geophone
configuration (adopted by Connolly et al. (2014).

One interesting practical method to investigate dynamic characteristics of the track is
the receptance test. This test is performed using a hammer test aiming to investigate the
transfer from force on rail to the associated displacement. This approach characterizes the

global track behavior for a range of frequencies and allows the identification of the main
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resonances of the structure, as it characterizes the structure sensitivity to vibrations and
the dynamic flexibility of the track. However, this approach is not able to provide full
information on track dynamic behavior under passing trains. More specifically, receptance
could be a first fast and relatively easy measurement in order to estimate the track
behavior, although the knowledge of the vehicle/track interaction and of the force acting
on the track should also be investigated. On a realistic track model, receptance could be
used in order to detail the relation between peaks visible in receptance curves and

propagating waves in the track (Lesgidis et al., 2020).

The experimental investigations are a great tool for the researchers, as they provide
accurate results, which could be used to construct new HSR and validate numerical
prediction models. On the other hand, the time and cost limit the experimental analyses.
Furthermore, experimental analyses are commonly limited to a particular case in which
one phenomenon is expected to be emphasized. However, it is impossible to select an
exact location where the objectives of the investigation correspond to supercritical
phenomena. One important constraint is to capture the external noise from other sources
such as cars or construction excitation, which alter the results. Nevertheless, in-situ
measurements are incredibly useful in the validation of analytical or numerical models.

Furthermore, receptance test has been also used in order to validate numerical models

(Arlaud e al., 2020).

2.6.2. Analytical modelling

The main advantage of the analytical track modeling approach is its low computational
cost in comparison with the lower cost-efficient numerical models. Hence, before the
development of modern computing technology, analytical models were the most
dominant approach in the early years. The first approach used a homogenous track layer,
in which the rail was resting via the Winkler foundation. This approach was known as the
single-layer method and it is still used to investigate the induced vibrations in the low-
frequency range (Popp et al.,, 1999). Furthermore, according to this methodology, the
assumption was made that the rail is a typically Euler-Bernoulli beam (Clark, 1982). In the
sequence, to improve the efficacy of this method, various beams have been investigated
and it was concluded that the use of Timoshenko beam instead of Euler-Bernoulli led to

more accurate results due to its additional degrees of freedom (Zhang et al., 2020).
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The single-layer method gave some first useful results in the field of the train-induced
vibrations. However, there was a need for improvement of this methodology to consider
the effect of each component of the track (e.g., the sleepers and the ballast layers) in the
waves propagation. For this purpose, the two-layer method was developed, according to
which the rail pads and the ballast were assumed to be massless. However, this
methodology does no still take under consideration the effect of sleepers. Hence, dispute
of this problem (Knothe and Grassie, 1993), this approach is useful only in the case of
ballasted tracks. It is worth mentioning that, except for the track, the subgrade strongly
affects the stiffness of the track components. In the case of the single-layer or double-layer
methods, the assumption is made that the track is rigid. This assumption is valid in the
case of the subgrade with stiffness higher or equal to the track stiffness (Kouroussis et al.,
2011). However, in the case of a softer subgrade material, those approaches are not valid;

hence, attempts were made to consider the subgrade as elastic half-space (Cao et al., 2011).
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Figure 2.22 (a) Single-layer track model, (d) Double-layer track model.

2.6.3. Numerical modelling

According to the previous section, the analytical models in some cases are suitable to
accurately predict the response of the track, especially at simple track geometries.
However, the complexity of the required calculation to take into account parameters such

as the layering of the track and the subsoils or irregular geometries makes the analytical
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methods outdated. Nowadays, technological evolution, made possible the investigation
of more parameters through numerical models. Hence, the complex problem of HST-
induced vibrations is commonly approached via numerical methods such as the Finite
difference (FD) method, Finite element (FE) method or the boundary element (BE)
method.

2.6.3.1. Finite Difference Method

The finite difference method (FDM) has been introduced in structural vibrations
prediction primarily to exceed complex continuum problems by finding closed-form
solutions to the differential equations. FDM is one of the most straightforward numerical
approaches, which resolves the motion equations numerically at specified nodes of the
continuous structure by replacing the derivatives with finite-difference expressions of the
functions. The finite-differential equation governs displacements are applied at each
examined node of the meshed structure, connecting the displacements at the examined
node and its neighboring nodes to the externally applied loads. This methodology results
in a specific number of simultaneous equations to determine the displacements (Ghali et

al., 2017).

Figure 2.23 Sections through FDM model of the underground railway (left: longitudinal;
right: transverse) (adopted by (Thornely-Taylor, 2004).

FDM has a relatively low computational cost, as the discretization is well defined,
hence the separation of the analysis to multiple processors is possible. Furthermore,
absorbing boundary conditions makes FDM a competitive alternative to the more

computational costly finite element method. Those benefits led several researchers to use
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the FDM in order to solve the problem of HST-induced vibrations. There are some
investigations related to the field of HST-induced vibrations with the use of this method
(Katou et al., 2008; Thornely-Taylor, 2004). The main problem of FDM is the reduced
performance in simulating complex geometries and free surfaces. However, the FDM
offers reduced performance in modelling domains with complex geometries and free
surfaces. Hence, it is difficult to simulate a detailed track/soil model, as it requires
numerous assumptions. For this reason, researchers in recent decades prefer to use other

numerical approaches instead of FDM.

2.6.3.2. Finite Element Method

As an alternative to FDM, the finite element method (FEM) has been developed; this
method can simulate relatively easily complex geometries. Furthermore, there is a great
availability of numerous commercial software (e.g., ABAQUS, ANSYS, MSC Marc), which
offer a graphical interface to the users. FEM has been created to numerically resolve
models in differential method, a form that allows for easy boundary condition
incorporation. FE necessitates the discretization of the whole model into smaller finite-
sized components with basic governing equations. Matrix algebra is used to find the
displacement solution to a given loading condition for all of the elements simultaneously.

FEM is a great option in order to simulate complex geometries that cover a finite volume.

Obviously, FEM is a great numerical tool for the researchers of the HST-induced
vibrations field as the complex geometry of the track and the soil could be detailed
designed. For this reason, numerous relevant studies have been presented in recent years
in the field with the use of the time-domain FEM approach (Connolly et al., 2013; El Kacimi,
et al., 2013; Sayeed and Shahin, 2016a). Furthermore, this method is ideal for investigating
issues such as rail irregularities (Kouroussis et al., 2011). However, since the model size must
be finite by definition, it is not easy to simulate a semi-infinite domain using simple FE
theory accurately. For this reason, absorbing boundary conditions are mandatory in order

to avoid the reflections at the edges of the model.

Early FE models of semi-infinite media under static loads used rigid, artificial
boundaries which were "far enough" from the loading position to not affect the solution.
This is not achievable in dynamic simulations since the artificial boundaries reject waves,
resulting in incorrect results. The viscous boundary is one of the first approaches to

absorbing boundary simulation (Kouroussis et al., 2011). According to this approach, a
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series of dashpots are coupled to the boundaries of the model instead of rigid constraints
in order to absorb the reflection of the waves at the edges of the model. Lysmer et al. (1971)
proposed an alternative approach according to which the problem is transformed to the
domain of the frequency-wavenumber. The separation of variables is used to find a
transcendental solution to the wave equation for the semi-infinite layer of soil represented

by the absorbing boundary.

For layered media, equations are required for each layer and must meet compatibility
conditions for adjoining layers. Contour integration can be used to find closed-form
solutions in simple cases and numerical solutions are needed for arbitrarily layered soils.
The stuffiness matrix method used to calculate this form of absorbing boundary is deemed
exact because it does not introduce any additional approximation to the model. Drake
(1972) calculated Rayleigh wave reflection and transmission factors in nonhorizontally
layered media using FEM according to the stuffiness matrix approach; this necessitates
absolute FEM discretization of the non-horizontal portion. Furthermore, this method has
also been used for anisotropic media (Rokhlin and Wang, 2002) and transient analyses
(Park and Kausel, 2004). In addition, the thin-layer method has been developed in the

sequence as an expansion of the stuffiness matrix method (Hamdan, 2013).

(@) (b)

Figure 2.24 FEM method: contour plots of the displacement for the HST passing speeds: (a)
80m/s, (b) 40 m/s (adopted by (El Kacimi et al., 2013)).

In the case of FE models, which are used to simulate the complex phenomenon of
HST-induced vibrations, several approaches capable of leading to valid results, have been
used. More specifically, methods such as the combined FE-thin layer method (Barbosa et

al., 2012), the scaled boundary FE method or the implementation of infinite elements
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(Astley, 2000; Bettess and Zienkiewicz, 1977) have been proposed through the last
decades. Several researchers have used the method of the infinite elements in recent years;

some of those approaches are illustrated in Figure 2.25.

Infinite:
elements

Finite elements

(a) (b)

Figure 2.25 Symmetrical soil finite/infinite element solution (a) adopted by (Connolly et al.,
2013), (b) adopted by (Sayeed and Shahin, 2016b).

As was aforementioned, the main disadvantage of the FEM approach is the high
computational cost, especially in complex problems such as the HST-induced vibrations.
Nowadays, 3D time or frequency domain FEM models are used in order to predict the
vibrations spread. The frequency-domain models are less computationally expensive,
although the majority of the absorbing boundary conditions cannot be implemented in the
frequency domain simulations. On the other hand, the time-domain FEM models are a
more accurate solution in terms of absorbing boundary conditions. However, this
approach requires large computing resources at each timestep, leading to high running
times. It is a matter of time before this problem is addressed due to the rapid evolution of

modern computers capabilities.

2.6.3.3. Coupled BE-FE Method

Boundary Element Method (BEM) has an advantage compared to FEM in investigating
infinite or semi-infinite domains. According to BEM, just the boundary of the domain is
discretized in order to resolve the plane-strain problem. Furthermore, when BEM is used,
there are not required artificial boundaries; hence there are no reflections at the edge of
the domain. However, the use of the BEM approach has some weaknesses compared to
the FEM approach, such as the inconvenience of simulating irregular bodies, such as the

railway track.

This disadvantage led several researchers to couple the BEM and the FEM approaches
in order to take the advantages of both methods. According to this approach, the soil
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region is modeled using BEM and the track by using FEM. Some investigations use the
coupled FE-BE method in the time domain (Galvin and Dominguez, 2009), although the
majority of the researchers are using the frequency domain approach (Sheng et al., 2006).
However, as in the case of the FEM approach, the BE-FE approach still has a relatively
high computational cost. Additionally, it is not easy to couple the BEM model with a finite
structure, such as a building close to the track, in order to investigate the structural

vibrations.

track model attached at circled nodes

24— cmbankment (FE)

ssesvesesessssesssssssssEnS

edge element at 50m

upper ground layer (BE)

track centre-line

L e e e o o o e e e o ]

half-space substratum (BE)

Figure 2.26 Sketch of FE/BE model adopted by (Sheng et al., 2006).

2.6.3.4. 2.5D method

As mentioned, the 3D FEM and the coupled BE-FE approach are computational tools with
high accuracy, although they have some limitations due to their high computational cost.
For this purpose, several researchers examined alternative methods. Hanazato et al. (1991)
investigated the combination of both two-and three-dimensional (3D) simulation
approaches aiming to achieve a more efficient computational methodology. This
approach, known as two-and-a-half-dimensional (2.5D) simulation, is based on the
assumption that the track components are constant along the HST passage direction.
Furthermore, the transformation between 2D and 3D is performed via Fourier
Transformations. Subsequent studies (Coulier et al., 2014; Gao et al., 2018, 2012) examined
the coupling of the 2.5D modeling approach with absorbing boundary conditions using
infinite elements. This approach is incredibly efficient in the case of invariant track

geometries, such as slab track, although in ballasted tracks, the accurate simulations of the
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stress distribution associated with the sleepers is still a challenge. Recently, the rapid

growth of computational capabilities has led to a limited use of 2D and 2.5D models.

Figure 2.27 The 2.5D coupled FE-BE models: (a) a ballasted track at grade and (b) a tunnel in
a half-space (adopted by (Galvin et al., 2010)).
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NUMERICAL MODEL VALIDATION

3.1. Field data

The importance and criticality of the numerical model validation are well recognized in
the scientific community. Hence, the accuracy of the numerical model at three existing
sites from Thalys Paris-Brussels line is captured by comparing the numerical results with
in situ measurements (Connolly et al., 2014). For this purpose, field measurements, which
had been carried out earlier by our colleges for Thalys and TGV HST passage from three
sites near Braffe, Belgium, have been used. The authors are most appreciative of Prof. G.
Kouroussis, University of Mons, Belgium, for providing the in-situ measurements.
According to the in-situ measurements, in order to determine the material properties of
the soils at each site, MASW had been used in conjunction with a desktop survey of
existing soil data. Excitation was provided using a 12IbPCB086D50 impact hammer with

an onboard accelerometer.

The accelerometer was connected to a data acquisition unit using a microdot
connector. This allowed for the calculation of the input force exerted by each hammer
blow. Twenty-four low frequency (4.5Hz), vertical component, SM-6 geophones were
placed parallel to the railway track, in the same line as the geophones used for recording
train vibrations. The array was placed far enough from the track to ensure that the results
were not contaminated from potential artifacts close to the line but close enough to ensure
that the soil properties were representative of those beneath the track. No MASW

measurements were undertaken during train passage. Geophone spacing was 1m as
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recommended by (Park Seismic, 2013) and each sensor was coupled to the ground using
150mm spikes (Stiebel, 2011). Excitation was performed at seven individual locations by
striking an embedded metal impact plate. All results were amplified using a high gain
setting and recorded using a Panasonic Toughbook in SEG-2 format. The gain was

removed during post-processing.

3.2. Test site details

Site 1 consists of an embankment railway section located on the Paris-Brussels line, North-
East of the town of Braffe (see Figure 3.1a). The track configuration consists of an
embankment 5.5m high with a slope of 30°. On the other hand, site 2 is a cutting with a
height equal to 7.2m at a gradient of 25 as is illustrated in Figure 3.1b. In the last case (Site
3), the railway section is at-grade, located at 4km south of Leuze-en-Hainaut (see Figure
3.1c). The track on the Paris - Brussel HSR is a classically ballasted track with three layers,
e.g., ballast, sub-ballast and subgrade, with thicknesses 30cm, 20cm and 50cm,
respectively. The track cross-section is illustrated in Figure 3.2. A continuously welded
UIC60 rail is typically used on the examined sites. The rails are fixed to the prestressed
concrete sleepers via Pandrol clips. The assumption has been made that the rail
unevenness is very low on all the examined sites; hence, griding was performed eight days

before the in situ measurements (Connolly et al., 2014).

e (b)

Figure 3.1 Examined sites (a) embankment, (b) cutting, (c) at grade (adopted by (Connolly et
al., 2014)).

According to our colleges, who carried out the in-situ measurements, Geopsy
(Wathelet, 2008b) (a graphical user interface capable of generating plots from the recorded
signals) was used to analyze the MASW results. In the sequence, the plots have been used
in the sub-program Dinver (Wathelet, 2008a). For the purposes of this investigation, the
assumption has been made that the soil density has a constant value equal to 2000kg/m3
in order to increase the reliability of the process. This assumption is valid as the S-wave
speed is independent of density. Then, the layer thickness and the wave velocity were

carried out through inversions. The researchers used the software package,
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SiesImager/2D, to validate the Compressional wave (P-wave) profiles through refraction

analysis. The soil layer wave velocities of the examined sites are summarized in Table 3.1.

‘__/ Rails

C— Sleepers
. Ballast

«— Subballast
-— Subgrade

Figure 3.2 Sketch of track parts.

Table 3.1. Soil layers wave velocity.

Site 1: Embankment Site 2: Cutting Site 3: At-Grade

h Vs Ve h Vs Ve h Vs Vo
m)  (m/s) (m/s) (@) (m/s) (m/s) (m) (m/s) (m/s)
1.3 142 280 1.35 160 270 1.5 175 270
1.3 162 280 1.35 171 270 1 120 270
1.2 157 280 3.1 223 410 1.7 202 550
2.85 280 520 3.1 260 410 25 300 550
2.85 330 520

Inf. 798 1460 Inf. 450 900

Inf. 598 940

Table 3.2. HST passage speed.
Thalys TGV

Site 1 284 290
Site 2 297 299
Site 3 299 280

Conolly et al. (2014), in the same in-situ measurements, captured approximately the
HST passing velocity by information obtained from the train operator, Infrabel. Four train
types (TGV, Eurostar, Thalys and double-Thalys) have been recorded across the three sites
during the in-situ measurements. Figure 3.3 shows the three train sets which are operating
at the Paris-Brussels railway line. For the purposes of the present investigation, Prof. G.

Kouroussis provided field data of one passage of Thalys and TGV HST on each of the three
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examined sites. Table 3.2 summarizes the HST speed for each passage. The damping of
the subsoil is an important factor of the vibrations attenuation. The damping ratio

proposed for the soil layers of the three examined sites is summarized in Table 3.3.

Figure 3.3 (a) TGV, (b) Thalys, (c) Eurostar.

Table 3.3. Soil layers damping coefficients.

Site 1: Embankment Site 2: Cutting Site 3: at-grade

h (m) § h (m) § h (m) §
1.3 0074 135  0.0775 0.8 0.105
2.5 0.07 1.35 0.07 15  0.0742
2.85 0.05 31  0.0309 1.5 0.09
2.85 0.0344 31 0.05 1.6 0.08

1.5 0.07
Inf. 0.02 Inf. 0.03 5 0.04
Inf. 0.01

3.3. Review of previously validated numerical models

Connolly et al. (2014) have first publicized the pre-available field data in 2014, a part of
which has been used to validate the proposed numerical model. In the sequence, the field
data have been used by several authors in order to validate their numerical approaches.
For instance, Kouroussis and Verlinden (2013) have used the field measurements of Thalys
passage with 300 km/h on the Belgian site of Mevergnies in order to compare the efficacy
of three different numerical approaches. The first model (e.g., Model A) did not illustrate
the pitch motion of the bogies and used the Winkler foundation for the track subgrade
(Kouroussis et al., 2011). Model B adopts the CLM model for the track subgrade and model
C is a CLM model with pitch motion of bogies and car bodies. Figure 3.4 illustrates the
publicized Fourier spectra and the 1/3 octave bands of the three examined models and

the field data at 9m from the track. According to this investigation, the positions of the
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vibrations peaks are in good agreement between the field data and the numerical results.
As shown in Figure 3.4, the vibrations peaks predicted in the frequency range 20-30Hz
and 50-60Hz are significantly larger than their field counterparts. The researchers have

assumed that the reason for this difference is due to the adopted soil damping model.
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Figure 3.4 Predicted and measured frequency content (spectra in solid line and one-third
octave band in dashed line) of vertical ground velocity at 9m from the track (adopted by
Kouroussis and Verlinden (2013)).

Connolly et al. (2013) have used a part of the field data from an embankment site in
Belgium on the Brussels to Paris high-speed line in order to validate their numerical model
for the passage of Thalys HST with 265km/h. For the purpose of the analyses, the authors
have used the software Abaqus along with a user-defined VDload subroutine. In this
investigation, the velocity-time histories and the Fourier spectra at 19m of the track have
been presented. The correlation between the field data and the numerical results, in this
case, was remarkable, as the response of the soil to the passage of every HST wheel was
visible and the timing of the passage is well captured. Furthermore, this numerical
approach has successfully simulated the response to the heavier locomotives. Figure 3.5b
illustrates the response of the soil at 19m from the track in terms of velocity Fourier

spectra. Obviously, this numerical approach has captured the vibrations peaks value more
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accurately at the frequency range between 0 and 40Hz. However, it is clear that several
peaks were significantly higher than the field data. Hence, this numerical approach is
quite accurate, although some modifications could lead to a higher correlation at the low-

frequency range.
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Figure 3.5 Comparison between field data and numerical model in terms of (a) Velocity time
histories, (b) Fourier Spectra at 19m from the track (adopted by (Connolly et al., 2013)).
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Figure 3.6 Vertical ground velocity at 11m from the track with cutting due to the passing of a
Thalys HST at speed vo=297 km/h: (a) Predicted time hibase. (b) Predicted frequency
content. (c) Measured time hibase. (d) Measured frequency content.

One more attempt has been made by Connolly et al. (2016) in order to validate a
coupled numerical model. According to this study, a vehicle multi-body model has been

used, assuming that each of its parts is rigid and interconnected with spring and damper
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elements defining the suspensions and a finite element model has been used for the
simulation of the track components. The numerical model has been validated for the
passage of Thalys HST from three sites (e.g., an embankment, a cutting, at grade). The
researchers have concluded that this numerical approach had not performed well in the
case of the HSR cutting sites. As illustrated in Figure 3.6, the shaping and timing of the
time histories were significantly different from the in-situ measurements. The same
observation has been made in the spectra, where the vibrations peaks were located in
completely different frequencies.
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Figure 3.7 (Blackline) the experimental and (grey line) computed with the scoping model
time hibase of the vertical velocity at the free field at a distance of: (a) 8 m; (b) 16 m; (c) 24 m;
(d) 32 m; (e) 48 m and (f) 64 m from the track centerline during the passage of the Thalys HST

at a speed v =294 km/h.

More recently, a two-and-a-half dimensional (2.5D) finite element model has been
used by Galvin et al. (2018) to accurately predict the induced vibration and reduce the
high computational cost. The model has been validated by comparing the soil response
with the experimental data at several distances between 8m and 64m from the track for
the passage of Thalys HST with 294km/h. The model has captured the timing and the
shaping of the time hibase at all the examined points. It should be mentioned that the
numerical model has slightly underestimated the peak values of the vertical velocity at
the near field (e.g., 8m, 16m from the track) and have overestimated these values at

distances higher than 24m from the track, as it is presented in Figure 3.7. Nevertheless,
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this research proposed a numerical approach with a great balance between the accuracy
and the computational cost. As mentioned, several numerical models have been used to
predict the induced vibrations by Thalys HST passage. Some of those great contributions
to the field have been presented in this section. In the present investigation, an effort has
been made to propose an equally accurate model by trying to overcome issues such as the

effect of the soil damping simulation on the accuracy of the numerical approach.

3.4. HST moving load simulation

As it was aforementioned, the examined HST (Thalys and TGV) have the same geometry.
More specifically, the HST have commonly consisted of three types of bogies, two
locomotives (Y230A motor bogie) and eight passenger bogies (two Y237A trailing bogie
and six Y2378 trailing bogie) and their total length is equal to 200 m. Figure 3.8a depicts a
sketch of the HST geometry and the axle loads acting on the tracks, which have been used
in the present investigation. Figure 3.8b displays the axles distances and bogies lengths
are also shown. Regarding HST moving loads, which have been simulated with a user-
developed VDload subroutine, the time step At has been set equal to 1.3x10¢ s to ensure
the FE model numerical stability. The colleagues who had performed the field
measurements reported that (Connolly et al., 2014; Kouroussis et al., 2016): "...rail
grinding operation maintenance restoring the profile and removing irregularities was
performed one week before the measurement campaign...". Therefore, it has also been
assumed herein that the track had no geometric irregularities and track defects and the

dynamic responses were computed for a uniform track geometry.

Since the straight railway lines account for a large proportion, this model mainly
considers the vertical loads on the rails. The total train load fiow;, which is represented by
a series of 26 axles load located in the wheels-rail contact points, has been formulated with
a constant moving velocity for each examined HST passage (see Table 3.3). The geometry

of typical Thalys or TGV HST is illustrated in Figure 3.8a. The total train load is described

as:
26 (3.1)
frotar = z fn
n=1
The position of each HST axle for each timestep (t) is derived as follows:
Yn = vt —dy (3.2)
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where:
v is the HST constant velocity,

d. is the distance between the first axle and the n axle.

The amount of each HST axle load f, acting on each rail point has been determined as:

26 (3.3)
fo= D fa00n = %)
n=1

where:
0 is the Dirac delta function,

yp is the position of the point on the rail.

(a) 0 = ™
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Figure 3.8 (a) Thalys train axle loads (adopted by (Kouroussis and Verlinden, 2013)); (b)
Thalys bogies dimensions (adopted by (Degrande and Schillemans, 2001)).

3.5. Numerical model details

In this section, the proposed numerical approach is presented, which has been used in
order to predict the HST-induced vibrations. As mentioned in the previous sections, the
moving loads approach has been used to minimize the computational cost. According to

Feng et al. (2017), this approach leads to comparable results to the most commonly used,
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more detailed multi-body approach (Connolly et al., 2013). In the present investigation, an
asymmetric finite/infinite element model (see Figure 3.9) has been developed utilizing
commercial software ABAQUS (2014) in order to examine the vibrations due to HST
passage. A user-developed Vdload subroutine has been implemented in order to simulate
HST multiple moving loads. This numerical modelling approach can provide reliable
results, as in the sequence, it is validated with field measurements from Paris-Brussels
HSR line sites in Belgium. In order to minimize the computational cost, a part of the model

has been used due to symmetry along the vertical direction of the track.

For the purpose of validation, the three sites at Paris- Brussels HSR, as they have been
described in the previous sections, have been simulated. Figure 3.9 presents the
finite/infinite 3D numerical model, which has been developed to simulate the examined
problem in the case of soil embankment and cutting. All the examined sites models consist
of two parts: the finite and the infinite. The finite part is located at the center of the model
and has dimensions equal to 50 m in the longitudinal and horizontal directions and 20 m
in the vertical direction. A relevant parametric study has been performed, in which it has
been discovered that increased dimensions of the finite-element domain do not alter the
results due to the presence of the surrounding infinite elements. Note that even smaller

geometry dimensions have been used in similar studies (Khan and Dasaka, 2019).

The rail has been modeled as an Euler Bernoulli beam with a rectangular section with
dimensions 0.153 m x 0.078 m running across the length of the modeled track. A typical
UIC60 section, commonly used in Thalys HSR track, has been assumed for the rail. The
rail has a mass of 60 kg/m and is fixed to reinforced concrete sleepers with dimensions
0.242 m x 0.2 m x 2.42 m. Three-dimensional solid elements have been used to model the
track components (sleeper, ballast, sub-ballast and subgrade). The sleepers have been
placed along the rail with a spacing equal to 60 cm. All track components are assumed as
linear elastic materials and their properties are listed in Table 3.4. The soil density (p) is
equal to 2000kg/m3 for all the examined soil layers. Furthermore, according to the density
and the wave velocities, the Shear modulus (G), the poison ratio (v) and the Young’s
Modulus have been calculated as follows (see Table 3.5):

G=Vép (3.4)
L _ [6a-v (3.5)
" p(—2v)
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E =2G(1+v) (3.6)

Figure 3.9 Finite/infinite 3D numerical model: (a) embankment, (b) cutting.

Table 3.4 Parameters of the examined HSR model.

Layer Young's
Track Poisson's Density
Thickness =~ Modulus
Part Ratio (kg/m3)
(m) (GPa)
Rail - 210 0.25 7900
Sleepers - 30 0.4 2400
Ballast 0.3 0.1 0.35 1800
Subballast 0.2 0.3 0.35 2200
Subgrade 0.5 0.127 0.35 2100

Table 3.5 illustrates the Poisson’s ratio and the Young’s Modulus, which is used in
order to validate the numerical model with the field data. All the examined sites have
quite similar soil layer profiles. More specifically, the upper silty layers are led on deposits
of sand and lower layers as consisting of soft or stiff clay. In order to ensure the accuracy
of the results, the element size has been properly selected. Generally, the element size of
the examined FE model is small enough to allow the propagation of the vibrations in the
examined frequency range. The FE size could be estimated from the smallest wavelength

as (Galavi and Brinkgreve, 2014):

1o € (3.7)

fmax

where c is the velocity of waves in the medium and fi.x is the highest frequency of interest.
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Table 3.5 Soil layers Poisson’s ratio and Young’s Modulus.

Site 1: Embankment Site 2: Cutting Site 3: At-grade

h (m) \Y% E (MPa) h(m) \% E(MPa) h(m) \Y% E (MPa)

1.3 0.33 132 1.35 0.23 126 1.5 0.14 157
1.3 0.25 149 1.35 0.17 136 1 0.38 113
1.2 0.27 145 3.1 0.29 257 1.7 0.42 191
2.85 0.3 259 3.1 0.16 315 25 0.29 277
2.85 0.16 297 Inf. 0.29 3278 Inf. 0.33 419

3.6. Preliminary investigation of soil damping properties

For the modelling of all track components except for the rail, 8-node cuboidal finite
elements with 0.2m length along each axis have been used, capable of predicting the
vibration level according to Equation (3.8) for the examined frequency range. The rails
have been simulated with Euler-Bernoulli beam elements with 0.1m lengths. One of the
most important parameters in order to capture reliable results of induced vibrations at the
far-field is the damping properties of the soil layers. As it was aforementioned, the
damping coefficient (§) for each soil layer have been adopted by the in-situ measurements.
On the other hand, Abaqus uses as inputs the mass and stiffness proportional Rayleigh
damping coefficients. For this purpose, a preliminary investigation is required to select
the optimal coefficients. Hence, soil damping has been defined utilizing the classical
Rayleigh damping model. More specifically, the damping matrix has been calculated via

the generalized equation of the Classical Rayleigh damping model:
[C] = a[M] + BIK] (38)

where:
[C]: model damping matrix,
[M]: model structural mass matrix,
[K]: model structural stiffness matrix,
a: mass proportional Rayleigh damping coefficient,

B: stiffness proportional Rayleigh damping coefficient.

The optimal values of stiffness and mass proportional Rayleigh damping coefficient
have been chosen, aiming to keep the damping curve close to the damping coefficient

value () in the examined low-frequency range (10-50Hz). It should be mentioned that in
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the cases of high damping coefficients (e.g., layer 1 of Site 3), the model is less accurate for
low frequencies (<10Hz), in order to achieve a specific value of damping with very low
variations within this pre-defined target frequency range, suitable values of the
parameters in Equations (3.9) and (3.19) (i.e., very high values for w2 and § and a very low
value of ®1) have been used for the calculation of a and (3. Table 3.6 shows the optimal
values of damping coefficients for each soil layer. The mass and stiffness proportional
Rayleigh damping coefficients, which are listed in Table 3.6, have been defined as follows

(Nakamura, 2017):

R
- (wjz - wlz)

where:

o;: first frequency limit,

o second frequency limit,

&i: hysteretic material damping ratio of the first frequency,

& hysteretic material damping ratios of the second frequency.

Table 3.6. Soil layers Rayleigh damping coefficients.

Site 1: Embankment Site 2: Cutting Site 3: At-grade
h (m) a B h (m) A B h (m) a B
1.3 11.9 0.0004 1.35 12 0.0004 0.8 15 0.00045
25 10.3 0.0003 1.35 10.3  0.0003 1.5 14 0.0004
2.85 10.3 0.0003 3.1 4.8 0.0002 1.5 14 0.0005
2.85 7.5 0.00023 3.1 7.5  0.00023 1.6 13 0.0004

1.5 10.3 0.0003
Inf. 4.6 0.00015 Inf. 44 0.0002 5 6.2 0.0002
Inf. 1.4 0.0001

3.7. Examined model validation

3.7.1. Rail dominant frequencies investigation

Before comparing the results with the field data, it is important to investigate the rail

dominant frequencies. More specifically, the rail peak frequencies could be derived via
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the dominant frequency method (Kouroussis et al., 2015b). This approach is based on the
assumption that the rail Fourier spectrum depends on HST passing speed and bogies
geometry. According to this method, the HST moving speed and the dimensions of the
HST bogies define the shape of the response spectrum of the theoretical rail deflections,
i.e., the so-called quasi-static deflections (Kouroussis et al., 2014a). Several fundamental

frequencies are defined according to this methodology, such as the fundamental bogie
passage frequency, fyn, with zero amplitude at frequencies 2’;—“ f» (Where keN), the

fundamental axle passage frequency, f,, with zero amplitude at frequencies 2kz—+1 fo and the

sleeper passing frequency, fs. The fundamental passage frequencies are calculated from

(Kouroussis et al., 2015):

V
fon = nf (3.11)
V,
£l :l_o (3.12)
£ = Vo (3.13)

where I, is the bogie distance, 1. is the axle distance, l;is the sleeper bay, n=1,2,3,..., and vo

is HST moving speed. Thompson et al. (2019) demonstrated the amplitude modulation at
f., with zero amplitude at frequencies 2k2—+1 fa,and noted that this "beating" effect

represents a single bogie force moving at speed equal to vo. In the first examined case,
Thalys passing speed from Site 1 is equal to 78.9 m/s and the distance of the bogie axle is
18.7 m; thus, from (3.11), fy1 is equal to 4.22 Hz for Thalys passage.

As shown in Figure 3.10a, the bogies passing frequency are well captured. These
frequencies are also depicted in the obtained Fourier spectrum. Especially, the sleeper
passing frequency is the most important frequency at the high-frequency range
(£s=138.9Hz). It should be mentioned that these frequencies are commonly investigated at
small distances from the track and are attenuated at higher distances from the railway.
Furthermore, the sleeper passing frequency is quite high and it is not captured by the
numerical model at remote distances (>15 m from the track) due to soil material damping.
In the case of Thalys passing from Site 2, the operating speed is equal to 83.05 m/s; thus,
fv1 is equal to 4.44Hz. The dominant passing frequencies are captured from the numerical

model, as illustrated in the Fourier spectra in Figure 3.10b.
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Figure 3.10 Fourier spectrum of rail deflection during the passage of (a) Thalys HST for the
passing speed of 284 km/h, (b) TGV HST for the passing speed of 290 km/h from site 1
(embankment).

3.7.2. Vertical velocity and Fourier Spectra validation

In this section, the accuracy of the numerical model of the existing embankment from
Thalys Paris-Brussels line, North-East of the town of Braffe, has been validated by
comparing the numerical results with in situ measurements. More specifically, the
induced vibrations by Thalys and TGV passage with speed equal to 284km/h and
290km/h have been examined. A comparison between field data and numerical
calculations regarding the velocity time-histories at several distances (i.e., 15 m, 19 m, 23
m, 27 m, 31 m and 35 m from the track) has been carried out. The observation points are
categorized into three groups, near (15m, 19m), middle (23m, 27m) and far-field (31m,
25m). The time histories of vertical velocity and the Fourier spectra have been compared
in all the examined points with the in-situ measurements in order to ensure the accuracy

of the results.

63



CHAPTER 3 | NUMERICAL MODEL VALIDATION

In the sequence, the validation of the proposed approach is expanding in the case of
a train passing from a railway cutting (e.g., Site 2). As it was aforementioned, in this case,
Thalys HST is passing with 297km/h (see Table 3.2). The comparison of the numerical
results and the field data has been carried out at the same observation points with Site 1
(e.g., 15m, 19m, 23m, 27m, 31m and 35m from the track) are investigated. It should be
mentioned that in this case, near field positions (e.g., 15m and 19m from the track) are
located on the slope of the cutting. Lastly, the same results have been captured for the

passage of Thalys HST from Site 3 (at grade) for passing velocity equal to 299km/h.
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Figure 3.11 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 15 m, (b) at 19 m from the track.

3.7.2.1. Site 1: Thalys HST passage

The numerical results of the Thalys HST passage from Site 1 are presented. It can be
noticed that the numerical results are in agreement with the available field measurements.
Especially at the near-field locations (i.e., close to the track), the numerical time-histories
are very close to the corresponding records. Figure 3.11 presents the time histories at 15m
and 19m from the track, similar to the in-situ measurements. For instance, the peak vertical
velocity at 15m is equal to 1.3mm/s according to field data, while the numerical value is
1.1mm/s. Moreover, due to the higher weight of the first and the last carriages (traction
cars), a higher near-field ground response has been observed when those carriages are
passing, captured by the numerical model. Furthermore, at 19m from the track, the
accuracy of the numerical results is even higher. In this case, the peak vertical velocity of
the field data is equal to the numerical results, close to 0.6mm/s and the shape of the time

histories are similar.
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Figure 3.12 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 23m, (b) at 27m from the track.
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Figure 3.13 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 31 m, (b) at 35 m from the track.

The same observation is made at the middle field positions (e.g., 23m and 27m from
the track), as illustrated in Figure 3.12. At 23m from the trach, the timing of the time hibase
has been well captured by the model. Furthermore, the amplitude of the time hibase, in
general, is close to the numerical results. However, there are some peak values, which
have not been capture from the model. For instance, at 1.8s, the vertical velocity is close to
0.7mm/s, according to the field data. On the other hand, the vertical velocity remains at
the whole time hibase below 0.5mm/s, according to the numerical results. Figure 3.12b
demonstrates the vertical velocity time histories at 27m from the track. Herein, the vertical
velocities have been minimized below 0.5mm/s. The numerical model has captured the
shaping and the timing of the time hibase. Figure 3.13 illustrates the vertical velocity time
histories in the case of far-field locations. In this case, the time-histories are also similar to
the field data and -as expected- exhibit much less values compared to near-field. However,

there is a more significant difference between field data and numerical values. For
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example, the peak vertical velocity at 35 m from the track is recorded to be equal to 0.27

mm/s, while the numerical value is 0.19 mm/s.

Apart from the time histories, it is crucial to investigate the most critical vibrations for
adjacent structures, infrastructure and the population close to HSR. Based on international
standards, low-frequency vibrations are the most critical ones (Kouroussis et al., 2011).
Accordingly, the Fourier spectra at all the examined positions (see Figures 3.14 - 3.16)
present a good agreement between field data and numerical calculations. The numerical
model has successfully captured the vibrations peaks in the low-frequency range between
10 and 40 Hz. The main frequencies (21.4 Hz and 25.2 Hz) are the same at all the examined
distances and there is a satisfactory correlation between the numerical results and the field
data. It should be mentioned that the most dominant frequency at 25.2 Hz is close to the
axle passing frequency. Furthermore, some lower peaks at several frequencies (16.7
Hz,29.6 Hz, 34 Hz) are also numerically validated. In the case of the near field, the
vibrations peaks are close to the field data. As mentioned, the most dominant frequencies
at 21.4 Hz and 25.2 Hz are the same at both the examined positions (see Figure 3.14). The
vibrations peaks at 15m are equal to 0.29mm/s and 0.32mm/s, respectively. Those values
are significantly reduced at 19m from the track. In his case, the vibrations peaks are

reduced under the 0.1mm/s for both dominant frequencies.
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Figure 3. 14 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 15m, (b) at 19m from the track.

Figure 3.15 depicts the vibrations peaks at the middle field as they have been
successfully captured. In this case, the field data middle dominant frequencies (e.g., 21.4
Hz, 25.2 Hz) remain close to 0.1mm/s. Except for those frequencies, the vibrations peaks
at 16.7Hz, 29.6Hz and 34Hz are also close to 0.Imm/s. It should be mentioned that the

vibration peaks at 23m and 27m from the track have similar values. Hence, the assumption
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could be made that the damping rate is lower in the middle field. Concluding, the
numerical model is valid in the middle field. Figure 3.16 shows the Fourier spectra of
vertical velocities at the far-field from the track. Specifically, as shown in Figure 3.16a, the
convergence of the predicted vibrations with the field measurements is very high in the

whole examined range at 31 m from the track.
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Figure 3.15 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 23 m, (b) at 27 m from the track.
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Figure 3.16 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 31m, (b) at 35m from the track.

In addition, the spectral velocities are lower than the same values in the middle field
positions. More specifically, at the whole low-frequency range, the spectral velocities
remain below 0.1 mm/s. At 35m from the track, the spectrum has significantly decreased.
Herein, except for the most dominant frequency at 25.2Hz, where the spectral velocity
remains close to 0.1mm/s, in the rest of the spectrum, the spectral velocity remains below

0.04mm/s.
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3.7.2.2. Site 1: TGV HST passage

In the sequence, the passage of a second HST from Site 1 has been examined in order to
expand the validation. More specifically, the passage of TGV at the same embankment
with a velocity equal to 290km/h has been investigated. TGV has identical geometry with
Thalys; hence the time-histories are similar to the diagrams of the previous section. Fig
3.17 depicts the time histories at the near field, where it is clearly illustrated, the numerical
results are in good agreement with the field data from Site 1. More specifically, the peak
vertical velocity is close to 1.2mm/s for both the numerical model and the field
measurements at 15m from the track. Furthermore, the duration of the event is the same
(about 3.4s) as the in-situ measurements. In addition, similar to the passage of Thalys HST,
when the heavier of the locomotive bogies are passing, higher vertical velocities have been
observed. Figure 3.17b illustrates the vertical velocity time histories at 19m from the track.
The convergence between the numerical results and the field data is remarkable at 19m

from the track. The peak values and the shape of the two time-histories are notably similar.
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Figure 3.17 TGV HST passage from Site 1: Comparison of field data and numerical results in
terms of vertical velocity time-histories: (a) at 15 m, (b) at 19 m from the track.

The response of the soil at the middle field is presented in terms of vertical velocity
time-histories in Figure 3.18. Again, the numerical results are significantly close to the in-
situ measurements. At 23m from the track, the peak vertical velocity of the numerical
results is slightly lower than the field measurements, although the shaping and the
duration are similar. The difference of the peak vertical velocity is minimized at 27m from
the track. Herein, the peak vertical velocity value is equal to 0.48 mm/s according to the
in-situ measurements and 0.41 mm/s according to the numerical results. The vertical
velocity time histories at the far-field locations (31m and 35m from the track) in the case

of HST TGV passage are depicted in Figure 3.19. In this case, the numerical results are
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close to the field data, although similar to the case of Thalys passage, the peak vertical
velocity according to the numerical data is just 0.19mm/s in contrast to the field record

this value is equal to 0.31mm/s.

1.5 15
(a) Numencal results (b) Mumercal results
1 e Flald data 1 e Fleld data

) o)
= =
£ £
= =
= =
o 2
fab] ¥l
= =
wm ™
[&] Q
5 5
> -1 = -1

-1.5 -1.5

0 1 2 3 4 0 1 2 3 4
Time (s) Time {s)

Figure 3.18 TGV HST passage from Site 1: Comparison of field data and numerical results in
terms of vertical velocity time-histories: (a) at 23m, (b) at 27m from the track.
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Figure 3.19 TGV HST passage from Site 1: Comparison of field data and numerical results in
terms of vertical velocity time-histories: (a) at 31 m, (b) at 35 m from the track.

Subsequently, the response of the subsoil has been investigated in terms of Fourier
spectra. In this modeling scenario, the TGV HST is passing faster than the passage of
Thalys HST. More specifically, according to the in-situ measurement, TGV is passing with
6km/h higher speed than Thalys HST. For this reason, the most dominant vibration peaks
have been moved to higher frequencies. According to the field data, the most dominant
peak has been located at 25.8Hz for all the examined positions. Furthermore, three more
vibrations peaks have been observed at 17.1Hz, 21.7Hz and 30Hz. Figure 3.20a illustrates
the comparison of the field data and the numerical model Fourier Spectra at 15m from the

track. The model has well captured the most dominant vibration peak at 25.8Hz. The
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spectral velocity at this frequency is equal to 0.33mm/s according to the field

measurements and 0.34mm/s according to the numerical model.

04 04
Numerical results Mumerical results

(a) enees Field data (b) e Field deta

o
o8]
[an]
%]

Amplitude {(mm/s)
(]
]

<
Amplitude {(mm/s)
[an]
(g

=
N

0 10 20 30 40 0 10 20 20 40
Frequency (Hz) Freguency (Hz)

Figure 3.20 TGV HST passage from Site 1: Comparison of field data and numerical results in
terms of vertical velocity Fourier spectra: (a) at 15m, (b) at 19m from the track.

The same observation is made for the dominant frequencies at 17.1Hz, 21.7Hz. In
those cases, the captured spectral velocity is remarkably close to the field data. On the
other hand, the vibrations peak at 30Hz according to the field data has been slightly moved
to lower frequencies than the numerical results. The vibrations peaks remain at the same
frequencies, although they are significantly lower at 19m from the track (see Figure 3.20b).
The dominant peak at 25.8Hz has been reduced to 0.12mm/s and all the other peaks
remain lower than 0.1mm/s. The numerical model has captured well the vibrations peaks

at the whole examined low-frequency range.
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Figure 3.21 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 23m, (b) at 27m from the track.

In the sequence, the validation of TGV passage has been examined in terms of Fourier

spectra at middle field positions. Figure 3.21 illustrates the Fourier spectra at 23m and 27m
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from the track; as observed, the soil response at those positions is not significantly altered
compared with 19m from the track. The vibrations peaks remain at the same frequencies
and the spectral acceleration of those peaks is close to 0.1mm/s. It should be mentioned
that the vibrations peaks at the lower dominant frequencies (e.g., 17.1Hz and 21.7Hz)
according to the field data are slightly lower than the captured spectral velocities by the
numerical model at 23m from the track as it is presented in Figure 3.21a. For instance, the
captured value of the spectral velocity at 17.1Hz is equal to 0.08 mm/s in comparison with
0.1 mm/s, according to the field data. The opposite phenomenon is observed at the two
higher dominant frequencies, at 25.8 Hz and 30 Hz. In those cases, the vibration peaks

according to the numerical model are slightly lower than the in-situ measurements.

As illustrated in Figure 3.21b, the accuracy of the numerical model is even higher at
27m from the track. More specifically, the vibration peaks at 21.7Hz and 25.8Hz of the
numerical results and the field measurements are almost identical. Figure 3.22 shows the
comparison between the Fourier spectra of the field data and the numerical results at the
far-field positions. All the vibration peaks are significantly reduced in comparison with
the middle field results. The vibration peaks remain lower than 0.Imm/s at all the
vibration peaks at the whole examined low-frequency range for distances higher than
31m. It could be concluded that the proposed numerical approach can simulate the

propagation of the induced vibration accurately by both TGV and Thalys HST at Site 1.
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Figure 3.22 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 31m, (b) at 35m from the track.

3.7.2.3. Site 2: TGV HST passage

Similar to Site 1, pre-available field data have been used to assess whether the numerical

model can accurately predict the HST-induced vibrations at Site 2 (cutting site) in Braffe,
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Belgium, during the passage of HST (Kouroussis et al., 2016). The numerical simulation
has generated a series of vertical velocity time histories in varying distances between 15m
and 35m from the railway track. Figure 3.23 presents indicative vertical velocity time
histories at the near field, at 15m and 19m from the track. At 15m from the track, the
numerical model captures the shape and the timing of the time hibase, although the peak
values are lower than the field data. Figure 3.23b demonstrates the same values at the
second observation position, at 19m from the track. Herein, the amplitude of the time

hibase is significantly closer to the field data.
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Figure 3.23 Thalys HST passage from Site 2: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 15 m, (b) at 19 m from the track.
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Figure 3.24 Thalys HST passage from Site 2: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 23 m, (b) at 27 m from the track.

The vertical velocity time histories at the middle field locations, at 23m and 27m from
the track, are presented in the sequence. In this case, the convergence of results is even
more pronounced in comparison with the near field. More specifically, in the middle of
the time hibase, the vertical velocities are approximately 1.05mm/s and 0.9mm/s at 23 m

and 27 m from the track, respectively. As it is clearly illustrated in Figure 3.24, the
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numerical values are in good agreement with the in-situ measurements. The same
observation is made at the far-field positions, as it is illustrated in Figure 3.25. More
specifically, the peak vertical velocity at 31m from the track according to the numerical
data is equal to 0.45mm/s, close enough to the 0.48mm/s according to the in-situ
measurements. It could be concluded that the proposed numerical approach is capable to
reliably capture the vertical velocity time histories in the modeling scenario for which

Thalys HST is passing from Site 2, in a big range of distances between 15m and 35m from

the track.
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Figure 3.25 Thalys HST passage from Site 2: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 31 m, (b) at 35 m from the track.

Similarly, the frequency content has been well represented, with the dominant
frequencies being located close to 30Hz. More specifically, the main frequency at 26.4Hz
is the same at all examined distances and has been well identified by the numerical model.
Furthermore, the secondary frequency peaks (e.g., 17.7Hz, 22.4Hz, 30.2Hz) also exhibit a
satisfactory matching. As it is illustrated in Figure 3.26, the vibrations peak at the
dominant frequency is equal to 0.6mm/s and 0.5mm/s at 15m and 19m from the track,
respectively. Furthermore, the secondary vibration peaks in the near field are between
0.2mm/s and 0.4mm/s at 15m from the track. The vibrations peaks are located at the same
frequencies as the field data. Furthermore, the first two peaks at 17.7Hz and 22.4Hz have
been captured by the model. The last peak at 30.2Hz has been capture, although its
amplitude is significantly lower than the field data. Figure 3.26b shows the Fourier spectra
at 19m from the track. In this case, the vibration peaks are located at the same positions as
the previously examined observation position. Herein, all the vibrations peaks are

captured by the model.
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Figure 3.26 Thalys HST passage from Site 2: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 15 m, (b) at 19 m from the track.
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Figure 3.27 Thalys HST passage from Site 2: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 23m, (b) at 27m from the track.
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Figure 3.28 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 31m, (b) at 35m from the track.

The vibrations peaks remain at the same frequencies at the middle field as the
observation points at the near field. It should be mentioned that the amplitude at the most

dominant frequency has been significantly reduced below 0.4mm/s. It is obvious from
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Figure 3.27 that all the other vibrations peaks at the examined frequency range have also
been significantly reduced. Especially at 27m from the track, the vibrations peaks at
17.7Hz, 22.4Hz and 30.2Hz from the track have been minimized below 0.2mm/s. The
numerical model is in good agreement with the field data at the middle field positions.
Figure 3.28 illustrates the vertical velocity Fourier spectra at the far-field positions. At 31
m from the track, the vibrations level has been significantly minimized at the bigger part
of the examined frequency range. Nevertheless, the vibrations peak at the dominant
frequency remains close to 0.2mm/s. Furthermore, the vibrations peaks at the secondary
frequencies at 19.2Hz and 22Hz have been minimized below 0.lmm/s. Respectively, at
35m from the track, the dominant frequencies remain the same. According to the
numerical results, the position and amplitude of the vibrations peaks at the examined low-

frequency range are quite close to the field data.
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Figure 3.29 Thalys HST passage from Site 3: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 15 m, (b) at 19 m from the track.

3.7.2.4. Site 3: Thalys HST passage

In this section, the vertical velocity time histories at the last examined site (Site 3: at
grade) for the passage of Thalys HST with 299km/h are presented. It should be mentioned
that the main difference between Site 3 with the previously validated sites is the
mechanical properties of the upper soil layer. More specifically, the damping ratio is equal
to 10.5% compared to 7.4% and 7.75% at Site 2 and Site 3, respectively. For this reason, a
higher reduction of the vibration level is expected at the fairest observation points. Figure
3.29a compares the field data and the numerical results in terms of vertical velocity time
histories. The timing and the shaping of the time hibase are in good agreement with the
field data. More specifically, the peak vertical velocity is equal to 1.3mm/s at 15m from

the track, according to both numerical results and numerical data. According to the
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numerical results, the agreement with the in-situ measurements is even more pronounced

at 19m from the track (see Figure 3.29b), although the peak vertical velocity, according to

the numerical results, is slightly lower than the field data.
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Figure 3.30 Thalys HST passage from Site 3: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 23 m, (b) at 27 m from the track.

At the middle observation positions, at 23m and 27m from the track, the shaping and

the timing of the time hibase still agree with the numerical data (see Figure 3.30). At 23m

from the track, the peak vertical velocity is equal to 0.7mm/s compared to the field data,

where this value is just 0.5mm/s. The shaping of the time hibase is similar to the field data

at 27m from the track, although there is a significant difference at the peak values of the

numerical and field time histories. Especially in the middle of the time hibase, the captured

vertical velocities from the numerical results, in some cases, are about 40% lower than the

field data. As mentioned, the reason for those reduced values is the high damping ratio of

the soil in this site.
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Figure 3.31 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity time-histories: (a) at 31 m, (b) at 35 m from the track.
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The same observation is made at the far-field as it is illustrated in Figure 3.31. The
time hibase mean amplitude at 31m from the track has been slightly underestimated due
to the modelling of the soil damping. More specifically, the peak vertical velocity is close
to 0.7mm/s, according to the field data. The same value has been computed just 0.4mm/s,
according to the numerical results. At 35m from the track, the recorded time hibase in the
field is significantly higher than all the closer observation points. This phenomenon is not
reasonable; hence the assumption has been made that the high recorded level of vibration
may be due to a possible change of the soil properties in this position or a secondary

vibrations source, irrelevant with the passage of the HST.
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Figure 3.32 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 15m, (b) at 19 m from the track.

Figure 3.32 depicts the comparison of the field data and numerical model in terms of
Fourier spectra at the near field. There is a high correlation between the numerical results
and the field data. The most dominant frequency peaks are located at 17.6Hz, 22.6Hz and
30.8Hz at both near field positions. Furthermore, a slightly lower secondary peak is
observed at 35.7Hz, according to the field data. The numerical model accurately captures
the locations of the vibrations peaks at the low-frequency range. At 15m from the track
(see Figure 3.32a), the numerical model is slightly overestimating the vibrations peaks at
22.6Hz and 30.8Hz. Furthermore, at 19m, the correlation between the numerical results
and the field data is even more pronounced. The location of the most dominant peaks
remains at the same frequencies as the near field positions. The numerical model has
captured the position of the vibrations peaks at 17.6Hz, 22.6Hz and 30.8Hz. It should be
mentioned that the recorded amplitude according to the field measurements is higher than
the predicted values according to the numerical model. This phenomenon is even more

pronounced in the case of the vibrations peaks at 17.6Hz and 22.6Hz at 23m from the track,
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where the field values are 50% higher than the numerical values. As mentioned, the

reduced vibrations level could be attributed to the high damping ratio of the soil.
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Figure 3.33 Thalys HST passage from Site 3: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 23m, (b) at 27m from the track.
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Figure 3.34 Thalys HST passage from Site 1: Comparison of field data and numerical results
in terms of vertical velocity Fourier spectra: (a) at 31m, (b) at 35m from the track.

Figure 3.34 illustrates the Fourier spectra of vertical velocities at 31m and 35m from
the track. The convergence of the predicted vibrations with the in-situ measurement is
satisfactory in the whole examined range at 31 m from the track regarding the vibrations
peaks. However, it is obvious that the numerical model slightly underestimates the
amplitude of the vibrations peaks. The same observation could be made at 35m from the
track (see Figure 3.34b). As mentioned, the authors are skeptical about field data at 35m
from the track due to their suspiciously high vibrations levels. Concluding, in general, the
numerical model is capable of predicting the HST-induced vibrations, especially in the

near field in the case of Site 3.
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3.7.3. One third octave bands investigation

In this section, a commonly used metric, the octave bands of the induced vibration, has
been used in order to compare the numerical results with the pre-available field data.
Accordingly, the vibrations frequency range is divided into unequal parts called octaves.
Every next octave band central frequency is a doubling of the previous octave band centre
frequency. Octave bands can be separated into three ranges - referred to as one-third-
octave bands. As aforementioned, octaves are not linear scaled; hence higher-frequency
bands are wider than lower-frequency bands. For this reason, the logarithmic center
frequency (fa) of the octave band is always lower than the arithmetic mean frequency (fc.).
In the case of 1/3 octave bands, their center frequencies are approximately in the ratio 5:3.

In this case, fa is calculated as follows (Pierce, 1989):

fa = 21/6fa (3~13)

Table 3.7.1/3 Octave Bands.

Band Number Lower Band Limit Center Frequency Upper Band Limit

(Hz) (Hz) (Hz)
1 1.12 1.25 1.41
2 1.41 1.6 1.78
3 1.78 2 2.24
4 2.24 2.5 2.82
5 2.82 3.15 3.55
6 3.55 4 4.47
7 447 5 5.62
8 5.62 6.3 7.08
9 7.08 8 8.91
10 8.91 10 11.2
11 11.2 12.5 14.1
12 14.1 16 17.8
13 17.8 20 224
14 224 25 28.2
15 28.2 315 35.5
16 35.5 40 447
17 447 50 56.2

Furthermore, the relationship between the lower (f.) and the upper (f») frequency limit

of each 1/3 octave band is defined as follows:
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fo _ 173 (3.14)
fa
Table 3.7 summarizes the first 17 1/3 octave bands with central frequencies from 1.25Hz
to 50Hz, which are examined in the case of the HST passing. As it was aforementioned,
the present investigation is focused on the low-frequency range in order to evaluate the
vibrations felt by the residents of nearby buildings and the users of nearby infrastructure
and according to international standards that the low-frequency vibrations are considered

as the most critical in terms of human exposure or buildings damage.

In the sequence, the velocity decibels (Vab) on each examined octave band central

frequency have been calculated according to the following expression:

Virms
de = 2010g10 Vo (315)

where:

Vims: TOOt mean square of the spectral velocity at the center frequency of each 1/3

octave band,

vo: the reference velocity level, equal to 510 m/s according to USDT (1998).

Figure 3.35 illustrates the one-third octave band center frequencies of the free-field

response at 15m and 35m from the track due to the passage of Thalys HST from the three
examined sites. The frequency content is concentrated between the 12th and the 15t octave
bands for numerical results and in-situ measurements at all the examined sites. The one-
third octave bands at 15m from the track show, on the whole, a good correspondence
between experimental and numerical results in the low-frequency range [0-50Hz] at all
the examined sites. The correlation at the near field is remarkable, especially in the railway
embankment, as illustrated in Figure 3.35a. Furthermore, the numerical results are
significantly close to the field data, especially at the most dominant octave bands (12th-
15th). At the near field positions of all the examined sites, the most dominant octave is the

14th, In this band, the decibel level reaches close to 70-75dB.
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Figure 3.35 Comparison of field data and numerical results at increasing distance from the
track in terms of 1/3 octave bands at Site 1 ((a), (b)), Site 2 ((c), (d)) and ((e), (f)).

The most dominant frequency remains at the 14t octave bands at the far-field,
although the peak decibel level is reduced compared to the near field as it was expected.
The peak decibel level in the case of Site 1 is equal to 56dB; according to the field data, the
value has been captured the same according to the predicting model. This value is slightly
higher at the other two examined sites. According to the numerical results in Site 2 (see
Figure 3.35d), the peak decibel level is equal to 61dB according to the field data and 62dB.

On the other hand, at the third examined site, the prediction model underestimates the
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vibrations level, as the peak decibel level is 10dB lower than the field data, as depicted in
Figure 3.35f. In the last site, the prediction model underestimates the decibel level at the
whole examined band due to the high damping ratio of the upper soil layer. However, in

general, the numerical model is a good agreement with the field data.
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Figure 3.36 Comparison of field data and numerical results at increasing distance from the
track in terms of PPV and KBr,max at Site 1 ((a), (b)), Site 2 ((c),(d)) and ((e),(f)).
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3.7.4. PPV investigation

In conclusion, two commonly used vibrations metrics have also been used to examine the
propagation of the HST induced vibrations at increasing distances from the track. Namely,
the peak particle velocity (PPV) and the maximum level of the weighted time-averaged
signal (KBrmax), which are commonly used to measure the impact of vibration on
structures and humans, respectively, are presented for the three examined sites. Figure
3.36a and 3.36c illustrate the numerical results and the field data comparison in terms of
PPV for increasing distance from the track in the modelling scenario of Site 1 and Site 2. It
is evident that the numerical approach is capable of predicting quite accurately PPV at

both near and far distances in those cases.

Figures 3.36b and 3.36d display the attenuation of KBr,max in increasing distance from
the track for the same sites. Similarly, the predicted values are consistent with those
obtained from the measurements. Furthermore, as it is clearly illustrated, the PPV and
KBr max level, according to both numerical model and field data, is increased in the case of
Site 2. The lower damping ratio of Site 2 compared with the increased passing speed of
the HST on this side could explain the increased values. In the case of site 3, the numerical
approach successfully captures the PPV and KBrmax level at the near field. However, at
higher distances, the field values are significantly increased. For instance, PPV at 19m from
the track is lower than the same value at 35m from the track. If the soil properties are
constant at the whole examined site and there are no other vibrations sources, this
phenomenon is not reasonable. On the other hand, according to the numerical results, the
PPV seems to be more reasonable, as the PPV values are reduced with the distance from

the track.

3.8. Discussion of the results

In this chapter, the validation of the proposed numerical model with pre-available field
data is presented. In order to ensure the accuracy of the numerical approach, three
different Sites from Paris-Brussels HSR have been investigated as case studies. The main

conclusions of the validations are as follows:

* The numerical model captures the rail dominant frequencies. The bougies and

sleepers passing frequency is visible at the rail Fourier spectrum of displacements.
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* The time histories shaping and timing align with the field data for all the examined
sites in the near field. At the far-field, the numerical model is still reliable at the
first two sites. On the other hand, at site 3, the vertical velocity is underestimated

by the model due to the high damping ratio of the upper soil layer.

= Thereis a high correlation between the dominant frequencies at the low-frequency
range between O0Hz and 40Hz for all the examined cases. The correlation is even

more pronounced in the case of Site 1.

* The peak decibel level is located at the 1/3 octave band with a central frequency
equal to 25Hz for all the examined sites. The dB level at 15m from the track is close
to 75dB and is reduced to 56-63dB at 35m from the track. The octave bands at 15m

from the track are, in general, remarkably close to the field data.

* In general, the trend of PPV and KBg max at increasing distance from the track of

the numerical results follow the field data.

After validating the numerical results with the available field measurements, it is
evident that the developed numerical model is reliable for representing the passage of
Thalys HST. Some differences, which have also been reported in relevant studies (e.g.,
(Kouroussis et al., 2011)), are reasonable considering the complexity of this dynamic
problem and the uncertainties the difficulties in reproducing the real conditions totally
occurred during the measurements. In addition, the velocity time-histories have been used
as measured in the field, without filtering them to remove any external noise. Filtered field
data could lead to further improvement of the accuracy of the proposed numerical
methodology. Hence, applying various mitigation measures on the examined sites can be
investigated, following the validated numerical methodology for performing the required

numerical simulations, as presented in the subsequent Chapters.
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CHAPTER 4

HSR EMBANKMENTS MITIGATION WITH
EPS GEOFOAM

4.1. Introduction

In the present Chapter, alternative mitigation schemes are examined in order to propose
an optimal mitigation approach against HST-induced vibrations. The investigation of the
efficacy of such mitigation measures is vital due to their negative impact on the users of
the HST, the nearby residents, as well as nearby buildings and HSR infrastructure. The
main aim of the present study is to investigate the EPS geofoam application as an efficient
alternative mitigation approach against the developing vibrations by the HST passage on
the railway embankment. EPS has been selected as it is a high-performance, low-cost
geosynthetic material, which is commonly used in various engineering applications.
Herein, the three-dimensional numerical model, which has been presented in Chapter 3,
has been used, utilizing the commercial FE software ABAQUS in conjunction with a user-
developed subroutine to accurately simulate this complex dynamic phenomenon of
surrounding soil response during the passage of HST. In order to propose the optimal EPS
configurations, several schemes have been compared, aiming to find an optimal
placement of EPS blocks on the embankment that is capable of minimizing the developing

vibrations.

In the sequence, the efficiency of this new mitigation scheme has been investigated

for various embankment geometries. More specifically, the soil response has been
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numerically studied for various embankment heights and slope inclinations, with and
without the proposed mitigation scheme. Furthermore, the efficacy of the examined
mitigation approach has been examined for various underlying and embankment soil
conditions. Four different typical soil types, classified as rock, dense sand with gravels,
stiff and soft clay, have been investigated. In addition, the embankment material
properties have been altered to assess to what extent they affect the propagation of HST

vibrations and the effectiveness of the application of EPS blocks for their mitigation.

4.2. Existing mitigation measures

Over the last decades, various measures have been proposed to mitigate soil vibrations
induced by HST passage, as it is presented in Chapter 3. Most frequently wave barriers
have been used (Celebi and Goktepe, 2012; Frangois et al., 2012; Kanda et al., 2006; With
et al.,, 2009). Wave barriers are usually trenches (see Figure 4.1a) located at various
distances from the embankment, aiming to block the developing waves at the soil surface.
In order to increase their effectiveness, these barriers are often filled with low-density
material, such as polyurethane (Alzawi and Hesham El Naggar, 2011), which increases
wave reflections between soil and this filling material. The filling material should have
lower acoustic impedance compared to the surrounding soil. This mitigation approach
has been implemented at several railway lines in Europe (Sweden or Germany). The
effectiveness of this technique has been investigated by several researchers, who
concluded that the trench depth should be less than half of the dominant Rayleigh
wavelength (Karlstrom and Bostrom, 2007; Yang and Hung, 1997).

(@) (b)

Figure 4.1 Mitigation of the railway embankment with: (a) a trench and (b) an extensive soil
replacement (stiffening).
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There are also alternative mitigation approaches, e.g., stone columns, deep vibro-
compaction, grouting consolidation or deep subsoil mixing. Such mitigation measures
increase the stiffness of the soil and reduce the developed vibrations. Nonetheless, a
comprehensive soil stiffening approach, such as the one in Figure 4.1b, should be avoided
due to its higher cost. Furthermore, it is worth mentioning that proper maintenance of

HST wheels and rails could lead to some additional decrease of ground-born vibrations.

4.3. Mitigation with expanded polystyrene blocks

The present investigation proposes a new mitigation method using expanded polystyrene
(EPS) as an alternative embankment fill material to reduce HST-induced ground
vibrations. EPS is a high-performance, lightweight material consisting of closed-cell
polystyrene foam. Its high density, combined with its low weight and highly affordable
cost, can make EPS material an excellent alternative for reducing HST vibrations. It should
be mentioned that the application of EPS blocks has several advantages compared to
alternative approaches (e.g., subgrade stiffening), which can lead to overall cost and
construction time savings. More specifically, there is no need for extensive mechanical
equipment since the EPS can be placed easily and fast, even at sites with difficult access,
while the maintenance cost is low. For this reason, the application of various possible
configurations of EPS blocks within the examined embankment has been thoroughly

investigated. Several configurations have been rejected due to various inefficiencies.

4.4. Non-optimal EPS configurations

Initially, several different embankment mitigation approaches have been investigated. In
this Section, three non-optimal configurations are examined and the reasons for their
rejection are presented. Those typical configurations are illustrated in Figure 4.2. The first
sketch (Figure 4.2a) depicts a total replacement of soil with EPS. Figure 4.2b presents an
alternative EPS layout, where only the side parts of the embankment have been
constructed with EPS blocks in order to avoid the high vertical deflections under the
tracks. Lastly, as shown in Figure 4.2¢c, only the soil subgrade has been replaced with EPS
blocks. As embankment fill material, a high-density EPS geofoam (EPS46) has been
selected. EPS46 is a high-performance, lightweight, geosynthetic fill material with
45.7kg/m3 density, 0.05 Poison’s ratio and 12.8MPa Young’'s Modulus.
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Figure 4.2 Embankment cross-sections with non-optimal EPS configurations: (a) full EPS
embankment, (b) side-fill with EPS blocks, (c) limited EPS placement under the tracks.

4.4.1. Full EPS embankment

The change of the soil response to Thalys HST induced vibrations is clearly shown in
Figure 4.3, in which the soil vertical velocity time hibase at 15m from the track for the
initial soil embankment and the full EPS filled embankment are compared. The application
of EPS geofoam improves the subsoil dynamic response by reducing the velocity at the
soil surface. It is observed from Figure 4.3a that the vertical vibration level is significantly
lower in the case of the full EPS-filled embankment. More specifically, the peak vertical
velocity is reduced from 1.1mm/s to just 0.2mm/s after replacing the embankment soil
fill with EPS geofoam at 15m from the track. The same observation is made at the far-field
location, at 35m from the track. As it is clearly illustrated in Figure 4.3b, the peak vertical
velocity has been reduced almost to zero. The assumption could be made that this

mitigation approach has practically disappeared from the HST-induced vibrations.

This is further illustrated in the comparative Fourier spectrum of Figure 4.4, in which
the improvement of the subsoil response by replacing the embankment fill with EPS
geofoam is shown. In the case of the soil-filled embankment, two domain frequencies
(21.4Hz, 25.2Hz) are observed. Obviously, in the near field vibrations at 15m from the
track, the mitigated embankment first dominant frequency at 21.4Hz has been virtually
disappeared. Moreover, the second domain frequency amplitude at 25.2Hz has been
remarkably improved since the spectral velocity of the model with the EPS embankment
is more than three to four times lower than the soil embankment. In the far-field case, there

are three domain frequencies (16.7Hz, 21.9Hz, 25.2Hz). The dominant frequencies are even
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more pronounced in the soil-filled embankment. The vibrations peaks have been

significantly reduced with the use of EPS geofoam.
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Figure 4.3 Vertical velocity time hibase of soil embankment and full EPS embankment at (a)
15m, (b) 35m from the track.
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Figure 4.4 Fourier spectrum of soil embankment and full EPS embankment at a) 15m, b) 35m
from the track.

4.4.2. Side-fill with EPS block

Figure 4.5a illustrates the soil vertical velocity time hibase at 15m from the track in the
modeling scenario for which the side part of the embankment has been replaced with EPS
geofoam. In this case, the vibration level has been slightly decreased, although the
reduction level is significantly lower than the full EPS embankment (see Figure 4.3.). More
specifically, at the near field, the peak vertical velocity has been reduced from 1.1mm/s to
0.65mm/s. The same observation is made at the far-field vibrations, where the reduction
is even more pronounced, as illustrated in Figure 4.5b. The peak vertical velocity at 35m

from the track has been reduced by 60%.

The soil embankment partial replacement with EPS geofoam has led to the limitation

of the vibration peaks in the low-frequency range of 10-30Hz, as is illustrated in Figure
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4.6. The two dominant frequencies spectral velocity has been limited from 0.28mm/s and
0.32mm/s to 0.1mm/s and 0.18mm/s, at 15m from the track (see Figure 4.6a). On the other
hand, there is a new vibration peak at 8.4Hz for Model B at both distances from the track.
In contrast with Model B, the spectral velocity of the model is higher than the soil-filled
embankment for higher frequencies (35Hz). Nevertheless, it can be concluded that the use

of an embankment formed from EPS geofoam significantly reduces the subsoil vibration

level.
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Figure 4.5 Vertical velocity time hibase at 15m from the track: (a) Soil embankment, (b) Full
EPS embankment.
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Figure 4.6 Fourier spectrum at (a) 15m from the track, (b) 35m from the track.
4.4.3. Comparison of Full EPS embankment and side-fill with EPS blocks

According to the previous sections, the assumption could be made that the full EPS
embankment is significantly more effective than the side fill. Although, the use of
lightweight material with lower elastic modulus than soils, as EPS geofoam, increases the
risk of HST derailment. Therefore, the increase of the track deflection must be investigated.
The rate of the ballast degradation is investigated in order to estimate the track response.

The vertical ballast displacement during the passage of Thalys HST is shown in Figure 4.7.
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The passage of each wheel can be seen in the diagram. In the case of a fully EPS-filled
embankment, the rail vertical displacement is increased significantly compared to the soil-
filled embankment. The deflection during the passing of locomotives and carriages is
about five to six times higher in the case of the full EPS embankment. On the other hand,
the deflection in the case of the side-fill with EPS blocks is the same as the initial soil

embankment.

e e e L = 1> = = L % L L = e

Vertical displacemet (mm)
S
-..\l

—— Model A, C Model B
'1 4 T T
0 1 2 3
Time (s)
Figure 4.7 Ballast vertical deflection.
14
MODEL A
MODEL B
= - - -~ MODELC
£
% 07
2
0
0 4 8 12

Distance (m)

Figure 4.8 Embankment Displacements.

Figure 4.8 shows the peak embankment vertical displacement at several distances
from the track, between 0-12 m from the rails. As expected, peak displacement declines
rapidly with distance from the embankment. Fully EPS-filled embankment causes
significantly higher vertical displacement at the whole embankment surface. Moreover, it
has to be noticed that at the first five meters from the rails, the vertical displacements are

significantly higher in the case of the full EPS embankment. On the other hand, the
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difference between EPS embankment and soil embankment displacements is decreased
for higher distances. Nevertheless, vertical displacement remains lower in the case of the
soil-filled embankment. In the case of the side-fill with EPS geofoam, vertical displacement
at all the distances from the track remains at the same level as in the case of the soil

embankment.

The results have confirmed the original hypothesis that the subsoil vibrations induced
by the passage of the HST are reduced with the EPS embankment application. This is
attributed to the decrease of vertical velocities using a practical, high-performance, low-
cost material as EPS geofoam. The reduction of the subsoil vibration is higher in the case
of the embankment fully filled with EPS geofoam in comparison with the side-fill. On the
other hand, in the case of the full EPS embankment, the use of the EPS geofoam as
embankment fill material significantly increases the rate of track degradation.
Embankment vertical displacements have also been increased after the application of the
EPS embankment. This problem is not observed in the case of the side fill embankment, in

which the vertical displacements are similar to the soil embankment.

The first approach (Figure 4.2a) depicts a total replacement of soil with EPS, which
successfully minimized the developed vibrations but is rejected due to the resulting high
vertical displacements since such excessive deformations under the tracks could lead to
the derailment of HST. Figure 4.2b presents an alternative EPS layout, where only the side
parts of the embankment have been constructed with EPS blocks in order to avoid the high
vertical deflections under the tracks. Although the displacements are successfully limited,
this embankment is expected to have instabilities, which could be alleviated via
reinforcement with geosynthetics, but this would increase construction time and cost. In
this case, the capability of the EPS blocks to retain the soil should be investigated. Lastly,
as shown in Figure 4.2¢c, only the soil subgrade has been replaced with EPS blocks, but
there is no significant ground vibration level reduction. It is evident that none of these
mitigation schemes with the use of EPS geofoam is optimal; hence alternative approaches

are investigated in the sequence.

4.5. Optimal EPS configurations

In this Section, an optimal configuration (of only a limited number of EPS blocks) has been
placed on the soil embankment slopes and has been covered with a thin surface layer of

soil, is proposed, as illustrated in Figure 4.9. The observation points are shown on the
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existing embankment in Figure 4.9a and on the mitigated with EPS blocks in Figure 4.9b.
With this configuration, the stability of the embankment is achieved and the vertical
displacements are not significantly increased. Note that this is an easy and cost-efficient
solution that can be applied to new and existing railway embankments. In addition, the
variation of EPS properties has also been examined in the present Section. The
effectiveness of two geofoam types is presented: EPS19 and EPS46. As mentioned in the
previous section, EPS46 is the stiffest among the seven available EPS types, as its density
is equal to 45.7 kg/m? and its Young's Modulus is equal to 12800 kPa. On the other hand,
EPS19 is a low-density material (18.4 kg/m?3) with Young's Modulus equal to 4000 kPa.
Note that for both EPS46 and EPS19 materials, the Poisson’s ratio is very low, as it is equal

to 0.05, while material damping is taken equal to 2%.
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Figure 4.9 (a) Optimal mitigation of HST vibrations in the examined site with EPS blocks, (b)
details of the EPS blocks placement along the embankment side.

Figure 4. 10 Typical contour plots of vertical velocity at soil surface: (a) soil embankment, (b)
EPS-mitigated embankment.
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In order to illustrate the impact of the proposed mitigation measure, contour plots of
the predicted soil surface velocity are shown in Figure 4.10 in the case of EPS46 blocks
placement along the sides of the embankment. The effect that this light intervention on the
embankment has on the wave propagation is demonstrated. More specifically, Figure
4.10a depicts the typical soil embankment, where a wide spreading of the surface waves
is observed since the waves are reaching a distance of 40 m away from Thalys moving
axle. On the other hand, the scattering of surface waves is much less in the case of the EPS-

mitigated embankment (Figure 4.10b).
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Figure 4.11 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
time-histories: EPS46 ((a) at 15 m, (b) at 19m from the track), EPS19 ((c) at 15 m, (d) at 19m
from the track).

4.6. Investigation of the optimal EPS geofoam

4.6.1. Vertical velocity time histories

The mitigation of the vibrations induced by HST passage using the proposed EPS
configuration at the near field positions is depicted in Figure 4.11. The first two vertical

velocity time-histories (e.g., Figure 4.11a and Figure 4.11b) demonstrate the improvement

of soil response at several distances from the track when using the stiffer EPS46 blocks. In
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contrast, the usage of EPS19 blocks reduces only slightly the developed vibrations. More
specifically, at 15m and 19m from the track, during locomotives passage (which are the
heavier bogies), the vertical velocity is significantly reduced. However, the velocity at the
middle of the time hibase is slightly increased. It is evident that the peak vertical velocity
has been reduced from 1.lmm/s to 0.7mm/s and 0.45mm/s at 15m from the track,
respectively, after the implementation of EPS19 and EPS46.
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Figure 4.12 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
time-histories: EPS46 ((a) at 23 m, (b) at 27 m from the track), EPS19 ((c) at 23 m, (d) at 27 m
from the track).

The addition of -a limited number- EPS46 blocks at the slope of the embankment
substantially improves its dynamic response by minimizing the vertical surface velocity
at the middle field positions, as is depicted in Figure 4.12. In particular, it is observed that
the velocity has drastically reduced up to 60%, at 23m from the track, during the first and
last two heavier bogies passage. In addition, the vertical velocity is also reduced during
the passage of the middle bogies. The beneficial influence of the mitigation with EPS46
blocks is even more apparent at 27m, in which the peak vertical velocity is significantly

reduced. Furthermore, in the middle field, EPS19 is more effective in comparison with the
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nearest positions. EPS19 reduces the peak vertical velocity up to 30% at both examined

positions. Nevertheless, EPS46 is still the optimal option.

Figure 4.13 depicts the vertical velocity time histories at the higher examined
distances from the track. As shown in Figure 4.13a, the usage of EPS46 material still
mitigated the HST ground-borne vibrations more effectively than EPS19 material. The
usage of EPS19 slightly reduced the vibration level at the far-field positions. More
specifically, the level of reduction reaches in some cases close to 20%. It is evident that
EPS46 remarkably reduces the vibration level more effectively, especially at 35m from the
track. In this case, the time hibase has been optically disappeared. It could be concluded
that the proposed configuration with the use of EPS46 is the most efficacy as it reduces the
vertical velocity up to 50% at all the examined observation points between 15m and 35m

from the track.
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Figure 4. 13 Comparison of soil and EPS-retrofitted embankments in terms of vertical
velocity time-histories: EPS46 ((a) at 31 m, (b) at 35 m from the track), EPS19 ((c) at 31 m, (d)
at 35 m from the track).
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4.6.2. Fourier Spectra

Figure 4.14 compares the velocity spectra between the initial soil and the EPS-retrofitted
embankments at the near field. At the closest distance (15 m from the track), the most
dominant peak at 25.2 Hz is significantly reduced after the implementation of EPS19. On
the other hand, the peaks at 16.8 Hz and 21.4 Hz remains the same as the soil embankment.
Conversely, at 19m from the track, the soil response is worsened at the frequency range
between 15 and 24 Hz. The peaks in the frequency range of 10 to 40 Hz are slightly reduced
in the rest of the observation points. In the case of EPS46, most of the peaks in the low-
frequency range (10 to 40 Hz) have been significantly reduced. More specifically, the peaks
at the two most dominant frequencies at 15 m from the track are notably reduced from
0.28mm/s to 0.09 mm/s and from 0.31 mm/s to 0.1 mm/s for 21.4 Hz and 25.2 Hz,
respectively. Furthermore, the peaks at 16.8 Hz and 28.1 Hz have been almost

disappeared.
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Figure 4.14 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity

Fourier spectra: EPS46 ((a) at 15 m, (b) at 19 m from the track), EPS19 ((c) at 15 m, (d) at 19 m

from the track).

As mentioned earlier, most of the peaks at the low-frequency range are slightly

reduced or remain at the same level in most observation points when using the less stiff
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EPS19 blocks. The vibration peak at the dominant frequency, 21.4Hz, is the only exception.
In this case, the vibration peak has been slightly increased. This trend remains at the
middle-frequency range. The peaks at the range from 10 Hz to 30 Hz are sufficiently
reduced, at 23 m from the track (see Figure 4.15a), in the case of the stiffer EPS46. It should
be mentioned that a new significant frequency at 33.7 Hz is observed for both examined
fill materials. For higher distances, as at 27m from the track, all the peaks in dominant

frequencies have been notably reduced, as illustrated in Figure 4.15b.
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Figure 4.15 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra: EPS46 ((a) at 23 m, (b) at 27 m from the track), EPS19 ((c) at 23 m, (d) at 27 m
from the track).

Moreover, it should be noted that the far-field (see Figure 4.16) spectral velocity of the
EPS-mitigated embankment is reduced in the whole range of the critical frequencies (10 to
40 Hz). Hence, it is evident that the implementation of the EPS46 blocks generally reduces
soil vibrations in a very efficient manner. The beneficial role of the proposed mitigation
approach, especially in the case of the stiffer EPS material is used, is obvious in the
frequency range of interest. More specifically, the implementation of EPS46 blocks has

reduced the most dominant peak at 25.2 Hz from 0.1mm/s to 0.03mm/s at 31m from the
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track. On the other hand, in the case of EPS19, there is a marginal reduction of this value.
The same observation is made at the most remote position, at 35m from the track. In this
observation position, the implementation of EPS46 geofoam almost disappeared all the

vibrations peak.
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Figure 4.16 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra: EPS46 ((a) at 31 m, (b) at 35 m from the track), EPS19 ((c) at 31 m, (d) at 35 m
from the track).

4.6.3. Velocity decibels

Figure 4.17 illustrates the relationship between velocity decibels (Vav) and the frequency
at 15m from the track for the two examined geofoam materials. It is clearly shown that
both of the examined materials reduce the vibrations level in the majority of the low-
frequency octave bands. In the case of EPS19, the decibel level at the most dominant octave
band, with a centre frequency 25Hz, is reduced from 69 dB to 64 dB. Furthermore, the
highest level of reduction, equal to 12 dB, is observed at the 11th octave band, as depicted
in Figure 4.17b. The beneficial effect of the vibrations reduction is even more pronounced
in the case of EPS46. In the majority of the octave bands, the decibel level has been

decreased. The highest level of reduction, equal to 17dB, is observed at the 12t octave
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band, while the dB level at the most dominant octave band has been reduced up to 10dB.

In general, the level of decibel reduction is higher in the case of the stiffer, EPS46 in

comparison with EPS19.
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Figure 4. 17 Comparison of soil and EPS-retrofitted embankments in terms of velocity
decibels (Vab): at 15m (a) EPS46 and (b) EPS19.
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Figure 4. 18 Comparison of soil and EPS-retrofitted embankments in terms of velocity
decibels (Vab): at 35m (a) EPS46 and (b) EPS19.

The same observation is made at the far-field position (e.g., 35m from the track), as
illustrated in Figure 4.18. In this case, the implementation of EPS19 managed to decrease
the vibrations level at most of the examined octave bands. The most dominant peak at the
14th octave band, the decibel level, has been reduced from 55dB to 51dB. Furthermore, the
level of reduction at the octave bands with central frequencies, 16Hz and 20Hz, the
reduction of the decibel level is equal to 9dB and 4dB, respectively. Figure 4.18a illustrates
the reduction of the decibel level at the low-frequency range after the implementation of
the stiffer EPS material. The beneficial role of the proposed mitigation approach is obvious

in this case, as the decibel level is reduced at the whole examined frequency range. The
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reduction is even more pronounced at the most dominant octave band, where the decibel

level has been reduced from 55dB to 43dB.
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Figure 4.19 Comparison of vertical displacements of soil and EPS-retrofitted embankments.

As it was aforementioned, when implementing EPS (e.g., as the ones are shown in
Figure 4.9) as embankment filling material revealed that the complete replacement of the
soil with EPS increased significantly -up to five times- the vertical displacements of the
embankment (Lyratzakis et al., 2019). On the other hand, as illustrated in Figure 4.19, the
optimal placement of a limited number of EPS46 blocks on the inclined part of the
embankment did not alter the vertical displacement levels compared to the initial
geostructure. It is concluded that both EPS19 and EPS46 adequately mitigate the
developed vibrations by Thalys HST passage without causing problems in the operation
of the HSR.

4.6.4. Comparison with thresholds of international guidelines

In the sequence, the efficacy of the proposed mitigation approach is compared with
international guidelines to investigate the effectiveness of the potential protection of

human health and buildings. According to the German Institute for Standardization (DIN
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(Deutsches Institut fiir Normung), 1999a), a PPV threshold of 3 mm/s is proposed in order
to protect sensitive buildings from potential damages. Herein, the PPV of the soil
embankment at distances from 15m to 35m from the track is significantly lower than this
limit. Figure 4.20a illustrates the vibrations propagation at distances from 15 m to 35 m
from the track in the examined scenario of the initial soil embankment and the mitigated
embankment with EPS46 and EPS19 blocks at the slope. It is evident that the PPV is lower
than the DIN threshold, and these values are even lower after the mitigation with EPS19
and EPS46 blocks. Hence, the construction of sensitive buildings across the track is

feasible.

Apart from the potential damages to nearby buildings, the residents discomfort from
the passage of the HST should be assessed. As has detailed presented in Chapter 2, several
parameters have been proposed to estimate the level of the residents disturbance (DIN
(Deutsches Institut fiir Normung), 1999b; ISO (International Organization for
Standardization), 2003). According to the United States Department of Transportation
(USDT, 1998), the highest value of the root mean square amplitude of the velocity time-
hibase (vims) to avoid the discomfort of the residents is 0.10 mm/s for infrequent passages
of HST (<70 passages per day). This value is increased to 0.26 mm/s for more than 70
passages per day. In the regular soil embankment case, the vims values are lower than the
USDT lower limit for frequent passages of HST at distances greater than 21m from the
track. The installation of EPS46 blocks on the embankment slope contributes to reducing
the vims below this limit for all the distances between 15 and 35 m from the track (see Figure
4.20b). Furthermore, the USDT proposes a decibel scale to assess the impact of HST-

induced vibrations.

The World Health Organization (WHO/Europe, 2018) noted that vibrations above 55
dB are quite dangerous for public health. More specifically, most of the residents could
experience detrimental health effects as they become annoyed and sleep-disturbed,
increasing the risk of cardiovascular diseases. Figure 4.20c compares the initial and
mitigated embankments at increasing distances from the track in terms of V4. Note that
in the case of the soil embankment, the V4p is higher than the 55 dB threshold for the whole
examined range. The implementation of EPS46 blocks reduces the Vgp values to below the
55 dB limit for distances greater than 23 m. The German Institute for Standardization
(DIN4150-2, 1999) proposes the comparison between the maximum level of the weighted
time-averaged signal (KBrmax) and the limit of 0.15 mm/s for residential areas. The DIN
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limit value for KBgmax has not been exceeded for distances greater than 21m after the

mitigation with EPS blocks.
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Figure 4.20 Comparison of soil and EPS-retrofitted embankments with slope at increasing
distance from the track in terms of: (a) PPV, (b) Vims, (¢) Vas, (d) KBE, max.

4.7. Impact of embankment geometry

In this Section, the explicit time-domain 3D finite element (FE) model validated in Chapter
3 has been modified in order to examine the effect of the embankment geometrical
properties on the vibrations propagation. The impact of the embankment geometry on the
vibrations levels has been investigated. For this purpose, several embankments between
3.5m and 5.5m high and with a slope inclination between 20° and 45° are assessed.
Furthermore, the induced vibrations have been mitigated with EPS46 blocks to investigate
the efficiency of this mitigation measure with respect to the embankment geometry. The
typical soil profile (e.g., Site 1, see Chapter 3) of the Paris-Brussels railway line has been

used to investigate the induced vibrations.
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4.7.1. Impact of embankment height

In order to examine the effect of the embankment height on the efficiency of the examined
mitigation measure, five embankment cross-sections are examined and compared. All the
embankments have a slope angle of 30° and their height varies between 3.5 and 5.5 m
(Figure 4.21a). The five investigated embankment configurations are constructed from the
same soil as the first layer of the underlying soil. Subsequently, the embankments are
mitigated with the placement of EPS46 blocks at their slopes (Figure 4.21b). Each EPS block
is 1.0 m wide and 1.0 m high. The total number of EPS block, implemented in each case, is
2H, where H is the embankment height. For each embankment, the far-field vibrations at
various locations from the track/embankment structure are studied to determine the
potential damage to structures and infrastructure in close proximity to the railway and

the level of the vibrations mitigation achieved due to the implementation of EPS blocks.

(a) (b)

Figure 4.21 Cross-section with various heights of: (a) the soil embankment, (b) the
mitigated embankment with EPS46 blocks.

The mitigation of the vibrations induced by Thalys passage from embankment sites
with several heights at 15m from the track is illustrated in Figure 4.22. The first vertical
velocity time hibase (see Figure 4.22a) shows the improvement of soil response in the case
of the lower embankment with a height equal to 3.5m. The peak vertical velocity has been
reduced from 1.1mm/s to 0.75mm/s. A higher reduction is observed at the beginning and
the ending of the time hibase. On the other hand, the amplitude at the center of the time
hibase has been slightly increased. The same observations are made in the case of an
embankment with a height equal to 4m. As the height of the embankment increases, the
level of the vibrations reduction is higher. More specifically, the peak vertical velocity has
been reduced from 1.1mm/s to 0.67mm/s and 0.55mm/s, respectively, for embankments
with heights equal to 4m and 4.5m. The same trend is observed for the highest examined
embankment, as shown in Figure 4.22d. In this case, the peak vertical velocity has been

minimized under 0.5mm/s.
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Figure 4. 22 Comparison of soil and EPS-retrofitted embankments in terms of vertical
velocity time histories at 15m from the track for embankment height equal to: (a) 3.5m, (b)
4.0m, (c) 4.5m, (d) 5.0m.

Figure 4.23 illustrates the Fourier spectra at 15 m from the track. In the case of the soil
embankment, the impact of its height on the vibrations induced by the Thalys HST
passage is marginal. This mitigation measure is more effective for higher embankments.
For instance, in the case of the highest embankment, with a height of 5m, the effect of the
EPS blocks is more significant, as the vibrations peaks in the range from 10 to 28 Hz are
successfully mitigated. More specifically, the main frequencies at 21.4 Hz and 25.2Hz,
close to the most important frequencies of the nearby buildings and infrastructure, are
successfully attenuated. In the case of higher frequencies, the vibrations remain at the
same level. Furthermore, the peaks at several frequencies between 10 and 28 Hz are
successfully reduced with the use of EPS blocks for all the examined embankments.
However, the peaks at 29.6Hz and 34.0Hz are increased as the embankment height
decreases. For the lower height embankments, the peak at 29.6 Hz is significantly

increased.
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Figure 4.23 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra at 15m from the track for embankment height equal to: (a) 3.5m, (b) 4.0m, (c)
4.5m, (d) 5.0m.

Figure 4.24 presents the effect on vibrations propagation at 35m from the track for
both the soil and the EPS-retrofitted embankments. As expected, all the peaks are lower
than those of the previously examined point (at 15m from the track). At 35 m from the
track, there are no significant changes in the vibrations level in the case of the soil
embankment, whereas the implementation of EPS blocks successfully reduces the
developed vibrations at that point for all heights. For embankments with heights ranging
from 4.5 m to 5 m, the vibrations peaks are attenuated by the EPS blocks for the whole
low-frequency range between 0 and 40 Hz. However, in the case of the lower
embankments (<4.5 m), the peaks at 29.6 and 34.0 Hz are slightly increased, although the

amplitude of the vibrations is reduced for the rest of the examined frequencies.
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Figure 4.24 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra at 35m from the track for embankment height equal to: (a) 3.5m, (b) 4.0m, (c)
4.5m, (d) 5.0m.

In the sequence, the level of the decibel reduction at 15m and 35m from the track is
demonstrated in Figure 4.25. The most dominant octave bands are those with central
frequencies 16Hz, 20Hz and 25Hz for both observation points. According to Figure 4.25a,
at the first 4 octave bands, the level of decibel reduction is higher in the cases of the lower
embankment at 15m from the track. The implementation of EPS46 geofoam slightly
increases the vibrations level at the octave bands with central frequencies higher than
31.5Hz. Furthermore, the implementation of EPS geofoam at the embankment with a
height higher than 5m, the decibel level remains the same or is reduced for all the
examined octave bands. Figure 4.25b demonstrates the decibel level at the second
observation position, at 35m from the track. The level of reduction is still higher for higher
embankments. It is evident that in this case, the decibel level for all the examined octave

bands has been minimized below 50dB, independently from the embankment height.
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Figure 4.25 Comparison of soil and EPS-retrofitted embankments in terms of velocity
decibels (Vab): (a) at 15m from the track, (b) at 35m from the track.
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Figure 4.26 Comparison of soil and EPS-retrofitted embankments at increasing distance
from the track in terms of: (a) PPV, (b) Vims, (¢) Vs, (d) KBE,max.

Figure 4.26a illustrates the peak partial velocity at six equally spaced observation
points between 15 m and 35 m from the rails of the track/embankment structure. As
previously mentioned, the PPV is reduced with distance from the track. Moreover, PPV is

significantly decreased for all the examined embankment heights at all the observation
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points after the mitigation with a small number of EPS blocks. In particular, the mitigation
is more pronounced for the higher embankments. In the case of the soil embankment, the
Vims Values for distances between 15m and 20m are higher than the USDT lower limit
(Figure 4.26b). The implementation of the EPS blocks contributes to the reduction of these
high values. Especially for embankments with heights from 4.5 m to 5.5 m, the vims values

are acceptable for all the examined frequencies.

Values of V4s exceed 55 dB for all the examined distances, in the case of the standard
soil embankment. The mitigation with EPS blocks has not reduced those values
significantly, except for the case of the highest embankment (5.5m), where the vibrations
level is lower than 55 dB for distances between 22m and 35m from the track (see Figure
4.26c). Figure 4.26d shows that the KB max values in the case of the soil embankment are
above 0.15mm/s for most of the examined cases. The implementation of EPS46 blocks
significantly reduces the level of KBrmax for all the examined heights. Note that in the case
of the highest embankment (5.5m), the level of KBf,maxis lower than 0.15mm/s when the

distance is between 21m and 35m.

4.7.2. Impact of embankment slope inclination

The impact of the inclination of the embankment slope on HST-induced vibrations is
described in this Section. Several soil embankments with a constant height of 5.5 m and a
slope angle ranging from 20° to 45° are investigated. Similarly, the same soil as the first
underlying layer is used as embankment fill material (Figure 4.27a) for the initial
embankment. Then, EPS46 blocks are placed at the embankment slope to mitigate the
developed vibrations (Figure 4.27b). The vibrations level at distances ranging from 15m to
35m from each embankment are investigated to determine the contribution of the

embankment slope inclination to the vibrations propagation.

Figure 4.27 Cross-section of: (a) the soil embankment, (b) the mitigated embankment with
EPS46.
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Figure 4.28 depicts the PPV of all the examined cases, and an increase in slope
inclination can significantly influence the propagation of the vibrations. As expected, a
steeply inclined embankment causes a significant decrease in vibrations levels, while
embankments with lower inclination show a corresponding increase. More specifically, at
15m from the track, the PPV level in the case of the embankment with a slope inclination
of 20° is increased by about 120%, in contrast to the embankment with a 45° slope. Hence,
the construction of embankments with high inclination leads to a reduction of far-field
vibrations. On the other hand, the construction of embankments with a low slope

inclination should be avoided.

15 20 25 30 35
Distance (m)

Figure 4. 28 Comparison of soil embankments with various slope inclination, vibration
level in terms of PPV at increasing distance from the track.

Figure 4.29 illustrates a comparison between the soil embankment and the
embankment mitigated with EPS46 blocks for two embankment slope inclinations: (a) 20°,
(b) 45°. Similar to the PPV results, an increase of the slope inclination contributed to a
reduction of the vibration levels. The two dominant vibration peaks at 21.4Hz and 25.2Hz
are notably reduced in the case of the higher inclination. The vibration peak at 25.2Hz is
reduced from 0.47mm/s in the case of 20° inclination to 0.31mm/s in the case of the initial
embankment inclination (30°). This reduction is even higher in the case of the 45° slope,
where the vibrations peak at 25.2 Hz is equal to 0.25 mm/s. The efficiency of the examined
mitigation system is shown in Figure 4.27. In the case of a 20° inclination, the vibrations
peak at 25.2 Hz is almost disappeared. Furthermore, the vibration peaks at 18.1, 21.4, and
28.1 Hz are significantly reduced. The same results are observed for 45 inclination. The
two dominant vibrations peaks are reduced from 0.19mm/s and 0.25mm/s to 0.08mm/'s

and 0.14mm/s at 21.4Hz and 25.2Hz, respectively, in the case of a 45° inclination.
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The same trend is observed at 35m from the track (Figure 4.28). In the case of the soil
embankment, the vibrations level is higher for the milder slope. The most dominant peak
at 25.2Hz is 0.12mm/s for a 20° inclination, in contrast to a 45° inclination. The same
observation is made for all the peaks at the low-frequency range between 0Hz and 40Hz.
The implementation of EPS blocks on the embankment slope significantly reduces the
vibrations induced by the Thalys HST at 35m from the track. In the modeling scenario of
a 20° slope inclination, all the vibrations peaks at 18.1Hz, 21.4Hz, 25.2Hz, and 28.1Hz has

been almost disappeared.
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Figure 4.29 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra at 15m from the track for embankment slope inclination equal to: (a) 20°, (b)
450.

Furthermore, in the case of 45° inclination (Figure 4.30b), the proposed mitigation
scheme reduces the vibrations across the whole examined frequency range (0 to 40 Hz). In
the case of the soil embankment, the vibrations level is higher for the milder slope. The
most dominant peak at 25.2 Hz is 0.12mm/s for a 20° inclination, in contrast to 0.04mm/s
for a 45° inclination. The same observation has been made for all the peaks at the low-
frequency range between 0 and 40Hz. The implementation of EPS blocks on the
embankment slope significantly reduces the vibrations induced by the Thalys HST at 35m
from the track. In the modeling scenario of a 20° slope inclination, all the vibrations peaks
at 18.1Hz, 21.4Hz, 25.2Hz and 28.1 Hz have been almost disappeared. Furthermore, in the
case of 45¢ inclination, the proposed mitigation approach contributes to a reduction of the

vibrations across the whole examined frequency range (0 to 40 Hz).

The soil response at 15m from the track due to the developing vibrations are
summarized in the 1/3 octave bands of Figure 4.31a. The most dominant octave bands are

the 13th, 14th and 15t where the V4 varies between 65dB and 70dB in the case of the regular
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embankment. Those values have been successfully minimized below 60dB after the
implementation of EPS geofoam. In some cases, such as the last two octave bands, the
decibel level has been slightly increased. However, the beneficial role of the proposed

mitigation approach is substantial, as, in the majority of the octave bands, the decibel level

is reduced.
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Figure 4.30 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity

Fourier spectra at 35m from the track for embankment slope inclination equal to: (a) 20°, (b)
450.

Figure 4.31b depicts the regular and retrofitted embankment velocity decibel level
with a slope inclination of 45¢. It is evident that the decibel level of the initial embankment
is reduced compared to the embankment with a slope inclination equal to 20°. For instance,
the decibel level at the first five octave bands is almost half compared to the previous case
(see Figure 4.31a). However, the decibel level at the most dominant octave bands (e.g.,
13th, 14th, 15th) remains higher than 60dB. Hence, the implementation of EPS geofoam does
not significantly alter the amplitude of the vibrations at the octave bands with the lower
centre frequencies. On the other hand, its beneficial role in the reduction of the vibrations

is evident at the most dominant octave bands.

At the second observation position, the decibel level at 35m from the track is presented
in the sequence. Figure 7.32a compares the vibrations level of the regular embankment
and the embankment with EPS46 on each low-frequency octave band for embankments
with 200 of slope inclination. In the case of the regular embankment, the decibel level is
higher than 60dB at the octave bands with central frequencies 12.5Hz, 16Hz, 20Hz and
25Hz. The reduction of those values after the implementation of EPS46 success is
substantial, as it ranges between 11dB and 14dB. In general, all the velocity decibels values

are significantly reduced at all the examined octave bands. More specifically, the decibel
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level remains lower than 47dB at the whole frequency range. In the case of embankment
with 45¢ of slope inclination, the initial decibel level is lower than 51dB, as illustrated in
Figure 4.32b. Furthermore, the implementation of EPS46 further decreases the decibel
level. The decibel reduction is marginal at the lower octave bands, although it is higher

than 3dB at the most dominant octave bands.
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Figure 4.31 Comparison of soil and EPS-retrofitted embankments in terms of velocity
decibels (Vap) at 15m from the track: (a) 20° of inclination, (b) 45° of inclination.
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Figure 4.32 Comparison of soil and EPS-retrofitted embankments in terms of velocity
decibels (Vap) at 35m from the track: (a) 20° of inclination, (b) 45° of inclination.

Figure 4.33 presents the vibrations levels in terms of PPV, V4, Vims, and KBr max at six
equally spaced positions, ranging between 15 m and 35 m from the track in the case of the
embankment with a slope inclination of 20°. As expected, these values are decreasing with
distance from the embankment. The PPV at all the examined distances from the track has
not exceeded the DIN limit for potential damage to sensitive nearby buildings (Figure
4.33a). Furthermore, the vims of the soil embankment is higher than the USDT lower limit
for frequent passages of HST at distances between 15 m and 21 m from the track. The

examined mitigation approach contributes to the decrease of the vims value to under
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0.10mm/s for all the examined distances. In addition, the Vgg level is reduced to below
55dB for distances greater than 28m from the track after the mitigation with EPS blocks.
The same trend is observed for KB max values (Figure 4.33d). The implementation of EPS

blocks reduces the KBg max to below the DIN limit for distances between 26m and 35m from

the track.
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Figure 4.33 Comparison of soil and EPS-retrofitted embankments with slope inclination 20°
at increasing distance from the track in terms of: (a) PPV, (b) Vims, () Vas, (d) KBF max.

Figure 4.34 presents the vibrations level in terms of PPV, Vgp, Vims, and KBrmax at
increasing distances from the track in the case of an embankment with a 45° slope
inclination. In the case of the soil embankment, the PPV and v:.ms values are shallow. In
particular, the vims value is lower than the USDT limit of 0.10 mm/s and the PPV is lower
than the DIN limit of 3 mm/s for almost all the examined distances from the track. The
implementation of EPS blocks has led to even lower values of vims and PPV. The Vg level
of the soil embankment is under 55 dB for distances greater than 26 m from the track.
Furthermore, the mitigation of the embankment with EPS block contributes to further

reducing the vibrations level. In this case, the Vg level is lower than 55 dB for remote
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distances between 23m and 35m from the track (Figure 4.34c). The same trend is observed
for KBgmax values, which did not exceed the DIN limit value of 0.15 mm/s for remote

distances (i.e.,>21 m) from the track.
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Figure 4.34 Comparison of soil and EPS-retrofitted embankments with slope inclination 45°
at increasing distance from the track in terms of: (a) PPV, (b) Vims, (c) Vas, (d) KBF,max.

4.8. Comparison with non-optimal configurations

It is also worth noting that the rejected configuration illustrated in Figure 4.9a (i.e., a full
EPS embankment) leads to substantial mitigation of the developed vibrations due to HST
passage. Fig 4.35a shows that the vibrations level at 15 m from the track is almost half
compared to the proposed scheme. The same observation has been made in the case of 35
m from the track, as depicted in Figure 4.35b. Nevertheless, in this case, the deflections are
increased from 0.26mm to 1.27mm at HST moving axle. The vertical displacements of the
rejected solution remain at high levels at all points in the surface of the embankment, as
displayed in Figure 4.35c. These higher displacements could cause the derailment of the

HST. However, the increased mitigation level of the vibrations necessitates further
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investigating this configuration, perhaps in conjunction with other mitigation measures

(e.g., trenches).
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Figure 4.35 Comparison of full EPS (Figure 4.7a) and optimally EPS-retrofitted embankments
(Figure 4.9): (a) vertical velocity time-histories at 15 m from the track, (b) vertical velocity
time-histories at 35 m from the track, (c) vertical displacements at increasing distances from
the track.

As mentioned earlier, several mitigation techniques have been investigated to reduce
the developed vibrations due to HST passage. Over the last decades, EPS has been applied
in many engineering applications, including normal speed railway embankments (Li,
2014; Neupane, 2015). In this Section, the focus is given on the comparison of the proposed
application of EPS blocks (Model 2) with the most commonly used mitigation approach,
the in-filled trench (Model 3), across the railway, which is compared. Furthermore, the
hybrid implementation of both EPS-filled trenches along with EPS blocks at the slope of
the embankment is investigated. Furthermore, the use of EPS46 blocks as trench filling
material has also been examined as it has been proven that it is the optimal geofoam. After
a preliminary investigation regarding the optimal dimensions and location, a single trench

has been placed at 14m from the middle of the railway embankment, having a 50cm width
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and 3m depth (see Figure 4.36c). Finally, it is assumed that using EPS blocks at the slopes
of the embankment and as filling material in the trench could further decrease the HST-

induced vibrations. Hence, the hybrid mitigation scenario, depicted in Figure 4.36d

(Model 4), has also been studied.

(a) Model (b) Model 2

©) Model 3 Model 4

Figure 4. 36 HSR embankment cross-section: (a) Model 1 refers to the soil embankment, (b)
Model 2 refers to the mitigated embankment with EPS blocks at the slopes, (c) Model 3 refers
to the mitigated embankment with an EPS-filled trench, (d) Model 4 refers to the
embankment with both mitigation measures.

The mitigation of the vibrations induced by HST passage using the three examined
EPS configurations at 15m from the track is demonstrated in Figure 4.37. More
specifically, Figure 4.37a shows the vertical velocity time-histories in the case of Model 2.
As was aforementioned, the implementation of EPS blocks at the embankment slope
minimizes the peak amplitude of the time hibase from 1.1lmm/s to 0.45mm/s.
Furthermore, the implementation of an EPS-filled trench at the base of the embankment
has a beneficial role in reducing the induced vibrations as the reduction of the vibrations
level reaches close to 35% (see Figure 4.37b). It is evident that the reduction of the decibel

level is higher in the case of Model 2 in comparison with Model 3. The hybrid method

117



CHAPTER 4 | EMBANKMENTS MITIGATION WITH EPS GEOFOAM

(e.g., Model 4) further reduces the vibrations level compared with Model 2, as shown in
Figure 4.37c. However, the difference between Model 2 and 4 is marginal, Model 1 is the

optimal solution in terms of implementation costs.
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Figure 4. 37 Comparison of soil and EPS-retrofitted embankments at 15m from the track in
terms of vertical velocity time-histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

Figure 4.38 illustrates the vertical velocity time histories at the higher examined
distance from the track, at 35m from the track. As it has arisen from Figures 4.38a and
4.38b, Model 2 still mitigates the HST-induced vibrations more successfully than Model 3.
The implementation of the EPS-filled trench reduces marginal the vibrations level at the
far-field. However, it is evident that Model 2 and Model 4 minimize the vibrations level
more effectively. In these cases, the peak vertical velocity has been reduced below
0.06mm/s. It could be concluded that the proposed configuration with the
implementation of EPS geofoam at the slope of the embankment (e.g., Model 2) is the
optimal solution if the constructor takes into consideration both the efficacy and the cost

of implementation.
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Figure 4. 38 Comparison of soil and EPS-retrofitted embankments at 15m from the track in
terms of vertical velocity time-histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

In the sequence, the effectiveness of the proposed scheme is compared with Model 3.
In Figure 4.39, the insertion loss calculated for Model 3 is compared with the
corresponding one for the side-filled with EPS46 blocks embankment. Calculations have
been made for the one-third octave band with centre frequency from 1.25 to 50Hz.
Subsequently, the results are averaged into one-third octave bands, as presented in Figure

4.39. The insertion loss is calculated as follows (Coulier et al., 2013):

rms,0,mit

where:
Vs, soil: the root mean square of the spectral velocity at the centre frequency of each
1/3 octave band of the initial soil embankment,
Vs mit: the root mean square of the spectral velocity at the centre frequency of each
1/3 octave band of the mitigated geostructure for each of the two examined

approaches.
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It is evident from Figure 4.39 that the implementation of EPS46 blocks at the slope is
much more efficient from the EPS in-filled trench at the low frequencies between 3.15Hz
and 25Hz. On the other hand, for higher frequencies (> 30 Hz), the insertion loss is
increased in the case of the EPS-filled trench. More specifically, the insertion loss is close
to 10dB at 4Hz, 12.5Hz and 25Hz, while a maximum insertion loss, equal to 16dB, is
achieved at 20Hz. It is worth mentioning that according to several studies (e.g.,
(Thompson et al., 2016b)) the maximum insertion loss even for an open trench (i.e., filled
with air) varies in the range of 10dB to 20dB. Hence, the reductions of the vibration levels
in the low-frequency range using this efficient mitigation scheme are comparable even to

those achieved by open trenches.
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Figure 4.39 Comparison of insertion loss at 15 m from the track for embankment with EPS46
with EPS-filled trench.
4.9. Investigation of HST passing velocity

As detailed in Chapter 2, the passing velocity of the HST plays a crucial role in the induced
vibrations. Thalys and TGV HST peak operation velocity, commonly used in the examined
Paris-Brussels HSR line, is equal to 300km/h. For this reason, the assumption has been
made that Thalys may pass from Site 1 with velocities from Okm/h to 300km/h. Hence,
the vibrations level and the efficacy of the proposed mitigation approach for the passage
of Thalys with several frequencies lower than 300km/h are examined. Figure 4.40
demonstrates the peak partial velocity for several passing velocities in the regular
embankment case compared with the retrofitted embankment with EPS46. It is evident
that for lower velocities, the amplitude of the peak vertical velocity is significantly

reduced. For instance, the PPV level is just 0.3mm/s, in the case of Thalys passage with
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100km/h from the regular soil embankment. This amplitude gradually increases close to

1.3mm/s, for Thalys passage with 200km/h.

Furthermore, the PPV remains at the same level for passing velocities between
200km/h and 300km/h. The implementation of EPS geofoam at the embankment slope
reduces the vibrations level in low-speed passage marginally. On the other hand, the
efficacy of the proposed mitigation scheme is even more pronounced for speeds higher
than 150km/h. It should be mentioned that the Rayleigh waves velocity of the surface
layer soil is equal to 132m/s (475.2km/h), as it is calculated from Eq. (2.7). Hence the
examined speeds are significantly lower than the critical speed on this site, as Thalys HST

cannot reach this speed.
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Figure 4.41 Comparison of soil and EPS-retrofitted embankments in terms of vertical velocity
Fourier spectra for increased Thalys passing speed: (a) 320 km/h, (b) 360 km/h.

Nowadays, the operation speed of Thalys at the examined site is between 280 km/h
and 300 km/h. There are even faster HST worldwide; for instance, Shanghai Maglev
maximum speed reaches 430 km/h ( Zhang and Huang, 2019) maximum speed is equal

to 350 km/h (Sun et al., 2018). It should be noted that Thalys is operating since 1996; thus,
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it may be replaced by a faster train in the future. Hence, the capability of the proposed
mitigation approach to reduce HST vibrations level for even higher speeds should be
investigated. Accordingly, the Fourier spectra at 15m from the track are indicatively
shown in Figure 4.41, illustrating the decrease of the induced vibrations in the cases of
higher passing speeds equal to 320 km/h and 360 km/h. Note that although the spectral
values at the dominant frequencies are higher as the passing speed increases from 284
km/h, the vibrations level is always significantly reduced in the whole low-frequency

range due to the presence of a few EPS blocks at the sides of the embankment.

4.10. Investigation of embankment subsoil conditions

In this Section, the varying soil conditions are investigated in order to examine the
efficiency of the aforementioned EPS-based mitigation measure more thoroughly since the
underlying soil and the embankment fill soil strongly influence the developed vibrations.
In addition, the proposal of using EPS material as a mitigation measure is further
expanded by examining its application as trench filling material, either alone or in
conjunction with the placement of EPS blocks at the slopes of the railway embankment.
Four different typical soil types, classified as rock, dense sand with gravels, stiff and soft

clay, have been examined for this purpose.

In addition, the material properties of the embankment have been altered to assess to
what extent they affect the propagation of HST vibrations and the effectiveness of the
application of EPS blocks for their mitigation. The mechanical properties of the examined
soils are shown in Table 4.1. The single soil layer under the embankment has been modeled
as a solid section with dimensions equal to 30m, 50m and 50m (depth, width and length,
respectively). Rayleigh damping has been used, in which the damping matrix [C] is
analogous to the mass matrix [M] and the stiffness matrix [K] (Nakamura, 2017). In the
present investigation, the damping ratio of the examined soils is set equal to 5%. In order
to achieve a damping ratio of 5% within the frequency range of 5 to 60Hz, parameters a

and b have been set equal to 4.901s! and 0.0003s, respectively.

In the sequence, a comparison between the conventional and the three mitigated
embankments is presented for the four hypothetical soil scenarios in terms of velocity
time-histories and Fourier spectra. Note that the scales in the plots are kept constant in
order to illustrate that -as expected- the HST vibrations are increasing as underlying soil

gets softer. The results are given for two characteristic locations, i.e., d=15m and d=35m
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from the track, to illustrate the impact of the proposed mitigation measures both near-field
and far-field from the track. These locations are often used in field measurements
(Connolly et al., 2014; Kouroussis et al., 2011) and are also used in the validation of the

applied numerical modeling approach in Chapter 3.

Table 4.1. Parameters of the examined four soil types.

. Density Young’'s Modulus . , . Damping
Soil type (ke/m?) E, (MPa) Poisson's ratio € (%)
A Rock 2150 10000 0.15 5
p  Demsesand 55 1000 0.20 5
with gravels
C Stiff clay 2000 600 0.25 5
D Soft clay 1850 170 0.35 5
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Figure 4.42 Comparison of soil and EPS-retrofitted embankments on soft clay in terms of
vertical velocity time-histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

4.10.1. Soft clay

A loose soil, classified as soft clay, is the first scenario that has been examined in this
Chapter. The implementation of a limited number of EPS blocks (Model 2) in such soils
plays a very beneficial role in the mitigation of the induced HST vibrations. The maximum

vertical velocity has been decreased from 0.8mm/s to 0.35mm/s at the near-field location
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(at 15m). The same trend is observed for Model 3, where the maximum vertical velocity
has been decreased from 0.8mm/s to 0.5mm/s (the reduction is less than the
corresponding one for Model 2). Lastly, as it can be noticed from Figure 4.42d, the decrease

of the vibrations levels is even higher in the case of Model 4.
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Figure 4.43 Comparison of soil and EPS-retrofitted embankments on soft clay in terms of
vertical velocity Fourier spectra: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

The most critical vibrations are the vibrations in the low-frequency range (Kouroussis
et al., 2011). Accordingly, Figure 4.43 presents the impact of the examined mitigation
measures on the velocity spectra at the low-frequency range (0-40Hz). In the case of Model
1, three frequencies (21.4Hz, 25.4Hz and 29.3Hz) can be spotted in Figure 4.43a. The plot
in Figure 4.43b displays the improvement of the soil response in the whole low-frequency
range in the case of Model 2. For example, the peak of the most dominant frequency
(29.3Hz) is reduced from 0.2mm/s to almost 0 mm/s. In contrast, Figure 4.43c illustrates
that the EPS-filled trench (Model 3) implementation has led to a slight reduction of the
vibrations peaks in the whole examined frequency range (0 to 40Hz). It is obvious from

Figure 4.43d that regarding near-field vibrations (i.e., at 15m), Model 4 has led to a
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remarkable improvement of the soil response. The same observation can be drawn at 35m,

where the examined measures mitigate the HST vibrations effectively.

In the sequence, the velocity decibels (V4s) of the four examined Models are illustrated
in Figure 4.44. More specifically, the response of the soil at 15m from the track to the
passage of Thalys HST is demonstrated in Figure 4.44a. The most dominant octave bands
are the 13th, 14th and 15t%, where the vibrations levels in the case of the regular soil
embankment range between 60dB and 64dB. Model 2 manages to reduce those values
successfully. For instance, the decibel level is reduced from 64dB to 48dB at the octave
band with a centre frequency 31.5Hz. Furthermore, the implementation of the EPS-filled
trench at the base of the embankment (e.g., Model 3) has managed to reduce the vibrations
level slightly. However, this approach is less effective in comparison with Model 2. The
most effective mitigation approach is the most effective; hence it minimizes the decibel

level below 52dB for all the dominant octave bands.
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Figure 4. 44 Comparison of soil and EPS-retrofitted embankments on soft clay in terms of
decibel level a: (a) at 15m from the track, (b) at 35m from the track.

Figure 4.44b illustrates the decibel level on each octave band with centre frequencies
between 1.25Hz and 50Hz for the three examined mitigation scenarios. The decibel level
of the regular soil embankment is significantly lower in comparison with the near field.
The most dominant octave bands are those with centre frequencies between 16Hz and
31Hz. Furthermore, the decibel level remains below 52dB for the whole examined
frequency range. All three examined mitigation schemes successfully minimize the
vibrations level. More specifically, Model 2 and Model 3 reduces the decibel level of all
the examined octave bands below 46dB. The most effective mitigation approach remains

the hybrid (e.g., Model 4), as it manages to reduce the decibel level below 42dB.
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4.10.2. Stiff clay

As shown in Figure 4.45, the beneficial influence of the mitigation with EPS46 blocks is
also significant for stiff clay. In this case, Young's Modulus of the soil is 3.5 times higher
than in the previous scenario. This results in lower vertical velocities than soft clay, e.g.,
at 15m, the maximum vertical velocity is equal to 0.4mm/s (see Figure 4.45a), almost half
than previously (see Figure 4.42a). Figure 4.45b depicts the significant vibrations
mitigation in the case of Model 2. The maximum vertical velocity is close to 0.19mm/s,
50% lower than for Model 1. Similarly, the vertical velocities have also been reduced in
Model 3, in which the maximum vertical velocity is 0.18mm/s at 15m. The same
observations can be made at 35m; in this case, all the examined mitigation measures
contribute to a 50% reduction of the vertical velocity. For example, the maximum vertical
velocity is decreased from 0.11mm/s to 0.06mm/s after the implementation of the EPS-

filled trench (Model 2).
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Figure 4.45 Comparison of soil and EPS-retrofitted embankments on stiff clay in terms of
vertical velocity time-histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.
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Figure 4.46 displays the comparison between the Fourier spectra of the four examined
models for stiff clay. As it is clearly illustrated, the most critical frequencies remain the
same as in the case of soft clay, while the peak values are decreased. For instance, the peak
at 25.4Hz is equal to 0.12mm/s at 15m (about 50% of the peak for soft clay). The proposed
measures are efficiently mitigating the HST vibrations within the low-frequency range. It
can be noticed that Model 3 is more effective in the frequency range from 40Hz to 60Hz,
while Model 2 reduces the vibrations significantly in the lower frequency range (0 to
40Hz). Figure 4.39d illustrates that Model 4 leads to the maximum mitigation of the
vibrations. Similarly, at 35m, the proposed mitigation measures contribute to the spectral

velocity reduction in the whole low-frequency range.

02 pravrs 0.2 pravrs
ssisssssnsaan = m ............. = m
a b
d=35m ( ) d=35m ( )
£ E
£ £
ik} @
E 0.1 3 0.1
& a
£ f =
< i <
0 10 20 30 40 0 10 20 30 40
Frequency {(Hz) Frequency (Hz)
02 M= d=15m 02 d=15m
d=35m (© d=35m (d)
) 0
o @
3 0.1 3 0.1
a a
£ =
< <L
0 - 0

0 10 20 30 40 0 10 20 30 40
Frequency {(Hz) Frequency (Hz)

Figure 4.46 Comparison of soil and EPS-retrofitted embankments on stiff clay in terms of
vertical velocity Fourier spectra: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

To further illustrate the beneficial role of the examined mitigation approaches, the
decibel level of each low-frequency octave bands is presented in Figure 4.47. In the case of
the regular embankment, the decibel level ranges between 55dB and 57dB at the most

dominant octave bands with central frequencies 20Hz, 25Hz and 31.5Hz at 15m from the
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track. These values have been significantly reduced after the implementation of EPS at
the slope of the embankment. In this case, the highest reduction of decibel level has been
observed. The decibel level at the 15t octave band has been reduced from 55dB to 43dB.
Furthermore, the most effective mitigation approach is Model 4, as it manages to reduce
the decibel level below 50dB for all the examined octave bands. Figure 4.47b compares the
decibel level at far-field (e.g., 35m from the track) of the four examined models. The decibel
level has been substantially reduced below 20dB for the octave bands with centre
frequencies below 12.5Hz. Furthermore, the decibel level at the most dominant octave
bands (e.g., 13t and 14t) has been reduced below 50dB. In this case, the hybrid approach

reduces the vibrations level below 40Hz for all the examined low-frequency octave bands.
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Figure 4.47 Comparison of soil and EPS-retrofitted embankments on stiff clay in terms of
decibel level a: (a) at 15m from the track, (b) at 35m from the track.

4.10.3. Dense sand with gravels

Figure 4.48 illustrates the vertical velocity time-histories when the embankment is located
on stiff soil (dense sand with gravels), where there is a significant decrease in the
vibrations compared to stiff clay, while the beneficial impact of EPS is not so pronounced
as in the previous cases of softer soils. More specifically, the maximum vertical velocity of
the soil embankment model at 15m is equal to 0.2mm/s. Due to the higher weight of the
first and the last locomotive bogies, higher near-field soil response has been observed
when these carriages pass. As shown in Figure 4.48b, Model 2 has slightly reduced the
vibrations induced by Thalys HST at both examined locations. Furthermore, Model 3
results in a higher decrease of the developed vibrations. Lastly, Model 4 leads to the
optimum mitigation of the vibrations since the maximum vertical velocity is less than

0.16mm/s (see Figure 4.48d).
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Figure 4.48 Comparison of soil and EPS-retrofitted embankments on dense sand with gravels
in terms of vertical velocity time-histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

The primary vibrations peaks at 25.4Hz and 29.3Hz in the soil embankment (Model 1)
at 15m are equal to 0.06mm/s and 0.08mm/s, respectively is clearly illustrated in Figure
4.49. Furthermore, two lower peaks have been observed at 21.4Hz and 33.8Hz. Model 2
has contributed to the reduction of the most dominant peak at 29.3Hz from 0.08mm/s to
0.03mm/s. In addition, the vibrations peak at 25.4Hz has been reduced to 0.04mm/s. On
the other hand, the peak at 21.4Hz has been slightly increased. Furthermore, in Model 3,
the vibrations peaks at 15m are slightly reduced. Model 4 exhibits the higher reduction of
the vibrations peak at 29.3Hz. However, the reduction of the vibrations level at the other
peaks is marginal. Similar observations are made for the examined models at the far-field
location (35m from the track). Figure 4.50a illustrates the 1/3 octave bands at 15m from
the band of the four examined models when the HST passes through a site with dense
sand with gravels. Obviously, in this case, the decibel level of the regular embankment is
significantly lower compared to the pre-examined softer soils. More specifically, the peak
decibel level, in this case, is equal to 53dB in comparison with the 64dB in the case of the

soft clay. Hence, the implementation of any mitigation measure, in this case, is not
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necessary. It is evident that according to Figure 4.37a, the reduction of the decibel level at

the most dominant octave bands is marginal for all the examined mitigation approaches.

Nevertheless, in general, the vibrations level remains close to the regular embankment at

the whole examined frequency range. At the far-field, the level of the vibrations reduction

is higher, although there is still no need for mitigation measures as the initial vibrations

level is lower than 50dB.
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Figure 4.49 Comparison of soil and EPS-retrofitted embankments on dense sand with gravels
in terms of vertical velocity Fourier spectra: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4
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Figure 4.50 Comparison of soil and EPS-retrofitted embankments on dense sand with gravels

in terms of decibel level a: (a) at 15m from the track, (b) at 35m from the track.
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4.10.4. Rock

In the last soil scenario, the passage of Thalys HST over a very stiff soil layer has been
investigated. The examined soil has been classified as rock. Figure 4.51 depicts a
comparison between the initial soil embankment and the EPS-retrofitted embankments
regarding the velocity time-histories at 15m and 35m from the track. According to Figure
451, in this case, the vibration level is almost zero for all the examined models. Hence, it
is obvious that there is no need for the implementation of any mitigation approach. In
order to present the difference of the vibrations level in comparison with the previously

examined soil, the same limits of the vertical velocity axle have been used in Figure 4.51.
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Figure 4.51 Comparison of soil and EPS-retrofitted embankments on rock in terms of vertical
velocity time histories: (a) Model 1, (b) Model 2, (c) Model 3, (d) Model 4.

Accordingly, Figure 4.52 presents the influence of the examined mitigation measures
on the velocity spectra when the HST is passing by a rocky site. As it was aforementioned,
the HST ground-borne vibrations on the examined site are extremely low. Furthermore,
there are some vibrations peaks at frequencies higher than 40Hz. For this purpose, the

Fourier spectra' limits have been alerted to be all the vibrations peaks observable. At the
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near field, there are numerous vibrations peaks at frequencies between 0 and 55Hz. Those

peaks have been virtually disappeared at the far-field. Furthermore, the application of the

examined mitigation measures is not effective enough. Hence, the use of EPS geofoam

block on rocky sites is not recommended.
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Figure 4.53 Comparison of soil and EPS-retrofitted embankments on rock in terms of decibel

level at 15m from the track.
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Figure 4.53 demonstrates the decibel level at 15m from the track at the centre of each
low-frequency octave band. The vibrations level is significantly lower in comparison with
previously examined soils. More specifically, the decibel level is lower than 18dB at all the
examined octave bans. It is evident that those values are significantly lower than the
acceptable WHO threshold (e.g., 55dB). The implementation of the examined mitigation
measures is unnecessary, although they manage to reduce even further the vibrations
level. It should also be mentioned that the decibel level at 35m from the track is zero; in

this case, just the near field vibrations are presented.

4.10.5. Mitigation measures efficiency

The efficiency of the examined mitigation measures, i.e., Models 2, 3 and 4, which are
compared with the reference case of the initial railway embankment (Model 1), is
summarized in Figure 4.54. More specifically, the attenuation in terms of PPV for dense
sand with gravels, stiff and soft clay at 15m is illustrated in this chart. In all soil types, the
proposed mitigation measures have reduced the vibrations induced by Thalys HST
passage. It is depicted that the most effective mitigation measure is Model 4 since the
attenuation is close to 65% for the soft soil case, where it is noteworthy to observe that the

side-fill (Model 2) is much more efficient compared to EPS-filled trench (Model 3).
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Figure 4. 54 Attenuation of PPV for soil type B, C and D at d=15m.

Figure 4.55 illustrates the effectiveness of the examined mitigation approaches in terms
of PPV and KBg,max. More specifically, the PPV in the modeling scenario of dense sand
with gravels without any mitigation measure (Model 1) has been compared with Model 4

of the mitigated embankment laid on soft clay. As it is clearly shown in the plot, the PPV
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at varying distances (from 15m to 35m) in the case of soft clay after the combined EPS
mitigation (Model 4) is comparable with the corresponding ones of the soil embankment
(Model 1) that is located on dense sand with gravels. In other words, by adopting this cost-
effective intervention, the geotechnical conditions are notably upgraded and the HST can

operate in a better and safer manner, even when it has to cross areas with soft soil layers.
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Figure 4.55 Comparison of (a) PPV and (b) KBF for the soil embankment (Model 1) on dense
sand with gravels with the retrofitted embankment (Model 4) on soft clay.

Consequently, Figure 4.56 depicts the maximum level of KBr at the six equally spaced
observation points (15m to 35m) from the track. It is evident that KBrmax has been
decreased with distance from the track. In addition, the KBrmax levels have been reduced
after the implementation of all the examined mitigation measures for all soil scenarios.
More specifically, as is clearly illustrated in Figure 4.56a, the hybrid mitigation technique
is the most efficient for all soil types. As displayed in Figure 4.56¢, in the case of dense
sand with gravels, the KBrmax of Model 1 is lower than the threshold value of 15mm/s for
distances between 17m and 35m. Hence, it can be deduced that the implementation of any
mitigation is not necessary for such soil conditions, although the implementation of all the
examined mitigation measures contributes to a substantial reduction of KBgmax. The
beneficial effect of the proposed mitigation approaches is more evident in the case of stiff
clay, where initially KBr,max values are higher than the DIN limit for Model 1 for distances

between 15m and 25m.

In contrast, the implementation of all EPS-based mitigation types has substantially
decreased the KBgmax values below the limit of 15mm/s for almost all the examined
distances. Finally, as expected, the highest values of KB max have been observed for soft
clay, where KBr,max values are much higher (up to 4 times at near-field distances) than the

DIN limit for all locations. Model 3 has reduced the values of KBrmax, but they remain
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above 15mm/s for most of the examined points (<29m from the track). On the other hand,
Model 2 (and subsequently Model 4) has managed to reduce the KBgmax levels in all
distances to acceptable levels effectively, apart from near-field (15m from the track), where

it remains slightly higher than the limit.
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Figure 4.56 Comparison of soil and EPS-retrofitted embankments at increasing distance from
the track in terms of KBrmax: (a) soft clay, (b) stiff clay, (c) dense sand with gravels.

The insertion loss is illustrated for the three examined mitigation approaches in Figure
4.57. The calculations have been carried out at the center frequency of each one-third
octave from 1.25Hz to 40Hz and the results are averaged to one-third octave bands. As it
is illustrated in the plots of Figure 4.57, the insertion loss is higher for the softer soils for
all the examined mitigation scenarios in the frequency range of interest (20Hz to 35Hz). It
should be noted that according to Fourier spectral analysis, the dominant frequencies for
all the examined soil layers are located at the 1/3 octave bands with center frequencies at
25Hz and 31.5Hz, in which the insertion loss curve is always positive. In particular, when

the embankment is constructed on soft clay (Figure 4.57a),
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Moreover, Model 4 reduces the vibrations level up to 5dB for the whole examined
frequency range, while Model 2 and Model 3 are effective only for frequencies higher than
10Hz. When the embankment is located on stiff clay (Figure 4.58b), Model 2 exhibits a
better performance in most frequencies. On the other hand, in the case of the stiffer soil
(dense sand with gravels), the role of all mitigation measures is not beneficial. It is evident
from Figure 4.57c that the addition of the trench (i.e., Model 3) increases the vibrations
levels at the low octave bands from 1.25Hz to 8Hz. In contrast, Model 4 reduces the
vibrations level for all the examined center frequencies, except for 20Hz, where the

insertion loss is negative both for Model 2 and Model 4.
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Figure 4.57 Comparison of insertion loss at 15 m from the track for the three mitigation
approaches for: (a) soft clay, (b) stiff clay, (c) dense sand with gravels.

In existing HSR lines, residential buildings are commonly located at distances greater
than 15m from the track. Thus, it is meaningful to also examine the IL curves at distances
where buildings are usually cited. Nonetheless, in the future upgrading of existing normal
speed railways, which pass through urban environments, the disturbance of adjacent

buildings in much lower distances will become a common problem. Figure 4.58 depicts

136



CHAPTER 4 | EMBANKMENTS MITIGATION WITH EPS GEOFOAM

the IL curves at 35m from the track, where the combined approach (Model 4) is, even more,
the most effective mitigation scheme. More specifically, this scheme reduces the vibrations
level from 3 dB to 16dB for all subsoil conditions within the whole examined frequency
range. Furthermore, in the case of soft clay (Figure 4.58a), the higher IL is observed at the
octave bands with centre frequencies higher than 20Hz, which are the most dominant ones
according to the Fourier spectra. Similarly, the IL at the octave band with a centre
frequency 20Hz is higher than 15dB when the embankment is based on stiff clay (Figure
4.58b). Lastly, in dense sand with gravels (Figure 4.58c), the higher IL is again observed at

the octave band with a centre frequency 20Hz.
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Figure 4.58 Comparison of insertion loss at 35 m from the track for the three mitigation
approaches for: (a) soft clay, (b) stiff clay, (c) dense sand with gravels.
4.11. Impact of embankment fill material

Initially, the embankment has been constructed by the same silty soil -as described in the
previous Sections- for all the examined soil scenarios in order to investigate the subsoil
response for the same conditions. However, in engineering practice, the surface soil is

commonly used as railway embankment fill material. Hence, the vibrations during the
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passage of Thalys have been calculated when the subsoil (dense sand with gravels, stiff or
soft clay) has been used as embankment fill material and the corresponding models are

presented in Table 4.2.

Table 4.2. Models with different embankment soil material.

Embankment with

Embankment Regular .
fill material embankment hyijld ].EPS
mitigation
Dense sand Model 1B Model 4B
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Stiff clay Model 1C Model 4C
Soft clay Model 1D Model 4D
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Figure 4. 59 Comparison of soil and EPS-retrofitted embankments in terms of vertical
velocity Fourier spectra for: (a) dense sand with gravels, (b) stiff clay, (b) soft clay.

Figure 4.59a illustrates the vertical velocity Fourier spectra of Model 1B. In this case,
the hybrid mitigation (Model 4B) implementation has reduced the vibrations peaks within
the whole frequency range (0 to 40Hz). More specifically, the two dominant peaks at
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29.3Hz and 33Hz have been reduced from 0.13mm/s and 0.lmm/s to 0.06mm/s and
0.04mm/s, respectively. The same observation can be made when the embankment has
been constructed with soil obtained from the underlying stiff clay (see Figure 4.59b). The
most dominant peak is at 29.3Hz and it is decreased from 0.18mm/s (Model 1C) to
0.06mm/s (Model 4C). Furthermore, all the other peaks between 0 and 60Hz have been
substantially reduced. As it is clearly illustrated in Figure 4.59¢, the vibrations peaks are
much higher for soft clay compared to the other two soil types. In this scenario, the most
critical frequency range is between 0 and 40Hz. The most dominant peaks at 25.4Hz and
29.3Hz have been significantly reduced by applying the proposed hybrid mitigation

technique, similar to the behavior observed for the silty embankment for soft clay.

Figure 4.60 presents the IL curves of the three examined backfill embankments. The
proposed mitigation approach contributes to the reduction of the vibrations level from 1
dB to 17dB for all the examined octave bands. In the case of soft clay, the IL is higher than
10dB for all octave bands with centre frequencies higher than 20Hz, where the vibrations
peaks are observed in the Fourier spectra. The IL is lower in the cases of backfill
embankment constructed from stiff clay or dense sand with gravels, although the

vibrations level is again considerably reduced.
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Figure 4.60 Comparison of insertion loss curves of the backfill embankment of the three
examined subsoils.

Figure 4.61 illustrates how the KBrmax indicator evolves with increasing distance from
the rail track for the examined cases. Note that the KBrmax levels are shown both for the
initial silty soil and the embankment with dense sand with gravels, stiff or soft clay filling
material. As shown in Figure 4.61a, the embankment material can significantly influence

the HST-induced vibrations. The KBg max for the embankment constructed from dense sand
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with gravels (Model 1B) is increased compared to the initial silty embankment (Model 1)
and it exceeds the DIN limit for distances between 15m and 25m. On the other hand, this
indicator is less than the threshold value at all distances for the silty embankment.
Nonetheless, the hybrid mitigation measure has a beneficial effect on the vibrations at all

points, regardless of the embankment fill material.

Along the same lines, KBr,max values for stiff clay are displayed in Figure 4.61b. In this
case, the KBgmax values for Model 1 are lower than Model 1C and exceed the limit from
low to medium distances from the track. Furthermore, the proposed mitigation measure
successfully reduces the KBrmax level, regardless of the embankment fill material. In the
last scenario, the properties of the soft clay embankment (Model 1D) and the initial silty
embankment (Model 1) are quite similar. Hence, the change of the embankment fill
material has a minor impact on the KBr,maxindicator values, which are remarkably reduced

in both cases when applying the hybrid mitigation measure.
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Figure 4.61 Comparison of KBrmax for different embankment filling material at increasing
distance from the track for: (a) dense sand with gravels, (b) stiff clay, (b) soft clay.
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According to the previous discussion, it can be deduced that the contrast between the
subsoil and embankment material properties strongly influences the developed vibrations
levels due to HST passage. The transmissions and reflections of the waves along the
interface between the embankment and the underlying soil material can be determined
via the so-called reflection coefficient (R), which is calculated as follows (Connolly et al.,

2013):

Ve e—Dp D
R = PsVs,s—PE'VSE (4'2)
PsVsstPEVSE

where ps is the subsoil density, vssis the shear wave velocity of the subsoil, pk is the
density of the embankment fill material, and vsg is the shear wave velocity of the

embankment.

As presented in Table 4.3, when the silty embankment (i.e., Model 1, with pg =
200kg/m3 and vsg =142m/s) is founded on stiff soil dense sand with gravels, then the
interface has a high RC value equal to 62%. This causes wave energy to be reflected from
the subsoil surface back into the embankment. In other words, the wave energy is trapped
within the geostructure bodys, i.e., the embankment acts as a waveguide (Connolly et al.,
2013). On the other hand, the value of RC is significantly lower for stiff clay, as it is only
26%. Lastly, the RC in the case of soft clay is very low (8%) due to the close shear wave
velocity of the silty embankment and the underlying soil materials; thus, the HST

vibrations are more easily propagated from the embankment to the surrounding soil.

Table 4.3. Reflection coefficient of the initial soil embankment (Model 1) for different subsoil
conditions.

Density Vs,30 RC

Soil
erbe (kg/m) — (mysec) (%)

Dense sand with

B 2100 580 62
gravels

C Stiff clay 2000 240 26

D Soft clay 1850 180 8

4.12. Discussion of the results

In this Chapter, the application of EPS as an alternative material for mitigating the

vibrations induced by HST passage has been investigated. Furthermore, the impact of
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embankment height, the slope inclination, and the subsoil conditions on propagating

traffic-induced vibrations by the passage of HST are investigated. The following

conclusions can be drawn from the presented investigation:

Implementing the new mitigation measure using EPS blocks as embankment

partial slope fill material reduces the HST-induced vibrations.

The use of stiffer EPS material leads to more effective mitigation of the developed

vibrations.

The investigated optimal configuration ensures safety against derailment of the
HST as the embankment deflection is not significantly increased after the
implementation of a limited number of EPS blocks. This observation is crucial
since, as shown, a more extensive replacement of embankment soil with EPS

blocks can lead to detrimental results.

The soil embankment height has a relatively marginal impact on propagating the
vibrations when the slope inclination is constant and the embankment fill material
is the same as the upper subgrade layer. The implementation of EPS blocks
contributes to the mitigation of the induced vibrations for all the examined
embankment heights, especially at frequencies close to the fundamental

frequencies of the adjacent buildings and infrastructure.

The soil embankment slope inclination plays a more crucial role in the level of the
HST-induced vibrations. A steeper slope leads to lower vibrations levels.
However, the implementation of EPS blocks contributes to the mitigation of the

vibrations for all the examined slope inclinations.

PPV values are lower than the DIN limit for the protection of nearby buildings
from potential damage. Nevertheless, PPV values have been reduced after the
mitigation with EPS blocks for all the examined locations between 15 and 35 m
from the track, while the mitigation technique is more effective for higher

embankments.

The mitigation of the embankment with EPS blocks has also led to a reduction of
Vims Values below the USDT threshold for frequent passages of HST. The vibrations

level in terms of V4s and KBgmax have also been reduced.
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* The vibrations induced by HST are decreased when the soil layer is stiffer,
especially in the case of rock are marginal. Hence, mitigation measures are not

required for firm soil conditions.

* The impact of the implementation of -a limited number of EPS blocks at the slopes
of the embankment has led to the successful mitigation of the vibrations when the
embankment is founded on dense sand with gravels, stiff or soft clay. More
specifically, this mitigation measure is very effective in the frequency range of 0-

40 Hz.

* The optimal mitigation measure is the implementation of both the EPS-filled
trench and EPS blocks at the embankment slopes. In this case, the vibrations have

been decreased within the whole low-frequency range.

* The embankment material also plays a vital role in the ground-borne vibrations,
especially for stiffer soils. Depending on the difference between the subsoil and
embankment soil properties, the waves may be trapped within the geostructure.
Nonetheless, the proposed hybrid mitigation measure reduces the vibrations,

regardless of the embankment fill material.

To summarize, the present work introduced a cost-efficient and straightforward
approach in order to mitigate the induced vibrations due to HST passage. The proposed
scheme involves the application of a limited number of EPS blocks and can be easily
applicable to constructing new and upgrading existing embankments. Indeed, further
investigation is required in order to examine more thoroughly this mitigation measure
under different conditions. For instance, the use of EPS at HSR sites located in softer soils
will be investigated, where the need for mitigation of HST-induced vibrations is even

more pronounced .
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CHAPTER 5

HSR CUTTINGS MITIGATION WITH EPS
GEOFOAM

5.1. Introduction

This chapter aims to investigate several mitigation configurations in order to present an
optimal mitigation measure of ground vibrations induced by high-speed trains (HST) at
cutting sites. As mentioned in the previous chapters, it is very important to propose such
mitigation measures against soil vibrations due to various negative impacts on the
population, structures, and railway infrastructure. This chapter examines the application
of expanded polystyrene (EPS) blocks as an efficient mitigation measure against the
ground vibrations induced by HST passage on the railway cutting. As mentioned, EPS is
a high-performance geosynthetic fill material widely used due to its low weight and great
compressibility. In the present numerical study, the three-dimensional (3D) model
presented in Chapter 6 is used, utilizing the finite element software ABAQUS in
conjunction with a user-developed subroutine to simulate the complex dynamic
phenomenon accurately of soil response during the passage of HST. The use of different
EPS schemes is investigated and compared to obtain an optimal geometrical configuration

of EPS blocks that significantly reduces train-induced vibrations.

5.2. Mitigation with EPS at cutting slope

Since the developed numerical model can accurately replicate field data, it can be further

expanded to include the proposed mitigation measures. The main aim of the present
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chapter is to propose an efficient mitigation EPS-based approach capable of reducing the
HST-induced vibrations in HSR cuttings as a continuation of the successful application of
EPS blocks in HSR embankments, as presented in Chapter 4 (Lyratzakis et al., 2019, 2020,
2021b, 2021c). For this purpose, the EPS use has been investigated both in cutting slope
and as filling material of a trench between the track and the slope. As it was
aforementioned, EPS has been selected since it can be used for mitigating noise and
vibrations mainly due to its mechanical properties. The EPS type used in the present
investigation is EPS46 with 45.7 kg/m?3 density, elastic modulus equal t012800 kPa and
very low Poisson's ratio (0.05) as in the previous Chapter the dense EPS46 has
outperformed lighter EPS materials, it is also applied in this Chapter for HSR cuttings.

As reported in the related literature, when using a geofoam, the most common
mitigation approach is to add it as trench fill material. For instance, Alzawi and EI-Naggar
(2011) carried out a full-scale field test in order to compare the efficiency of open and
geofoam-filled trenches and concluded that both types are more effective for a normalized
depth greater than 0.6m. Furthermore, it was reported that the effectiveness of the
geofoam barrier reached up to 68%. On the other hand, the impact of EPS-filled trenches
depth and width has been studied via a centrifuge study by Bo et al. (2014), who concluded
that a deep trench contributes to a higher reduction of the vibrations. Baziar et al. (2019)
also performed centrifuge tests to investigate the performance of double EPS barriers and
concluded that the mitigation efficiency of double EPS-filled trenches remains unchanged
in various locations behind the trenches, while the effectiveness of a single trench

decreased with increasing distance from the trench.

As mentioned in Chapter 4, the author has investigated an alternative configuration
for HSR embankments, according to which a limited number of EPS blocks have been
placed at the slope to minimize the HST-induced vibrations (Lyratzakis et al., 2021a). This
configuration outperforms the standard approach of EPS-filled trench while combining
the two measures increases the reduction of the vibration levels (Lyratzakis et al., 2021b).
In this chapter, an EPS configuration is proposed for the case of cutting HSR sites
(Lyratzakis et al., 2021c). Initially, the implementation of a limited number of EPS blocks
at the cutting slope, identical to the proposed in the embankment site, has been
investigated. In the sequence, the addition of an EPS-filled trench next to the cutting has

also been examined. Furthermore, the upper layer of the cutting slope has been replaced
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with a layer of EPS46 material. Several EPS blocks configurations have been examined, in

which the abbreviations represent the thickness, t, of the EPS layer.

Soil Cutting

Figure 5.1 Sketches of EPS retrofitted cutting.

5.3. Implementation of a limited number of EPS blocks at the slope

In this Section, the focus is given to modify the three examined applications of EPS blocks
(Model 2) in the case of the embankment site in order to be implemented in the cutting
site. Model S refers to the implementation of a limited number of EPS blocks at the cutting
slopes. For this purpose, EPS blocks with a cross-section of Imx1m have been placed and
buried with 0.3m of soil, as shown in Figure 5.1b. Figure 5.1c presents the second examined
mitigation scheme in the sequence, according to which an EPS-filled trench has been
implemented across the track. In contrast with the embankment site, the trench
implementation right next to the track is possible in this case. The examined trench is

identical with the previously examined in Chapter 4, having a 0.5m width and a 3m depth.
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Finally, the last examined model is based on the hybrid implementation of EPS both at the
slopes of the embankment and as filling material in the trench (see Figure 5.1d). The
efficiency of those approaches on the vibrations reduction at four critical positions is
presented in the sequence. More specifically, the first examined position is located on the
cutting slope at 15m from the track and the second at 19m close to the cutting top corner.
Furthermore, the third position at 23m from the track represents the near field vibrations
close to the cutting. The last observation point, at 35m from the track, has been selected in
order to investigate the far-field vibrations. Figure 5.2 demonstrates the four examined

positions.

Figure 5.2 Sketch of the examined observation points.

The mitigation of the vibrations induced by Thalys passage from the HST cutting in
the three mitigation scenarios at 15m from the track is depicted in Figure 5.3. The first
vertical velocity time hibase (see Figure 5.3a) presents the vibrations level after
implementing a limited number of EPS blocks at the slope (Model S). It is evident that this

approach has not managed to reduce the vibrations level in this observation position;
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conversely, it increases the vibrations level. More specifically, the peak vertical velocity
has been increased from 1.45mm/s to 1.6mm/s. On the other hand, the second examined
mitigation scheme, Model T, significantly reduces the vibrations level. Herein, the
implementation of the EPS-filled trench has led to the decrease of the peak vertical velocity
to 0.7mm/s, as illustrated in Figure 5.3b. Obviously, the efficacy of the hybrid mitigation
scheme is lower than Model T. The peak vertical velocity has been minimized to 0.92mm/s

in this case, according to Figure 5.3c.
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Figure 5.3 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 15m from the track: (a) Model S, (b) Model T, (c) Model ST.

The same observation is made at the second observation position, at 19m from the
track. Figure 5.4 demonstrates the vertical velocity time histories close to the cuttings top
corner. As it can be noticed in Figures 5.4a, Model S still increases the HST-induced
vibrations significantly. More specifically, the increase of the vibrations is even more
pronounced, as the peak vertical velocity, after the implementation of EPS blocks at the
slope, reaches close to 2mm/s. On the other hand, the implementation of the EPS-filled

trench has remarkably reduced the vibrations level, as the peak vertical velocity has been
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minimized from 1.2mm/s to 0.5mm/s. Furthermore, Model ST slightly improves the
vibrations level, as shown in Figure 5.4c. At the time hibase center, the level of reduction
reaches close to 40%. However, the peak vertical velocity is not significantly altered. It
could be concluded that the implementation of EPS blocks at the cutting slope (Model S
and Model ST) is not proposed in order to mitigate the vibrations on the cutting slope. On

the other hand, the EPS-filled trench is the most efficient.
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Figure 5.4 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 19m from the track: (a) Model S, (b) Model T, (c) Model ST.

Figure 5.5 illustrates the mitigation level at the first observation position in the free
field, at 23m from the track. Herein, the efficacy of the first examined mitigation approach
is remarkable in comparison with the previously examined positions. The peak vertical
velocity has been minimized from Imm/s to just 0.33mm/s, as illustrated in Figure 5.5a.
Furthermore, the hybrid approach manages to further reduce the vibrations level to
0.31mm/s (See Figure 5.5¢c). Figure 5.5b presents the mitigation of the peak vertical
velocity to 0.44mm/s after implementing the EPS-filled trench. It is evident that all the
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examined mitigation approaches have managed to reduce the average vertical velocities

up to 65% successfully.
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Figure 5.5 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 23m from the track: (a) Model S, (b) Model T, (c) Model ST.

Figure 5.6 depicts the vertical velocity time histories at the higher examined distances
from the track. As shown in Figures 5.6a and 5.6b, the first approach (Model S) mitigates
the HST ground-borne vibrations more effectively than the EPS-filled trench at the far-
field. More specifically, Model T reduces the peak vertical velocity from 0.36mm/s to
0.27mm/s. The reduction is even more pronounced in the case of model S, as the peak
vertical velocity has been minimized to 0.16mm/s. Once more, the implementation of the
hybrid model is the most efficient approach, as the peak vertical velocity has been further
reduced to 0.14mm/s. It could be concluded that the EPS-filled trench is the optimal
approach in order to reduce the vibrations level at the observation positions located on
the cutting slope. However, the other two mitigation approaches are most effective in the

free field.
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Figure 5.6 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 35m from the track: (a) Model S, (b) Model T, (c) Model ST.

Figure 5.7 compares the velocity spectra between each examined EPS-retrofitted
cutting at the slope (e.g., 15m from the track). At the closest examined distance, the most
dominant peak at 26.4Hz is significantly decreased after the implementation of EPS blocks
on the cutting slope, as demonstrated in Figure 5.7a. Furthermore, the second higher peak
at 22.4Hz has not been significantly alerted. On the other hand, the peaks at 17.7Hz and
30.8Hz have been notably increased. The higher reduction, from 0.2mm/s to 0.45mm/s,
has been observed at 30.8Hz.

Conversely, the beneficial role of the EPS-filled trench implementation has
significantly reduced all the vibrations peaks in the examined frequency range between
10 to 40 Hz (see Figure 5.7b). The level of reduction at the dominant peaks at 22.4Hz and
30.8Hz is higher than 50%. The reduction is even more pronounced at the most dominant
frequency. Herein, the vibrations level has been reduced from 0.45mm/s tojust 0.19mm/s.
In the last mitigation scenario (e.g., Model ST), most of the peaks in the low-frequency
range (10 to 40 Hz) have been reduced, as shown in Figure 5.7c. However, the level of

reduction is lower in comparison with the Model S. Hence, the assumption is made that
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the EPS-filled trench is responsible for this reduction. On the other hand, the

implementation of the EPS blocks at the slope has a negative role in this case.
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Figure 5.7 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 15m from the track: (a) Model S, (b) Model T, (c) Model ST.

Figure 5.8 demonstrates the Fourier spectra at the second observation position, at the
cuttings top corner. As mentioned, most of the peaks at the low-frequency range are
increased after the implementation of Model S. More specifically, according to Figure 5.8a,
the vibrations peaks at 22.4Hz, 26.4Hz and 30.8Hz reach values higher than 0.4mm/s. The
vibrations peak, at the dominant frequency 17.7Hz, is the only exception. In this case, the
amplitude of the vibrations has been significantly reduced. On the other hand, this trend
changes in the case of Model T. The peaks at the range from 0Hz to 40Hz are sufficiently
reduced in this case, as shown in Figure 5.8b. It is evident that all the vibrations peaks
have been minimized below 0.15mm/s. Furthermore, Model ST has managed to reduce

all the vibrations peaks, although the mitigation level is mediocre compared to Model T.
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Figure 5.8 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 19m from the track: (a) Model S, (b) Model T, (c) Model ST.

The efficiency of Model S is drastically alerted at the free field. Accordingly, Figure
5.9 illustrates the impact of the examined mitigation measures on the velocity spectra at
23m from the track. In the case of Model S, the three dominant frequencies (17.7Hz, 22.4Hz
and 26.4Hz), spotted in Figure 5.9a., are notably decreased. More specifically, the peak at
22.4Hz is reduced from 0.24mm/s to 0.11lmm/s. Furthermore, all the other peaks have
been minimized below 0.05mm/s. The plot in Figure 5.9b illustrates that the soil response
is also improved in the whole low-frequency range in the case of Model T. The peak at
22.4Hz has been further reduced to just 0.08mm/s. However, the vibrations peaks at the
frequency range between 25Hz and 40Hz are higher than Model S. It is obvious from
Figure 5.9d that Model ST has led to the most remarkable improvement of the soil

response. In this case, all the vibrations peaks are reduced below 0.1mm/s.

154



CHAPTER 5 | CUTTINGS MITIGATION WITH EPS GEOFOAM

0@ Soil cutti 0@ Soil cutti
ceeens Soil cutting s Soil cutting
— Model S (a) Model T (b)
- —
£ 04 04
£ £
Q) QU
E E
a =
g 0.2 g 0.2
<
0.0 0.0
0 10 20 30 40
Frequency {Hz) Frequency {Hz)
0.6 - -
e SOI| cutting (c)
Model ST
“w
S~
£ 04
£
Q)
e
2
£ 02
<
0.0

Frequency {Hz)

Figure 5.9 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 23m from the track: (a) Model S, (b) Model T, (c) Model ST.

Figure 5.10 demonstrates the Fourier spectra of the three examined mitigation
scenarios at the far-field (e.g., 35m from the track). The primary vibrations peaks at 26.4Hz
and 30.8Hz, in the case of the initial cutting, are equal to 0.12mm/s and 0.10mm/s. In
addition, the other two dominant peaks, at 17.7Hz and 22.4Hz, are lower than 0.8mm/s.
Model S has contributed to reducing the most dominant peak at 26.4Hz to 0.05mm/'s (see
Figure 5.10a). Furthermore, the vibrations peak at 30.8Hz has been virtually disappeared.
In general, the implementation of EPS blocks on the cutting slope successfully mitigated
the vibrations at the low-frequency range. Figure 5.10b presents the Fourier spectra in the
case of the second examined mitigation approach, the implementation of EPS-filled
barrier. This approach has also managed to decrease all the vibrations peaks, although the
level of reduction is lower than Model S. Model ST exhibits the higher reduction of the
vibrations peaks at the far-field. It is evident that the vibrations peaks remain below

0.035mm/s at the whole low-frequency range.
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Figure 5.10 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 31m from the track: (a) Model S, (b) Model T, (c) Model ST.

The velocity decibels (Vab) of each examined mitigation scenario is compared with the
initial decibel level in the sequence. In this case, the background vibrations levels are set
equal to 5x 105 mm/s (USDT, 1998). Figure 5.11 demonstrates the velocity decibels at each
examined 1/3 octave band with centre frequencies between 1.25Hz and 50Hz at the near
field examined observation points. The most dominant octave bands are the 13th, 14th and
15th for all the examined observations positions. In the near field positions (e.g., 15m and
19m from the track), the implementation of a limited number of EPS blocks at the cutting
slope reduces the decibel level octave bands with centre frequencies below 6.3Hz.
However, it is obvious that the implementation of Model S has a negative role on the
decibel level at the most dominant octave bands. For instance, the decibel level has been
increased from 64dB to 70dB after the implementation of EPS block at the cutting slope
(see Figure 5.11a). Furthermore, at 19m from the track, the decibel level at the 14t octave
bands is increased to 72dB, as illustrated in Figure 5.11b.

On the other hand, the implementation of the EPS-field trench has led to an increase

of the decibel level at the first eight octave bands. The most notable increase is observed
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at the octave bands with central frequencies 4Hz and 5Hz. For instance, at the octave band,
with a central frequency 5Hz, the is increased from 40 dB to 46 dB at 15m from the track,
as illustrated in Figure 5.11a. On the other hand, the beneficial role of the EPS-filled trench
is observed at the most dominant octave bands. It is evident that Model T has led to a
decibel reduction equal to 6dB and 8dB at 15m and 19m from the track for all the dominant
octave bands. Lastly, the hybrid approach (e.g., Model ST) is not the optimal approach as
it has increased the decibel level at the first seven octave bands at 15m from the track.
Furthermore, the reduction of the decibel level at the most dominant octave bands is lower

in comparison with Model T.
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Figure 5.11 Comparison of the soil and the retrofitted cuttings at: (a) 15m, (b) 19m from the
track.

The effectiveness of the examined approaches is remarkably altered at the far-field
positions (e.g., 23m and 35m from the track), as demonstrated in Figure 5.12. At 23m from
the track, all the examined mitigation approaches manage to reduce the examined octave
bands vibrations level. It is evident that, in contrast with the near field positions, herein,
Model S is more efficient than Model T. For instance, the decibel level at the 12th octave
band has been reduced from 50dB to 48dB and 42dB, in the case of Model T and Model T,
respectively. Furthermore, the reduction level of the hybrid method is comparable with
Model S. Hence, Model ST is not the optimal choice for reducing the vibrations level at
23m from the track, taking into consideration both the implementation cost and the
mitigation level. Figure 5.12b shows the reduction of the decibel level at the low-frequency
range at 35m from the track. Herein, Model T is the less efficient mitigation approach, as
it manages to reduce the decibel level from 58dB to 54dB at the most dominant octave
band. On the other hand, the decibel level at the same octave band has been reduced to

51dB and 45dB, in the case of Model S and Model ST, respectively.
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As it was aforementioned in the case of the initial soil cutting, the peak vertical
velocity declines with distance from the track. The implementation of EPS blocks at the
cutting slope gradually increases the vibrations level on the slope (e.g., for distances lower
than 19m). In the sequence, model S rapidly reduces the vibrations level to values lower
than 0.5mm/s. The same trend is observed in the case of Model ST. In this case, the vertical
velocities remain lower than the initial soil cutting for all the examined distances from the
track. However, the vertical velocity reaches values close to the initial model at the
cuttings top corner. This approach reaches the lower velocities compared to the other two
approaches at distances higher than 19m. Nevertheless, at the near field positions, on the
cutting slope, the most efficient approach is the EPS-filled trench (e.g., Model T). However,

for higher distances from the track, Model T is the less effective mitigation approach.
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Figure 5.12 Comparison of the soil and the retrofitted cuttings at: (a) 23m, (b) 35m from the
track.
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5.4. Implementation of water-filled trench

According to the previous Section, an EPS-filled trench is a reliable option for reducing
the vibrations level. In order to further investigate the efficacy of the in-filled trench across
the track at the cutting base, an alternative fill material has been investigated. More
specifically, in this chapter, the fill of the trench with water has been studied. The
geometrical properties and the location of the trench are the same as Model T (see Figure
5.1c). Figure 5.14a compares the vertical velocity time hibase of the initial cutting soil and
the mitigated with a water-filled trench (e.g., Model W) at 15m from the track. Obviously,
Model W remarkably reduces the vertical velocities in comparison with the previously
examined models. More specifically, the peak vertical velocity has been minimized below
0.4mm/s. The beneficial role of the water-filled trench is even more pronounced at 35m
from the track. According to Figure 5.14b, this approach manages to reduce the vertical

velocities below 0.12mm/s.
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Figure 5.14 Comparison of soil cutting and Model W in terms of vertical velocity time
histories (at (a) 15m, (b) 35m) and Fourier spectra (at (c) 15m, (d) 35m).

Figure 5.14c demonstrates the vertical velocity Fourier spectra at 15m and 35m from

the track. All the vibrations peaks have been minimized below 0.2mm/s at the whole low-
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frequency range. More specifically, the peak at 17.7Hz has been halved and at the other
three (22.4Hz, 30.8Hz, 26.4Hz) has been reduced below 0.08mm/s. Two new peaks have
been appeared at 4.5Hz and 35.8Hz, although their amplitude is below 0.05mm/s. At the
most remote position of the track, the implementation of the water-filled trench virtually

disappeared the majority of the vibrations peaks, as shown in Figure 5.14b.

In order to further illustrate the effectiveness of the water-filled trench, the velocity
decibels at the low-frequency octave bands are presented in Figure 5.15. Model W
minimizes the decibel level of all the examined octave bands below 60dB at 15m from the
track. More specifically, the level of decibel reduction at the most dominant octave bands
with centre frequencies 16Hz, 20Hz and 25Hz, is between 8dB and 15dB. On the other
hand, the implementation of the water-filled trench significantly increased the decibel
level at several low-frequency octave bands. For instance, the velocity decibel at the octave
band with centre frequency increased from 40dB to 56dB, as illustrated in Figure 5.15a.
The same observation is made at 35m from the track. Herein, the peaks at the most
dominant octave bands have been reduced below 47dB. The implementation of the water-
filled trench is a great alternative solution for the reduction of traffic-induced vibrations.
However, several construction issues should be arranged before the implementation of

this measure.
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Figure 5.15 Comparison of the soil and Model W at: (a) 15m, (b) 35m from the track.

5.5. Optimal approach
5.5.1. Description of the mitigation approach
It is evident that none of the examined EPS configurations is optimal, as the EPS-filled

trench is more effective for the vibrations reduction on the cutting slope. However, the

other two approaches are more effective in the free field. For this purpose, the reason for
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vibrations increase at the slope after the implementation of Model S should be examined.
Hence, in the sequence, the approach could be modified to be effective at all the examined
distances. This increased velocity level has one primary cause, the EPS to soil material
interface has a seismic reflection coefficient (Rc) (Eq. 4.2) of 0.95, thus causing wave energy
to be reflected from the EPS back into the cover soil layer, thus trapping energy within its
structure. This effect causes a waveguide effect. Hence, the higher percentage of the
induced vibrations is "trapped" on the backfill soil, which covers the EPS blocks, leading
to increased vibrations level. According to this observation, an approach has been
investigated to retain the beneficial role of Model S on the far-field vibrations reduction
and resolve the issue of the increased vibrations at the cutting slope. More specifically, the
upper layer of the cutting slope has been replaced with a layer of EPS46 material to avoid
the waveguide effect on the backfill soil. Several EPS layer thicknesses have been
investigated in order to examine the effect of its thickness on the mitigation level. More
specifically, four layers thicknesses between 0.5m and 2m have been examined, as

illustrated in Figure 5.16.

(a) (b)
Model A Model B
.

Figure 5.16 Sketches of EPS layer on the cutting slope with thickness, t, equal to: (a) 0.5 m,
1.0m, (c) 1.5 m, (d) 2.0 m.
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5.5.2. Vertical velocity time histories

The vertical velocities at several distances from the track have been used to represent the
vibrations levels for the various schemes. The impact of the depth of the EPS layer is
illustrated in Figure 5.17, where the vertical velocity time histories on the EPS layer at 15m
from the track are depicted both for the existing soil cutting and the retrofitted ones. As it
is evident from Figure 5.17a, the addition of a thin layer with depth equal to 0.5m of EPS
at the cutting slope (Model A) has a marginal impact on the vertical velocity time hibase.
The peak vertical velocity has been reduced from 1.4mm/s to 1.05mm/s. By observing the
other plots of Figure 5.17, it is evident that the efficiency of the proposed mitigation
measure is increased when the depth of the EPS layer is increased. For instance, in the
intermediate width scenarios of Model B and Model C, the peak vertical velocity has
reduced to 0.78mm/s and 0.64mm/s, respectively. The most efficient examined depth is

the thicker EPS layer (Model D).
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Figure 5.17 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 15m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

Similar trends have been observed for increasing distances from the track. Figure 5.18

illustrates the vertical velocity time histories at the top corner of the cutting slope (e.g.,
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19m from the track). At this observation position, the implementation of the thinner layer
of EP546 (e.g., Model A) slightly reduces the vibrations level, as the reduction of the
vibration level reaches in some cases over 40%. The reduction is higher at the center of the
time hibase. On the other hand, at the start and the end of the time hibase, the vibrations
level remains the same, as depicted in Figure 5.18a. The reduction of the vertical velocities
is increasing gradually for incasing EPS layer height. More specifically, the peak vertical
velocity has been reduced from 1.2mm/s to 0.47mm/s and 0.44mm/s, respectively, for
Model B and Model C. The most effective mitigation approach is the last examined (e.g.,
Model D) according to Figure 5.18d. In this case, the level of the reduction is higher than
70%. Hence, the proposed approach is effective at the whole slope of the cutting.
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Figure 5.18 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 19m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

Apart from the cutting slope, the investigation of the examined mitigation approach
effectiveness at greater distances from the top corner of the cutting, where a building could
be constructed, should be examined. Figure 5.17 illustrates the vertical velocity time
histories at 8m from the cutting slope (e.g., 23m from the track). It is evident that the

vertical velocity at this observation position of the initial soil cutting is lower than the
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previously examined observation points. More specifically, the peak vertical velocity is
just Imm/s compared with 1.2mm/s at 19m from the track. The implementation of the
proposed mitigation approach still minimizes the vibrations level. For instance, the peak
vertical velocity is minimized from Imm/s to 0.5mm/s after the implementation of 0.5m
EPS. This value is even more reduced for higher EPS layer thickness. The thicker EPS layer

is still optimal, as it achieves the reduction of this value to 0.33mm/s.
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Figure 5.19 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 23m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

The same observation is made at the most remote observation position, at 35m from
the track. According to Figure 5.20, the reduction of the vertical velocity is higher than
50% for all the examined mitigation approaches. More specifically, the implementation of
an EPS layer with 0.5m height has led to the reduction of the peak vertical velocity from
0.36mm/s to 0.19mm/s. The reduction reaches the value of 0.17mm/s and 0.165mm/'s for
Model B and Model C, respectively. The peak vertical velocity of Model D remains the
same with Model C. Hence the assumption could be made that Model B is the optimal
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option for the reduction of the far-field vibrations, as layers with the higher thickness

could not further reduce the vertical velocities.
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Figure 5.20 Comparison of soil and EPS-retrofitted cutting in terms of vertical velocity time
histories at 35m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

Similar observations can be derived by comparing the vertical velocity Fourier spectra

in Figure 5.21. As illustrated, all the peaks in the frequency range between 0 and 40Hz,

have been significantly reduced. More specifically, the most dominant peak at 26.32Hz is
reduced from 0.46mm/s to 0.25mm/s and 0.lmm/s for Model A and Model D,

respectively, at 15m from the track. Furthermore, the other three vibrations peaks at

17.7Hz, 21Hz and 30Hz are also reduced for all mitigation scenarios. Note that only some

secondary peaks between 45Hz and 55Hz have been slightly increased after the

implementation of a thin (0.5m depth) EPS layer. Therefore, it is obvious that for all the

examined EPS widths; the proposed mitigation approach plays a beneficial role at all

peaks in the low-frequency range at the surface of the embankment slope, which is close

to the fundamental periods of common buildings and infrastructure (i.e., close to 20Hz).
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Figure 5.21 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 15m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

This is further presented in the comparative Fourier spectrum of Figure 5.22 at the top
corner of the cutting slope, in which the beneficial role of the subsoil response by replacing
the upper soil layer of the cutting with EPS geofoam is presented. The vibrations peaks
remain the same (e.g., 17.7Hz, 21Hz, 26.3Hz, 30Hz) at the low-frequency range. The most
dominant vibrations peak is not significantly altered in the case of Model A. Howeve, the
reduction at 17.7Hz and 21Hz is higher than 35%. Furthermore, the reduction of the
spectral amplitude is extraordinary at the vibrations peak at 30Hz, where the spectral
velocity is minimized from 0.2mm/s to 0.06mm/s. The implementation of a thicker EPS
layer further decreases the vibrations peak. More specifically, the increase of the layer
thickness manages to halve the spectral velocity at 26.3Hz successfully. The efficacy of the
last examined mitigation scheme (e.g., EPS layer of 2m EPS is implemented) is remarkable.
Figure 5.22d clearly illustrates that in this case, the vibrations peaks at all the examined

low-frequency range is lower than 0.Imm/s.
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Figure 5.22 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 19m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

Figure 5.23 illustrates the Fourier spectra at the closest examined distance from the
top corner of the cutting slope (e.g., 23m from the track). At this observation point, as it
was aforementioned, the beneficial role of the EPS geofoam at the cutting slope has been
clearly depicted from the vertical velocity time histories (see Figure 5.19). Herein, it is
obvious that the implementation of EPS geofoam manages to minimize all the vibrations
peaks at the low-frequency range. It should be mentioned that the level of reduction at
21Hz is not significantly altered irrespective of the EPS thickness. Model A successfully
minimizes all the peaks below 0.15mm/s, except for the most dominant peak at 26.3Hz,
which remains at the same level after implementing just 50cm geofoam. As expected, as
the EPS layer thickness increases, the level of reduction is even higher. Hence, the optimal

approach is Model D, which manages to reduce the vibrations level below 0.1mm/s.
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Figure 5.23 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 23m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D.

Figure 5.24 compares the cutting efficacy before and after the implementation of the
EPS layer at the slope at 35m from the track. In this case, the initial vibrations peaks are
already relatively low, although the implementation of EPS geofoam further reduces the
spectral velocity. In this case, the spectra could be divided in two parts (e.g. (0, 20Hz) and
(20, 40Hz)). The level of reduction at the vibrations peak at the first part of the spectra (0,
20Hz) has been slightly reduced. More specifically, the level of reduction reaches in some
cases close to 40% for all the examined layer thicknesses. The mitigation level is even more
pronounced at the second part of the spectra (20, 40Hz). For instance, in the case of Model

D, the vibrations peak at 30Hz has been virtually disappeared.
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Figure 5.24 Comparison of soil and EPS-retrofitted cuttings in terms of vertical velocity
Fourier spectra at 35m from the track: (a) Model A, (b) Model B, (c) Model C, (d) Model D

Figure 5.25 depicts the contour plots of vertical velocities at the soil surface, at 0.6s
from the beginning of the analysis, aiming to illustrate further the impact of the EPS layer
thickness on reducing HST-induced vibrations. The more intense contours represent the
zones having vertical velocities with absolute values above 0.5mm/s. This value has been
selected as an indicative threshold to illustrate the propagation of the vibrations along the
soil surface for both models. As shown in Figure 5.23, the maximum absolute value is
0.73mm/s and 0.42mm/s at 23m from the track for Model A and Model D, respectively.
It can be observed that the surface waves are more pronounced in the case of Model A,
reaching peak values higher than 0.5mm/s at the top of the cutting slope. In contrast, the
velocities and the scattering of the waves are much lower for Model D. Hence, it can be
easily concluded that the efficiency of this mitigation approach depends on the thickness
of the EPS layer, which of course, also increases the cost. Nevertheless, the cost of EPS
material is generally low and varies depending on the material type, required quantities

for large-scale projects, transportation costs, etc.
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MODEL A MODEL D
Figure 5.25 Contour plots of vertical velocities at soil surface for Model A and Model D.

In order to further illustrate the beneficial role of the examined mitigation scheme, the
traffic-induced vibrations level in terms of velocity decibels (Vg4s) are also compared.
Figure 5.26 compares Vs levels at the center frequency of each 1/3 octave band of the soil
cutting and the retrofitted scenarios of Model A and Model D at 15 m and 19 m from the
track. Compared to soil cutting, Model A at 15 m from the track reduces the Vgp levels in
most of the examined octave bands with center frequencies between O0Hz and 50Hz, apart
from a slight increase at 4Hz and a local spike at 50Hz, which diminishes in Model D.
Moreover, Model D has contributed to the reduction of the Vg4g levels within the low-

frequency range, ranging from 1.5dB to 16dB.
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Figure 5.26 Comparison of the soil and the retrofitted Model A and Model D cuttings in
terms of Vgg: (a) at 15m, (b) at 19m from the track.

Furthermore, at far-field (35m from the track), both retrofitting scenarios have
reduced the Vgp level in all frequencies. Similarly, at near-field locations, Model D

outperforms Model A, especially in the frequency range of interest. Figure 5.27a
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demonstrates the velocity decibel at each of the low-frequency octave bands at 23m from
the track. Model A manages to reduce the vibrations level at all the examined octave
bands. For instance, at the octave band with a centre frequency 20Hz, the vibrations level
has been reduced from 65dB to 59dB. On the other hand, in the most dominant octave
band with a centre frequency 25Hz, the decibel level has not been significantly altered.
The level of decibel reduction is even more pronounced in the case of Model D. This Model
has managed to capture a decibel reduction higher than 3.5dB at all the examined octave
bands. Furthermore, the decibel level at the most dominant octave bands with centre
frequencies 20Hz and 25Hz has been reduced below 56dB. On the other hand, the decibel
reduction of Model A and Model D is comparable at the far-field position, at 35m from the
track. In this case, both models reduce the decibel level of all the examined bands below

53dB.
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Figure 5.27 Comparison of the soil and the retrofitted Model A and Model D cuttings: (a) at
27m, (b) at 35m from the track.

As mentioned in Chapter 4, according to World Health Organization (WHO/Europe,
2018), vibrations higher than the threshold of 55 dB are dangerous for public health since
they can cause annoyance, sleep disturbance, increasing the risk for cardiovascular
diseases. At 15m from the track, the implementation of Model D significantly reduces the
vibration levels at crucial center frequencies; however, it has not managed to reduce the
Vas levels below the 55dB limit. On the other hand, at 35m from the track, both models
have achieved Vgp values lower from 55dB -much lower in the case of Model D- within
the whole low-frequency range. It has to be noted that there are not many buildings -
especially residential- at distances very close (e.g., at 15 m from the track) to operating
HSR lines. On the other hand, in the future, upgrading existing normal speed railways,

which often passes through urban environments, adjacent residential buildings in closer
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distances will be more common. Note that apart from buildings, there are also other
structures very close to HSR lines (e.g., overpass and nearby bridges), and their users

could also be affected by HST vibrations.

5.6. Comparison between Model T and Model D

As mentioned, Model D has been proposed to overpass the low efficacy of Model S at the
cutting slope and achieve a lower vibrations level than the EPS-filled trench. Figure 5.28
compares the peak vertical velocity of Model D, Model T and Model ST at increasing
distances from the track. It is obvious that the peak vertical velocity of the soil cutting
model is gradually reduced from 1.4mm/s to 0.5mm/s with increasing distance from the
track. The implementation of a single EPS-filled trench (e.g., Model T) has led to a notable
reduction of the peak vertical velocities. More specifically, the level of reduction ranges

between 42% and 58% for all the examined positions.

----------- Soil cutting
w Model T
T
E - - -- Model D
=Bl e Model ST
P
I T
o | T
s e
N o T
= S .""-._
a \\“\ ..“-l’q
= \ .
¥l \\ e,
@ 05 | Mo
& Tt -- - -,
0
15 20 25 30 35

Distance (m)

Figure 5.28 Peak vertical velocity at increasing distance from the track.

The implementation of the hybris model (e.g., Model ST) at the near field position is
less effective than Model T. It is evident that the level of velocity reduction at 15m from
the track is just 35%. Furthermore, at 19m from the track, this mitigation approach has not
altered the peak vertical velocity. On the other hand, this approach is remarkably more
effective at the upper flat of the cutting than the single EPS-filled trench. More specifically,
at distances higher than 23m from the track, the implementation of the hybrid method
increases the reduction of the peak vertical velocity up to 60%. For instance, the reduction
is equal to 48% and 73% at 35m from the track for Model T and Model ST, respectively.

The beneficial role of Model D is clearly illustrated in Figure 5.28. This mitigation scheme
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is more effective than the EPS-filled trench at the cutting slope. Furthermore, it manages
to capture the same velocity reduction with Model ST at the upper flat of the cutting. It is
obvious that Model D is the optimal approach, as it captures a reduction of around 70%

in the majority of the observation positions.

In order to further examine the efficacy of Model D, it is compared with the pre-
examined Model T and Model S in terms of insertion loss (IL) curves. In the sequence, the
commonly used IL curves have been used to compare the two approaches since they are
commonly used to characterize the efficiency of each mitigation approach (Li et al., 2020;
Ngamkhanong et al., 2020). The IL levels have been calculated for the center frequencies
of the 1/3 octave bands between 1.25Hz and 50Hz according to Eq. 4.1. More specifically,
the IL of Model D is compared with the second most effective scheme at each examined
position (e.g., Model T at the cutting slope at the cutting slope (15m and 35m from the
track) and Model ST at the upper flat positions (23m and 35m from the track)).

Figure 5.29 illustrates the IL curves of Model D and Model T at the slope of the cutting.
The insertion loss of Model T ranges between 0dB to 7dB for all the examined octave bands
at 15m from the track. Furthermore, the three peak values of insertion loss, reaching higher
than 6dB, are located at the 1/3 octave bands with centre frequencies 8Hz, 16Hz and 25Hz.
Furthermore, it is evident that the EPS-filled trench is more effective than Model D at the
octave bands with frequencies between 8Hz and 12.5Hz. On the other hand, Model D is
more effective at all the others 1/3 octave bands. Model D has significantly reduced the
decibel level at the octave bands with centre frequency below 5Hz, in contrast with Model
S, which is not effective in this range. Furthermore, the decibel reduction of Model D is
even more pronounced at the most dominant octave bands with centre frequencies 16Hz,
20Hz and 25Hz. For instance, IL at the 14th octave band is close to 14dB. The same trend
is observed at the cutting top corner, at 19m from the track. The IL at all the dominant
frequencies is close to 8dB in the case of Model T at this observation position. However,

Model D increases even higher IL, reaching in some cases close to 15dB.

Obviously, the volume of EPS material used to cover the cutting slope is greater than
the EPS volume used for filling the trench. Nonetheless, EPS geofoam is not a very
expensive construction material and this increase is not expected to substantially affect the
total construction or upgrading cost of an HSR project. On the other hand, this layer can

be constructed faster and avoids other costs (excavation, stabilization, etc.) needed to
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make the EPS-filled trench. Thus, in order to compare the total cost of the two mitigation
approaches, a detailed study is required, taking into account the conditions at the specific
site. Nonetheless, what is more important is the increased mitigation efficiency of the
proposed approach, provided that the EPS layer has an adequate thickness (e.g., as
presented in Figure 5.29, the reduction of the dB levels achieved by Model D is
considerably higher compared to the EPS-filled trench, especially within the most
dominant octave bands). Lastly, if there exist budget constraints on the cost of any
mitigation measures, the proposed scheme could be applied only at critical zones of

existing or new HSR lines (e.g., close to "sensitive" buildings).
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Figure 5.29 Comparison of insertion loss curves of Model D and Model T (a) at 15m, (b) at
19m from the track.

In the sequence, the efficacy of Model D is compared with the effective, at the far-
tield, Model S. Figure 5.30a demonstrates the IL at the low frequency 1/3 octave bands at
23m from the track. The efficacy of Model S at this observation position is remarkable, as
the decibel reduction is higher than 6dB at all the examined octave bands. Furthermore,
IL reaches slightly below 12dB at the 12th and 13th octave bands. In the case of Model D,
the IL is also satisfactory at 23m from the track, although the decibel reduction, in general,
is lower than Model S. On the other hand, at the most remote position, at 35m from the
track, Model D is undoubtedly more effective than model S, as shown in Figure 5.30b. The
decibel reduction of the two mitigation schemes is almost identical at the most dominant
octave bands, reaching close to 8dB at the 14th and 15t octave bands. However, in contrast

to model S, Model D is effective at the octave bands with centre frequencies below 12.5dB.
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Figure 5.30 Comparison of insertion loss curves of Model D and Model S (a) at 23m, (b) at
35m from the track.

5.7. Influence of subsoil properties

In the previous sections, the efficiency of the proposed mitigated approach has been
investigated for an existing layered soil profile in Belgium with specific properties to
validate the accuracy of the numerical model with field measurements. Certainly, it is
important to study further the effectiveness of this scheme for different soil sites. For this
purpose, three additional hypothetical subsoil scenarios with homogenous underlying
soil have been examined. More specifically, dense sand with gravels a stiff and soft clay
have been simulated in a similar manner as the initial cutting site. Table 5.1 summarizes

the mechanical properties of the examined soils.

The efficiency of the proposed mitigation approach is displayed in Figure 5.31, where
the PPV levels at several distances are illustrated for the three different subsoil scenarios.
By comparing the PPV values of the initial cuttings, it can be easily noticed that the stiffer
subsoil exhibits lower vibrations levers. In addition, vibrations decrease with increasing
distance from the track. Nonetheless, they have a slightly less linear reduction pattern in
the case of the stiff clay compared to the other two subsoil cases, which are smoothened
with the application of EPS (see Figure 5.31b). It is also clear that the proposed mitigation
scheme reduces the vibrations levels for all soil types, especially at near-field locations (15
m to 23 m from the track). Furthermore, it is evident that in all cases, the increased EPS
layer thickness provides better results. As it can be seen in Figure 5.31a, the PPV for the
HSR track on dense sand with gravels is reduced 2 to 3.5 times when using the thick EPS
layer (Model D) compared to the retrofitted cutting. Similar reductions can be observed

for the other two subsoil types, as shown in Figures 5.31b and 5.31c.
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Figure 5.31 Comparison of initial and mitigated cutting vibration levels in terms of PPV at
increasing distance from the track for a homogeneous soil site: (a) dense sand with gravels,
(b) stiff clay, (c) soft clay.

Table 5.1. Properties of the examined subsoil scenarios.

. Young's . , .
. Density Poisson’s Damping
Subsoil type 3 Modulus . 0

(kg/m3) (GPa) ratio (%)

Dense sand with 2100 1.00 0.20 5
gravels

Stiff clay 2000 0.60 0.25 5
Soft clay 1850 0.15 0.30 5

Lastly, by comparing the non-retrofitted cutting in the case of the stiffer soil in Figure
5.31a with the retrofitted one with the thick EPS layer (Mode D) in the case of soft clay, it
is worth noting that the proposed mitigation scheme has successfully reduced the PPV
levels in similar values. In other words, with this relatively low-cost and easy-to-
implement scheme, a substantial "upgrading" of a soft soil site can be achieved, which can
have an "equivalent" response to HST-induced vibrations as a much stiffer site. Hence,
this can expand the decision-making choices when the routing of new HSR is planned or

when the upgrading of existing railway lines is examined.
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As it was presented in Chapter 2, the German Institute for Standardization (DIN4150-
2,1999) proposes the threshold of 0.15 mm/s of KBgmax for residential areas. Figure 5.32
demonstrates the KBrmax values at distances between 15m and 35m from the track. In the
case of a track based on the stiffer subsoil (e.g., dense sand with gravels), the KBg maxlevel
of the initial unretrofitted model is the lowest among the three examined subsoils. More
specifically, KBr,maxis equal to 0.25mm/s at 15m from the track and reduces to 0.09mm/s
at 35m from the track. Furthermore, it is observed that KBg max is reduced below the DIN
limit values for distances greater than 29m from the track, as shown in Figure 5.32a. The
implementation of a thin EPS layer (e.g., Model A) reduces the KBgmax below 0.15mm/s,
for distances higher than 21m from the track. However, the beneficial role of the thickest
EPS layer is clearly illustrated in Figure 5.32a, as Model D minimizes KBr,max below DIN

limit value at all the examined distances from the track.
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Figure 5.1. Comparison of initial and mitigated cutting vibration levels in terms of KBf,max at
increasing distance from the track for a homogeneous soil site: (a) dense sand with gravels,
(b) stiff clay, (c) soft clay.

Figure 5.32b illustrates the KBrmax in the modeling scenario for which the track is

passing from a site consisted of stiff clay. The initial KBgmax value is significantly higher
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than the previously examined soil at the near-field locations. For instance, at 15m from the
track, KBr,max is equal to 0.33mm/s. However, KBr max has been minimized below the DIN
threshold at a closer distance from the track than dense sand with gravels. Model A
slightly reduces the KBrmax values, especially at the middle-field positions. However,
Model D is more effective in this case, as it manages to minimize KB max below 0.15mm/s
at the whole examined distance range. Lastly, KBg max is higher than the DIN threshold at
all the examined distances, in the case of the track constructed on soft clay. The proposed
mitigation measures significantly reduce the KBrmax values, although the reduction level

is not capable of minimizing the vibration levels below the DIN threshold.

5.8. Discussion of the results

A detailed numerical study has been conducted in this work to investigate and mitigate
the HST-induced vibrations at HSR cuttings. Several mitigation approaches have been
implemented to the HSR cutting in order to investigate their effectiveness. A new
mitigation scheme for reducing vibrations using EPS blocks layer at the cutting slope has
been proposed in the sequence. The efficacy of this approach has been compared with the
other examined mitigation schemes. Furthermore, the captured mitigation level in several
subsoil conditions has been investigated. The main conclusions that can be derived from

the presented numerical investigation can be summarized as follows:

* The implementation of an EPS-filled trench across the track is a great
countermeasure for the HST-induced vibrations at cutting sites. This approach is

capable of reducing the vibrations level up to 10dB in some cases.

* The implementation of a limited number of EPS blocks at the cutting slope
increases the vibrations level at the cutting slope due to the waveguide effect.
However, at the upper flat part of the cutting, the level of reduction is higher than
the eps-filled trench. Furthermore, if this approach is combined with an EPS-filled

trench, the reduction level at the far-field is even higher.

* A high vibrations reduction has been observed after the implementation of a
water-filled trench. However, several issues, such as maintaining the trench initial
geometry, should be investigated and a more detailed simulation of the water
dynamic response should be performed in order to better assess this alternative

mitigation approach.

178



CHAPTER 5 | CUTTINGS MITIGATION WITH EPS GEOFOAM

* The replacement of the upper soil layer of the cutting with EPS has overpassed the
issues related to the waveguide effect and successfully reduces the HST-induced
vibrations at both the slope and the upper flat positions, while a thicker EPS layer

leads to a higher reduction of the vibrations.

=  Furthermore, V4s values are lower than the allowable limit of 55dB at 35m from

the track, which is crucial for protecting public health.

* The efficiency of the mitigation using a thin EPS layer is comparable to the
reduction achieved using an EPS-filled trench at the cutting slope, while it is

further increased in the case of higher EPS layer thickness.

* The developed vibrations due to HST passage are increased in the case of soft
subsoil. Nevertheless, the proposed mitigation approach reduces the vibrations
levels substantially, regardless of the soil properties, especially at closer distances

from the track.

The present investigation has shown that the proposed mitigation approach can
substantially reduce HST-induced vibrations in HSR cuttings. Nonetheless, further
investigation is required for different cutting geometries and HST types and train speed.
In addition, it has to be noted that the adopted modelling approach has assumed that the
track is smooth since scheduled maintenance has taken place before the field
measurements. Hence, the efficiency of the proposed mitigation approach has to be
further verified by taking into account potential track irregularities. In addition, a detailed
investigation should be performed to simulate more accurately and examine the role of
the potential kinematic mechanisms between EPS blocks as well as with EPS geofoam and

the soil.
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CHAPTER 6

BURIED PIPELINES PROTECTION WITH
EPS GEOFOAM

6.1. Introduction

As mentioned in Chapter 3, the HST-induced vibrations are propagated on the underlying
soil surface in the form of surface Rayleigh waves. The growth of researchers knowledge
on numerical and analytical methodologies in the past few years has contributed to the
accurate prediction of the response of the railway tracks and the subsoil surface when
subjected to HST-induced vibrations. The vast majority of the relevant investigations focus
on the propagation of the surface vibrations (Celebi, 2006; Gao et al., 2019; Singh and Seth,
2017) and their mitigation (Gao et al., 2020; Lyratzakis et al., 2020b; Yao et al., 2019). On
the other hand, only a few studies examine the effects of the developing vibrations by the
HST passage on the subsoil and the underground infrastructure (Liolios et al.,2002; Saboya
et al., 2020). Hence, in this Chapter, a first attempt is made to investigate the dynamic
response of buried pipelines crossing an HSR line vertically and aiming to protect them

by using EPS geofoam.

Recently, Tafreshi et al. (2020) presented a series of full-scale tests on underground
pipelines subjected to traffic-induced loading and examined the reinforcement of the
pipelines by implementing EPS geofoam and geocell as backfill layers. According to this
study, the use of EPS blocks with height equal to 0.3D and width 1.5D (where D is the pipe
diameter) over the pipeline is proposed as the most practical solution. Furthermore, the

beneficial role of implementing EPS backfills for the protection of buried pipelines
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subjected to other types of loading has been investigated. Choo et al. (2007) investigated
the effectiveness of EPS geofoam backfill for the remediation of buried pipelines subjected
to permanent ground deformation (e.g., surface faulting, land sliding, seismic settlement,
lateral spreading due to soil liquefaction). Furthermore, in the case of strike-slip fault
rupture, geofoam blocks decrease the axial tensile strain of the non-pressurized pipeline
from 4.16% to 0.75% in the case of a crossing angle equal to 135° (Rasouli and Fatahi, 2020).
Bartlett et al. (2015) examined several technics of protecting underground pipelines and
culverts in transportation infrastructure by implementing EPS blocks such as cover layer
or embankment constructed over the pipe, "imperfect trench method" with compressible
inclusion EPS block placed the above, slot-trench light-weight cover system with EPS
block placed in slot and EPS post and beam system with headspace void.

As mentioned, numerous studies have investigated the protection of underground
pipes or culverts using EPS geofoam (Kim et al., 2010; Witthoeft and Kim, 2016). However,
there is a lack of an international bibliography related to the traffic loads effect on the
buried pipelines. Thus, aiming to contribute to this research direction, the present Chapter
investigates the dynamic response of the pipeline under HST-induced vibrations and their
potential protection with EPS geofoam. Firstly, the numerical model has been validated
with pre-available experimental data for repeated equivalent traffic loads. In the
sequence, the effect of the geofoam layers thickness and the buried depth of the pipeline
on the vibrations level on the top of the pipeline has been investigated for three typical
HST passing speeds. Furthermore, the optimal geofoam layer has been used to protect
PVC and steel pipelines with several thicknesses between 3mm and 10mm to investigate

the displacement level at the top of the pipe (Lyratzakis et al., 2021e).

6.2. Validation with Experimental data
6.2.1. Pre-available field data

As mentioned, there is no relevant bibliography related to experimental data or in-situ
measurements investigating the response of buried pipelines to the HST-induced
vibrations. However, there is a series of experimental tests simulating the response of
buried pipes due to traffic loads, presented recently by Tafreshi et al. (2020) and Khalaj et
al. (2020). Tafreshi et al. (2020) used a full-scale model to simulate the repeating loading of
heavy traffic. More specifically, 14 tests were carried out on a high-density polyethylene
pipe (HDPE 100) in unreinforced and reinforced soil with EPS geofoam blocks and
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geocells. The model has been constructed on a test pit with a floor plan of 2.2m x 2.2m and
a depth of 1m. Furthermore, the test trench has a 0.75m x 0.75m floor-plan and 1.75m
depth, as illustrated in Figure 6.1.

A circular plate is repeatedly loading and unloading the test trench, aiming to
simulate the traffic loads. The loading plate has a diameter of 250mm, while a pressure
equal to 800kPa has been applied in order to simulate the half axle of a heavy vehicle.
Furthermore, 150 repeated loading cycles have been carried out. Khalaj et al. (2020)
presented a similar full-scale model. The floor plan of the test pit was slightly smaller in
this case, although the same pipe and a similar soil were used. Compared with the first
test, in this case, instead of repeated traffic-loads, a gradually increasing load has been
placed on the plate. More specifically, the load is increasing linear from 0kPa to 800kPa in
5s. Furthermore, in this study, the experimental results were used in order to validate a
numerical model. Those two investigations have been used in the present section to

validate an initial numerical model capable of accurately representing the traffic loads.

Reaction Beam

Ball Screw System

Load Cell
Hydraulic Jack

Native Soil Loading Plate

Trench Depth=750 mm
D=250 mm 2D=500 mm

Trench width=750 mm

2200 mm

Figure 6.1 Schematic view of the test setup, instrumentation positions and geometric
parameters (adopted by (Tafreshi et al., 2020)).

6.2.2. Description of the numerical model

The field test material properties and dimensions have been simulated via the commercial
finite-element software ABAQUS (2014) to provide a numerical model capable of
predicting the buried pipes response to traffic-induced vibrations. Figure 6.2 illustrates
the numerical geometry of the used FE model. Hexahedral linear elements with a reduced

integration formulation (C3D8R), with size 50mm, have been used to simulate the Backfill
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trench and the native soil. The pipeline has been modelled with linear four-node shell
elements (S4R). Furthermore, the interaction type between a loading plate and the ground
surface has been assumed to be frictionless and "hard contact" for normal and tangential

behavior.

Backfill trench
Loading plate Native Soil

s
el ]
ol

Figure 6.2 3D FE model, used for validation.

In the first analysis step, the geostatic pressure mass has been applied to the model
parts. Then, the pressure has been applied to the rigid circular plate at the soil surface in
the next step. In the sequence, the pressure on the loading plate has been applied in the
second step in order to replicate the load of the two pressure plate tests. More specifically,
in order to simulate the repeated loading cycles of Tafreshi et al. model, a pressure equal
to 800kPa has been applied 150 times on the pressure plate with a frequency of 0.33Hz.
Furthermore, a second loading scenario has been investigated, aiming to replicate the load
of Khalaj et al. model. According to this, the pressure has been gradually increased from
OkPa to 800kPa. For the analysis, the explicit dynamic method has been used in order to
capture accurate results. It should be mentioned that the dynamic implicit or static method
is significantly faster than the explicit dynamic method, although their accuracy is

significantly lower.

In order to simulate Khalaj et al. model accurately, Young's Modulus and Poisson's
ratio of soil have been adopted equal to 45 MPa and 0.3, respectively. Furthermore, the
soil angle of internal friction angle and the Cohesion have been set at 59.86° and 0.1kPa,

respectively. The soil plastic behavior has been simulated by using a Mohr-Coulomb
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model. Furthermore, the density of the soil is equal to 2062kg/m3. On the other hand, the
internal friction angle and the density of the soil used to validate Tafreshi et al. model have
been set equal to 1972kg/m3 and 40.5¢, respectively. The mechanical properties of the
HDPE 100 pipe have also been adopted by Khalaj et al. (2020). The pipeline has a density
equal to 560kg/m3. Furthermore, Young's Modulus and Poisson's ratio of the pipeline are

equal to 1000MPa and 0.45, respectively.
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Figure 6.3 Vertical (ADy) and horizontal (ADs) diametric change according to (a) the
experimental data adopted by Tafreshi et al. (2020), (b) the FE Model.

6.2.3. Validation of the numerical model

Figure 6.3 presents the verification of the numerical model with the first experimental test
(e.g., Tafreshi et al. model) in which the combined behavior of the soil and the pipe against
the applied traffic load is investigated. More specifically, the vertical and horizontal
diameter change of the pipeline adopted by Tafreshi et al. (2020) is illustrated in Figure 6.3a.
According to the experimental results, the level of the diameter change is rapidly increased
from 0 to values higher than 6% after 25 loading cycles. In the sequence, the increase of the
horizontal and vertical diameter changes is decreased, reaching up to 7% and 8%, respectively,
after 150 loading cycles. The numerical model manages to capture the peak diameter change
level accurately after 150 loading cycles, as shown in Figure 6.3b. On the other hand, the
numerical results show a slight discrepancy from the experimental results at the
inclination of the diagram. It is evident that 50 cycles are needed in order to reach 6%

diameter change compared to the experimental results, which need just 25 cycles.
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However, in general, these results show that the numerical model is relatively reliable to

investigate the response of buried pipelines.
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Figure 6.4 Pipe top displacement according to (a) the experimental data adopted by Khalaj et
al. (2020), (b) the FE Model.

In the sequence, the numerical results are compared to the experimental data adopted
by Khalaj et al. (2020). As mentioned, in this case, the applied load is gradually increased from
0 to 800kPa. Figure 6.4a presents the pipe top displacement according to the pre-available
experimental data in terms of pipe top displacement. The pipe top displacement is slightly
increased from 0 to 2mm when half of the total load is applied to the pipe. The increase of the
pipe top displacement is increased more rapidly from 2mm to 6mm when the total load is
applied to the model. The numerical model slightly overestimates the pipe top displacements
compared to the experimental data, as it is depicted in Figure 6.4b. However, the shaping of
the diagram is well captured and the numerical results are of the same order of magnitude as

the experimental results.

6.3. Imperfect trench method

In the sequence, as it has been ensured in the previous section, the numerical model is
partially validated; the model has been used to investigate the protection of the buried
pipelines with EPS geofoam. Figure 6.5 illustrates the examined mitigation scheme with
the use of EPS geofoam. This approach has been based on the so-called "imperfect trench
method", which is proposed by the Norwegian Public Roads Administration (NPRA)
(2010). According to NPRA, a horizontal trench filled with EPS geofoam is placed at 0.2D
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above the top of the pipe, where D is the diameter of the pipe. Furthermore, the EPS layer
has 1.5D width.

Figure 6.5 Recommended pipe and EPS layout for imperfect trench method from Handbook
16 (NPRA, 2010).
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e L
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Subsoil Steel pipe

Figure 6.6 Sketch of the track components, soil and pipeline.

6.4. Protection of steel pipe from HST induced vibrations

Initially, the validated model from Section 6.2 has been combined with the HST-moving
load model of Site 3 (see Chapter 3) in order to investigate the dynamic response of a steel
pipeline to the HST-induced vibrations. Herein, this combined theoretical model has been
considered in order to simulate a theoretical site of a railway track, where the HST is
passing over a buried pipeline for the passage of Thalys HST. The steel pipeline has been
embedded in the tracks subsoil. The numerical simulation has been separated into two

steps in order to illustrate the field conditions better. Firstly, the gravity load has been
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applied to the whole model to capture the pipe response due to the soil weight.
Subsequently, the pass of Thalys HST has been implemented to the railway track as
multiple moving loads. Figure 6.6 depicts a sketch of the examined theoretical site. The
mechanical properties of the single-layered subsoil are summarized in Table 6.1. In this
section, three passing velocities have been studied, a low (240km/h), a typical (300km/h)
and a high (360km/h) velocity.

Table 6.1 Mechanical properties of subsoil adopted in the current investigation.

Subsoil property Unit  Value

Density kN/m3 18
Poisson's ratio - 0.3
Young's Modulus MPa 40
Friction angle ° 30
Cohesion kPa 10

6.4.1. Modelling of the pipeline

A commonly-used X-65 steel pipeline has been investigated in the present section. Steel
pipe section outside diameter and thickness are equal to 914mm and 12.7mm, respectively.
Table 6.2 summarizes the parameters of the numerical simulation. Figure 6.7b illustrates
the corresponding mesh for the soil/track part and Figure 6.7a for the steel pipeline. 4-
noded reduced-integration shell elements have been used to model the steel pipeline,
along with the large-strain Von Mises yield criterion for the steel pipe element. The burial
depth of the pipeline has been chosen to be equal to double the pipe diameter, as it is
commonly proposed (Mohitpour et al., 2007). As normal behavior, the parameter "hard
contact" has been selected, which allows the separation of the pipeline from the subsoil.
Furthermore, the friction parameter (1) of the soil-pipeline interface has been assumed to

be equal to 0.3. This value is commonly used by several relevant investigations (Emre et

al., 2018; Vazouras et al., 2010).

Table 6.2 Properties of X65 steel pipe adopted in the current investigation.

X65 steel pipe property  Unit Value

Diameter mm 914
Thickness mm  12.7
Tensile yield stress MPa 450
Ultimate strength MPa 560
Young's Modulus GPa 210
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(b)

50 m

Figure 6.7 Finite element part of the (a) steel pipe cross-section, (b) soil cross-section.

The Imperfect trench method has been used to investigate its efficacy in reducing the
HST-induced vibrations in the sequence. In this case, the EPS layer width and the distance
from the pipe have been set equal to 1371 mm and 182.8 mm, respectively. The
recommended height of the EPS block according to NPRA is equal to 50cm, although, in
the present investigation, the effectiveness of EPS layer with several thicknesses between

12.5cm and 50cm has been examined.

6.4.2. Investigation of the unprotected pipeline response

The dynamic response on the top of the buried pipeline is examined for three typical HST
passage speeds: alow speed (240 km/h), the typical Thalys operation speed (300 m/s) and
a high speed (360 km/h). Figure 6.8 illustrates the vertical velocity time histories of the
pipeline top for the three examined HST speeds. The peak vertical velocity at the low
passing speed is equal to 10mm/s. The amplitude of the peak vertical velocity increases
to 14mm/s and 17mm/s when the HST is passing with 300km/h or 360km/h,
respectively. As expected, the time hibase length has been reduced as the passing speed is

increased from 3.2s for 240km/h to 2.1s for 360km/h.

Figure 6.9 illustrates the Fourier spectra on the top of the pipeline for the three
examined passing speeds. In the sequence, the peak frequencies of each spectrum are
derived via the Dominant Frequency Method (DFM) (Kouroussis et al., 2015). According
to DEM, the Fourier spectrum is strongly dependent on the train velocity and the geometry
of its bogies. Hence, those parameters are responsible for the most dominant vibrations
peaks, as presented in Chapter 3. The dominant frequencies are summarized in Table 6.3
for the three examined speeds. Those frequencies are well captured from the model, as it
is illustrated in Figure 6.9. The first six bogies passing frequencies have been captured

quite accurately by the numerical model. Furthermore, the dominant peaks are placed at
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higher frequencies as the HST velocity increases from 240km/h to 360km/h. In the case
of HST passing with low speed (240km/h), the most dominant frequencies are 3.5Hz (fy,1),
7.2Hz (fv2), 46.4Hz (fv13), 49.9Hz (fv,14) and the vibrations peaks vary between 1.3mm/s
and 2mm/s. The peak at the axle passing frequency, close to 20Hz, is also dominant, as it
reaches over Imm/s. Furthermore, the peak at the sleeper passing frequency has been

captured by the model, although it is quite low (3mm/s).
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Figure 6.8 Vertical velocity time histories of pipeline top for several velocities.
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Figure 6.9 Fourier spectrum of the pipeline top for HST passage with (a) 240km/h, (b)
300km/h, (c) 360km/h.

The same observation is made in the modelling scenario, for which Thalys is running
with its commonly operation velocity (300km/h). In this case, all the dominant peaks have
been slightly moved to the right as expected (see Figure 6.9b). The first, the second and
the thirteenth passing frequencies of the bogies have been the most dominant in the
frequency range. Those peaks have been significantly increased in comparison with the

passage with 240km/h. For instance, the vibration peak at fi,; has been increased from
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18mm/s to 20mm/s. The peaks at axle and sleeper passing frequencies have also been
slightly increased. Figure 6.5c shows the Fourier spectrum when the train passes with
360km/h. For this passing velocity, except for the same dominant frequencies at lower
speeds, there have been several dominant peaks at other frequencies. More specifically, at
fv1(5.4Hz) and fy2 (10.7Hz), the amplitude of the peaks is almost double, compared to the
same values, in the case of Thalys runs with 240km/h. It should be mentioned that the
sleeper passing frequency has not been captured as it is quite high in this case (over

150Hz).

Table 6.3 Dominant frequencies.

fo1 fo,2 fo,3 fo4 fo5 fa fs
Speed (m/s) (Hz) (Hz) (Hz) (Hz) (Hz) (Hz) (H2)
66.7 4 7 11 14 18 20 111
83.3 4 9 13 18 22 25 139
100.0 5 11 16 21 27 30 167

6.4.3. Investigation of EPS layer thickness effect on HST-induced vibrations
6.4.3.1. Case 1: Implementation of EPS with 12.5cm thickness

In the first modeling scenario, an EPS layer with 12.5cm thickness is implemented above
the buried pipeline in order to reduce the HST-induced vibrations. Figure 6.10a compares
the Fourier spectra on the pipeline top before and after the implementation of the EPS
blocks in the modeling scenario of HST passage with 240km/h. The EPS layer beneficial
role is clearly illustrated, as all the dominant vibrations peaks from 0Hz to 100Hz have
been significantly reduced. For instance, the most dominant peak at 46.4Hz has been
reduced from 1.9mm/s to 1.2mm/s. Furthermore, the peaks at other dominant
frequencies (e.g., 3.5Hz, 7.2Hz, 49.9Hz) have a reduction equal to 40%. In the sequence,
the effectiveness of the examined EPS layers has been investigated at the passage of Thalys
with its common operation speed, 300km/h. In this case, the high level of vibrations peaks

reduction remains at the lower frequency range (0, 30Hz).

Furthermore, EPS (see Figure 6.10b) is still effective at the whole examined frequency
range. On the other hand, the examined mitigation scheme is not effective at the medium
frequencies between 30Hz and 75Hz. In this range, the most dominant frequency is located
at 58Hz, as the EPS blocks implementation slightly reduces the peak from 2.1mm/s to

2mm/s. The examined mitigation approach has a beneficial role at the higher frequencies
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(>75Hz). The same observation could be made in the high passing velocity modeling
scenario (360km/h), as shown in Figure 6.10c. A high reduction of all the vibrations peaks
at the low and the high-frequency range has been observed. In this case, the most
dominant frequencies are spotted at low frequencies (e.g., 5.4Hz, 10.7Hz, 26.5Hz, 31.9Hz).

The peaks of those frequencies have a reduction of over 40%.
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Figure 6.10 Fourier spectrum of the pipeline top for HST passage (a) with 240km/h, (b) with
300km/h, (c) with 360km/h with 50cm thickness.

6.4.3.2. Case 2: Implementation of EPS with 25cm thickness

According to the previous section, the implementation of EPS blocks between the track
and buried pipeline minimizes the HST-induced vibrations successfully. However, the
level of vibrations reduction is relatively low, thus in this section, the implementation of a
thicker layer of EPS is investigated. More specifically, the thickness has been duplicated;
thus, the impact of an EPS layer with a thickness of 25cm has been examined. As expected,
the vibrations peaks remain at the same frequencies as the previous section, although the
amplitude of the vibrations is significantly lower. For instance, the dominant peak at 46Hz
has been minimized to 0.8mm/s in contrast to the 1.2mm/s in the case of the layer with a

height of 12.5cm for HST running with 240km/h (see Figure 6.10a).
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The same observation is made for all the dominant frequencies, with amplitude
reduction of up to 50%. Figure 6.12b illustrates the Fourier spectra when the HST runs
with 300km/h. The peak vibrations level is reduced to 1.5mm/s at 58Hz for EPS19.
Furthermore, it should be mentioned that all the other vibrations peaks at the modeling
scenario of EPS19 have been minimized under 1mm/s. The reduction of the vibrations
level is remarkable when the HST runs at high speed (360km/h), as all the vibrations
peaks have been successfully reduced under Imm/s (see Figure 6.11c). It should be
mentioned that vibrations peaks at the high-frequency range are almost zero after

implementing EPS blocks.
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Figure 6.11 Fourier spectrum of the pipeline top for HST passage (a) with 240km/h, (b) with
300km/h, (c) with 360km/h with 25cm thickness.

6.4.3.3. Case 3: Implementation of EPS with 50cm thickness

In this section, the height of the examined EPS layer has been increased to 50cm to reduce
the vibrations level further. Figure 6.12 depicts the Fourier spectra in this case. Obviously,
the thicker EPS layer (50cm) effectively reduces the HST-induced vibrations for all the

examined cases. For low HST-passing velocity, the vibrations peaks have been limited
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under 0.8mm/s (see Figure 6.12a). The same observation is made in the case of the typical
operation speed of Thalys, 300km/h, as the reduction reaches over 60% in some cases (e.g.,
fv1, fv2) when EPS19 is used, as shown in Figure 6.12b. Lastly, the effectiveness of the
examined mitigation approach is remarkable for the highest examined passing speed. For
instance, the vibrations peaks at the most dominant frequencies (f»1, fv2) have been
reduced from 2.2mm/s and 2mm/s to just 0.8mm/s and 0.9mm/s, respectively, as is

illustrated in Figure 6.12c.
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Figure 6.12 Fourier spectrum of the pipeline top for HST passage (a) with 240km/h, (b) with
300km/h, (c) with 360km/h with 50cm thickness.

Figure 6.13 illustrates the insertion loss (IL) of the examined mitigation measure in
the cases of HST speed equal to 240km/h, 300km/h and 360km/h. IL has been computed
at the centre frequency of each one-third octave band, from 1.25 to 125 Hz and the results
have been averaged to one-third octave bands. In the case of the implementation of an
EPS-filled trench with 12.5cm of thickness, the insertion loss remains at the same level for
all the examined speeds at all the octave bands with central frequencies lower than 31.5Hz.

More specifically, the insertion loss is close to 4.8dB at those central. At the higher
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examined octave bands, the insertion loss is unstable, fluctuating between extremely low
or high values. In general, the use of an EPS layer with 12.5cm thickness slightly reduces

the vibrations level at the top of the pipeline, although this reduction is not satisfactory.

20 20
—240km/h —240km/h
15 | ——300km/h 15 | ——300km/h
360km/h 360km/h
[} =)
= =
~10 | ~10
—_ —
- —___ﬁ‘:l_?
5 '_|:'_‘_=——___ |_ 5 F | - ]
—_— [
=
S
0 0 s R A A o l
! Frequency {Hz) 125 ! Frequency {Hz) 125
20
— 240km/h
s | ——— 300km/h
360km/h
=)
=]
=10

_|:1_‘:.=;|_|j=_|j:.='_'—-

| il

1 125
Frequency {Hz)

Figure 6.13 Insertion loss curves of the pipeline top for HST passage for EPS layer with a
thickness equal to (a) 12.5cm (b) 25c¢m, (c) 50cm.

Figure 6.13b illustrates the IL curves in the case of a 25mm EPS layer. In this case, the
insertion loss has been increased compared to the previous case. Herein, the amplitude of
insertion loss at the octave bands with a centre frequency below 31.5Hz is close to 6.7dB
for all the examined HST passing speeds. The insertion loss reaches its peak value of 12dB
at the 1/3 octave band with centre frequency 40Hz after implementing EPS19 when Thalys
passes with 360km/h. Figure 6.13c illustrates the insertion loss curve for the thicker
examined EPS layer in the present investigation. The insertion loss is increased in
comparison with the cases of thinner EPS layers. IL ranges around 7.3dB for the octave
bands with centre frequencies lower than 31.5Hz. Those values remain at the same level
for all the examined frequencies. It should be mentioned that the insertion loss is again

unstable for the higher 1/3 octave bands.
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6.4.4. Investigation of pipelines-buried depth effect on HST-induced vibrations

In order to examine the role of the pipelines- buried depth in vibrations level, the response
of the initial shallow buried pipeline has been compared to the same value of a deeper
buried pipeline. The deep-buried pipeline has the same mechanical properties as the initial
pipeline and has been placed one meter deeper, at 2.8m from the subsoil surface. Figure
6.14 illustrates the Fourier spectra of the vertical velocity of all the examined speeds for
the shallow-buried pipeline (as introduced previously) compared to the deep-buried
pipeline. As seen in Figure 6.14a, the placement of the pipeline deeper can strongly
influence the vibrations level. More specifically, in the modelling scenario, for which
Thalys is passing with 240km/h, all the dominant frequencies in the examined range have
been reduced. The peaks at the first and the second bogie passing frequencies have been
reduced from 18mm/s and 13mm/s to 13mm/s and 6.5mm/s, respectively. The same
observation is made for the higher dominant frequencies. For instance, the peak at 49.9Hz
(fb,14) has been halved from 18mm/s to 9mm/s. The peaks on the frequency range between

50Hz and 80Hz have been practically zeroed.

This reduction is even more pronounced as the HST passing speed is increased. As it
is clearly illustrated in Figure 6.14b and Figure 6.14c, the reduction of the vibrations peak
at f,1 reaches 25% and 36%, for passing velocities equal to 300km/h and 360km/h,
respectively. Furthermore, the reduction for all the other vibrations peaks is over 50%
when Thalys passes with its common operation speed, 300km/h. This trend has also been
observed in the case of passing speed equal to 360km/h, except for 64.4Hz. In this case,

the vibrations peak is not altered.

The effect of the pipeline buried depth on the developing vibrations is even more
pronounced in terms of insertion loss. Figure 6.15 depicts the insertion loss curves in the
case of which, as a mitigation approach, the pipe has been moved one meter deeper in the
subsoil. The insertion is lower than 5dB at the one-third octave bands with central
frequencies lower than 8Hz for all the examined passing velocities. However, at the higher
octave bands, in some cases, the insertion loss is up to 10dB. For instance, insertion loss
reaches 14dB at the 1/3 octave band with a centre frequency equal to 63Hz. It should be
mentioned that there is a constant peak of 11.6dB, which is moving one octave band higher
when the passing speed is increased. More specifically, this peak is located at the 1/3

octave band with a centre frequency 16Hz when the HST passing velocity is equal to
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240km/h and moves to the 1/3 octave band with centre frequency 20Hz and 25Hz when
the HST speed is 300km/h and 360km/h, respectively.
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Figure 6.14 Comparison of deep and shallow buried pipeline response for HST passage with
(a) 240km/h, (b) 300km/h, (c) 360km/h.
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Figure 6.15 Insertion loss curves of the deep-buried pipeline top.

In this section, the effect of the buried depth on the examined mitigation approach
effectiveness is investigated. As it was aforementioned, 50cm (case 3) is the most effective

layer thickness. Herein, for the sake of brevity, only the optimal thickness, 50cm, has been
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examined. Figure 6.16a compares the insertion loss curves of the shallow and deep buried
pipeline in the modelling scenario for which Thalys passes with low speed (240km/s). In
this case, the insertion loss is slightly reduced compared to the shallow-buried pipeline at
all the low 1/3 octave bands. Therefore, it is concluded that, in general, the insertion loss
is not significantly dependent on the buried depth of the pipeline when the HST passes
with 240km/h. Figure 6.16b illustrates the insertion loss curves in the most common
scenario when Thalys passes with its operation speed, 300km/h. The mean insertion loss
at the 1/3 octave bands with central frequencies lower than 16Hz, has been decreased
about 0.6dB. It should be mentioned that the reduction of the vibrations level has been
increased at the higher octave bands when the pipeline is buried deeper. For instance, the
insertion loss at the 1/3 octave band with centre frequency 63Hz has been increased from

5.1dB to 9.1dB.
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Figure 6.16 Comparison of insertion loss curves of the deep and shallow-buried pipeline top
for HST passage with (a) 240km/h, (b) 300km/h, (c) 360km/h.

In the modelling scenario in which Thalys passing velocity is equal to 360km/h, the
insertion loss has not been significantly altered at the 1/3 octave bands with centre

frequencies lower than 16Hz (see Figure 6.16c). On the other hand, insertion loss is
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significantly lower at the 1/3 octave band with a centre frequency 40Hz for both examined
layer fill material. However, the deep-buried pipeline has higher insertion loss for the
centre frequency at the octave bands with centre frequency higher than 80Hz. In general,
it is concluded that the effectiveness of the examined mitigation schemes is not

significantly altered with the depth of the buried pipeline.
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Figure 6.17 PPV at increasing distance from the rail axis for passing speed equal to (a)
240km/h, (b) 300km/h, (c) 360km/h.

Figure 6.17 depicts the PPV on the top of the pipeline at an increasing distance from
the HST passing axis. As expected, the PPV values are slightly reduced with the distance
from the track. Furthermore, the PPV on the top of the unprotected pipeline is reduced
rapidly for all the examined passing speeds. When Thalys passes with 240km/h, the PPV
of the unprotected pipeline has been reduced from 3.7mm/s to 1.4mm/s at 6m from the
track. The same value has been decreased to 1.4mm/s from 2.6mm/s after the
implementation of the EPS layer. The same observation is made in the case of a passing
HST with 300km/h (see Figure 6.17b) and 360km/h (see Figure 6.17c), where PPV of the

unprotected pipeline has been rapidly reduced from 5.4mm/s to 1.6mm/s. At 6m from

199



CHAPTER 6 | BURIED PIPELINES PROTECTION

the rail axis, the PPV on the top of the unprotected pipeline is identical to the protected
pipeline. It is obvious that the proposed mitigation meter has not affected the vibrations

level at distances higher than 6m from the rail axis.

6.5. Investigation of steel and PVC pipe diameter change

In the previous section, the EPS geofoam significantly reduced the vibrations level on the
pipe surface in terms of several commonly used indicators in the field of HST-induced
vibrations. However, it is vital to investigate the effect of the HST-loads on the diameter
change of the pipeline. As mentioned, the level of the diameter change is crucial for the
response and the life cycle of the pipelines. The examined pipeline in the previous section
is very thick (e.g., 12.7mm) and stiff; hence, its diameter change is negligible, as it is
illustrated in Figure 6.18. It is evident that the horizontal diameter change of the
unprotected pipeline is equal to 0.3mm at the passage of each HST bogie (see Figure 6.18a).
This value is reduced to below 0.2mm after the implementation of an EPS19 layer with a
thickness of 50mm. The same observation is made at the horizontal diameter change, as it
is illustrated in Figure 6.18b. Furthermore, the vertical and horizontal residual
deformations after the HST passage are almost zero. For this reason, the assumption is

made that the pipeline is safe, independent of the EPS layers implementation.
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Figure 6.18. X-65 pipe diameter change.

The assumption is made that pipelines with lower thickness and buried at lower
depths are more prone to deformation. For this reason, the HDPE 100 pipe, which has been
used for the validation, has been implemented at 0.5m depth, and its diameter change due
to the passage of Thalys has been investigated. In the sequence, the pipeline has been

protected with the use of a 250mm EPS layer. In order to investigate the effect of pipe
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thickness on the response of the pipeline, an identical pipe with a higher thickness (9mm)
has also been investigated. Furthermore, two steel pipelines with 250mm and thicknesses
of 3mm and 9mm have been studied. The mechanical properties of those pipes are

identical to the X-65 pipe.
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Figure 6.19. (a) vertical and (b) horizontal diameter change pf 3mm PVC pipe and (c) vertical
and (d) horizontal diameter change pf 10mm PVC pipe.

Figure 6.19 demonstrates the effect of the HST passage on the diameter of the plastic
pipelines with a diameter equal to 3mm and 9mm. It is evident that the diameter change
of the pipeline is significantly higher in comparison with the X-65 pipe. At the first HST
axle passage, the vertical diameter change of the unprotected pipe with 3mm thickness is
equal to 1.6mm. The deformation is gradually increased, reaching the maximum value of
7mm at the passage of the last boogie. Furthermore, after the HST passage, a vertical
residual deflection equal to 0.8mm is observed, it should be mentioned that the peak
deformation oscillation width is close to 6mm. The EPS layer has a beneficial impact in the
reduction of the pipe diameter change. It is evident that the implementation of the EPS

layer has reduced the peak vertical deformation from 7mm to 3mm. Furthermore, the
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oscillation width is minimized to ITmm. The same observation is made for the horizontal
diameter change, as shown in Figure 6.19b. However, the horizontal residual deformation
is significantly higher than the vertical, reaching higher than 2mm. Therefore, the
implementation of the EPS layer minimized the horizontal residual deformation close to
Imm. Figures 6.19c and 6.19d compare the response of a thicker PVC pipe (10mm) before
and after the implementation of the EPS layer. The increase of the pipeline thickness
reduces the pipe vertical and horizontal deformations to below 3mm. Furthermore, the
oscillation width is equal to 5mm and 5.5mm, for the vertical and horizontal deformation,
respectively. The residual deformation at both dimensions is equal to 1.3mm. The
beneficial role of the EPS layer implementation is obvious in this case. Especially in the
vertical dimension, the peak oscillation width has been reduced to below 0.4mm and the

residual deformation is below 1mm.
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Figure 6.20. (a) vertical and (b) horizontal diameter change pf 3mm steel pipe and (c) vertical
and (d) horizontal diameter change pf 10mm steel pipe.

In the sequence, the steel pipes diameter change is presented in Figure 6.20. The peak
deformation of the unprotected steel pipe with 3mm thickness is equal to 3mm and 2.8mm

at the vertical and horizontal coordinate, respectively, as shown in Figures 6.20a and 6.20b.
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Furthermore, oscillation width is equal to 3mm. The horizontal and vertical residual
deformations are equal to 0.8mm and 0.2mm, respectively. It is obvious that the steel pipe
is significantly more resistant to HST-induced vibrations in comparison with the PVC
pipe. Furthermore, it is evident that the examined protection scheme significantly reduces
the induced deformations. Furthermore, the vertical residual deformation is reduced to
almost zero. In addition, the horizontal residual deformation has been decreased from
0.8mm to 0.2mm, as it is illustrated in Figure 6.20b. The effect of the HST passage to the
thicker steel pipe is marginal, as expected. More specifically, the vertical peak deformation
remains below 0.3mm for a pipe with a 3mm thickness (see Figure 6.20c). The same
observation is made at the horizontal dimension, as it is demonstrated in Figure 6.20d.
Furthermore, the residual deformation of the 10mm steel pipe is almost zero. Furthermore,

the reduction of the diameter change is marginal after the implementation of the EPS layer.

6.6. Discussion of the results

A mitigation approach utilizing low-density backfill for buried pipelines subjected to
vibrations induced by HST passage has been examined in the present Chapter. The
numerical model has been partially validated with pre-available experimental data of
equivalent traffic loads. The implementation of the low-density backfill has contributed to
reducing the vibrations level on the top of the pipelines. The low-density EPS19 has been
used as a backfill material. In order to examine the efficiency of the examined mitigation
approach, the passage of Thalys HST with three different velocities has been investigated.
Furthermore, the effect of the pipe material and thickness on the diameter change has been
investigated by comparing steel and PVC pipelines. The main conclusions of the present

investigation could be summarized as follows:

* As mentioned earlier, the presented numerical models have been successfully
validated in Chapter 3, and it is capable of capturing the HST-induced vibrations
on the model surface accurately. Herein, to ensure that the numerical model is also
accurate at the subgrade, the results have been compared to pre-available
experimental data for road traffic loads. Hence, the model is partially validated in

order to investigate the effect of the HST-induced vibrations in the subgrade.

* Implementing an EPS layer between the track and the buried pipeline could

reduce the HST-induced vibration. The level of reduction strongly depends on the
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thickness of the EPS layer. The thickest layer reduces the developing vibrations
more effectively at the top of the pipeline.

* The insertion loss at the centre frequencies of the lower 1/3 octave bands is
constant and independent from the HST passing velocity and the buried depth of
the pipeline.

= Except for the commonly used indicators in the field of the traffic-developing
vibrations, the vertical and horizontal deformation of the pipe has been
investigated. The effect of the proposed mitigation approach on several types of
pipes has been presented. The residual deformation of the PVC pipes is higher
compared to steel pipes. Furthermore, thicker pipes could minimize the dimeter
changes. The EPS layer successfully reduces the diameter change of all the

examined pipes.

* The implementation of an EPS layer above a thick and stiff steel pipe is

unnecessary, as the pipe deformation is low.

Several researchers have used the examined mitigation approach in order to protect
buried pipelines subjected to permanent ground deformation. The present investigation
concludes that the implementation of the examined mitigation approach could
successfully protect the buried pipelines from traffic loads. It should be mentioned that
this is a first attempt to investigate the use of EPS geofoam between an HSR line and a
buried pipe. Hence, further investigation is proposed in order to ensure the effectiveness
of the examined measure. For instance, several soil conditions, train geometry or pipeline

depth should be examined in future investigation.
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CHAPTER 7

PROTECTION OF BUILDINGS WITH EPS
GEOFOAM

7.1. Introduction

In recent years, one of the most critical environmental issues worldwide is the traffic-
induced vibrations in nearby structures and infrastructure. The developing vibrations due
to high-speed trains (HST) passage are commonly dominated by surface waves, which are
propagating on upper soil layers and may affect nearby buildings. Hence, the realistic
assessment of the vibrations in conjunction with the dynamic structural response is
essential in order to prevent possible malfunctioning of sensitive equipment in the
buildings, annoyance and discomfort of the residents or even damages in extreme cases.
The mitigation of the induced vibrations is a factor of paramount importance both for new
railway projects or the upgrading of existing railway lines to serve high-speed trains,
especially in railways passing through urban areas close to buildings with many residents.
Therefore, it is crucial: (a) to investigate the propagation of the induced vibrations from
the railway track through the soil to the adjacent buildings, and (b) to propose mitigation

schemes to minimize vibrations levels.

Several standards and guidelines have been published in recent years regarding train-
induced vibrations in buildings. In United States, Federal Transit Administration (Hanson
et al., 2006a) provisions propose the values of -2dB and -1dB per story for the estimation
of story-to-story attenuation of the vibrations, for the first five lower stories and the next

five stories, respectively. The International Standardization Organization (ISO) has
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proposed recommendations for estimating human exposure to the induced vibrations,
which are split into two parts: the first (ISO, 1997) investigates the vibrations felt by the
passengers, while the second (ISO, 2003) is focused on nearby buildings and their
residents. In Germany, DIN guidelines assess the impact of traffic vibrations in buildings
with respect to human exposure (DIN, 1999b) as well as to structures (DIN, 1999a).
According to DIN, the peak particle velocity (PPV) (e.g., the maximum value of the
velocity time-history) is recommended as the primary indicator to evaluate both human
exposure and structural damage. Similar to DIN guidelines, the Swiss standard (1992) has
also adopted PPV as proper indicator factor. In addition, the US Department of
Transportation (1998) adopted a decibel (dB) scale in order to estimate the impact of the

developing vibrations.

The investigation of the complicated problem of the dynamic track-soil-structure
interaction is highly demanding, both in terms of computational complexity and cost.
Several relevant studies have been conducted in order to predict the vibrations levels
utilizing numerical models (Kontoni and Farghaly, 2020; Lépez et al., 2020; Pyl et al., 2007;
Ribes et al., 2017). The structural vibrations on railway-side buildings are excessively
increased if the train passing speed is close to Rayleigh-wave velocity of surface soil; thus,
in such cases the train should reduce its speed in order to minimize potential adverse
effects on the nearby buildings. For instance, Zou et al. (2021, 2017) investigated the impact
of metro induced vibrations on over-track buildings and concluded that the vibrations
levels are amplified by up to 6dB on the structures compared to the surrounding soil

vibrations.

Sanayei et al. (2014) presented a full-scale test and the corresponding impedance-based
analytical model in order to examine the response of a 4-story building with respect to the
induced vibrations due to a city-train passage in Boston. It was reported that the use of a
“blocking” ground story, i.e., with thickened floor slab, could reduce the vibrations at the
upper stories of the building. Sadeghi and Vasheghani (2021) reported that top slab
thickness has a greater impact, while other structural and non-structural parameters (e.g.,
story height, concrete compressive strength as well as the infill walls thickness) do not
play a significant role. Hesami et al. (2016) examined the effect of train-induced vibrations
in an urban environment close to Qaemshahr railway in Iran and proposed an optimal
distance from the track equal to 18m for the construction of buildings. Connolly et al.

(2019) used a 2.5D time-frequency domain model to investigate the impact of railway
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defects as well as train speed and building height on the vibrations levels and concluded
that different defect types (e.g., joints, switches, crossings) present a complex correlation

with vibrations both in the surface soil and the nearby buildings.

In this Chapter, a numerical investigation of buildings response to the High-Speed
Train passage is presented. The effect of the HST-induced vibrations on the neighboring
buildings close to the railway is a vital environmental issue related to the residents
comfort. The validated 3D FEM model in the case of the at grade site (see Chapter 3) from
the Paris-Brussels railway line has been modified in order to investigate the structural
response of nearby masonry and RC buildings. Several buildings (e.g., multi-story RC
office buildings and low-rise masonry buildings) have been investigated as an application
of the model in order to evaluate its response to the developing vibrations by Thalys HST
passage with 240km/h. In the sequence, the implementation of mitigation technics has

been studied, aiming to minimize the vibrations level at crucial buildings positions.

Consequently, the implementation of several mitigation configurations using EPS
geofoam has been investigated to reduce the induced vibration on the buildings. In the
sequence, the optimal configuration has been proposed for each building. Furthermore,
the effect of the distance from the track to the building structural response has been
investigated to determine in which distance the buildings could be constructed without
causing health issues to the residents. In the last Section, the implementation of EPS
geofoam between the building foundation and the surrounding soil has been examined to

investigate the seismic protection level of a typical 2-story masonry building.

7.2.  RC multistory buildings

7.2.1. Numerical model modification

In the present section, the vibrations from a HST passing at a relatively close distance from
multi-story reinforced concrete (RC) buildings has been investigated. The previously
validated in Chapter 3, three-dimensional finite element numerical model has been used
in order to examine the propagation of the developing vibrations from the HST passage.
The nearby RC buildings response to the HST-induced vibrations has been examined in
the case of building constructed at 10m, 20m and 30m from the track. The implementation
of single or double EPS-filled trenches across the track to reduce the structural vibrations

at the buildings floors has been investigated in the sequence (Lyratzakis et al., 2021d).
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The previously validated in Chapter 3, Site 3 (at grade) of the Paris-Brussels line, at
4km south of Leuze-en-Hainaut, Belgium, has been used as a case study (Connolly et al.,
2014). The examined track is a classical ballasted track consisted of ballast, sub-ballast and
subgrade. Figure 7.1 depicts the numerical model with the configuration of the track
layers, including the building which has been added in the sequence. It should be
mentioned that though rail irregularities can play a significant role, they are not
considered herein, since prior to field measurements a track maintenance was performed
at this site (Kouroussis et al., 2016). In general, maintenance of HSR lines is more often and
more meticulous compared to ordinary railways to ensure smooth HST operation and

passengers comfort.

Figure 7.1 Finite/infinite element model.

Two symmetrical reinforced concrete (RC) (4-story and 8-story) building have been
chosen for the investigation. The buildings are founded on a uniform RC slab and each
story has 3m height (including slabs with 0.2 m thickness) resulting in a total height of
12m and 24m, respectively. The examined buildings have a rectangular floor plan with
dimensions 12m x 12m. As presented in Figure 7.2, the structure comprises of concrete
columns and beams with dimensions of 0.6m x 0.4m and 0.4m x 0.2m, respectively. At the
front face of the building there is also a cantilever slab at each story, with a length equal
to 1.5m. The mechanical properties of the reinforced concrete material are as follows:
density p=2400kg/m3, Young's Modulus E=20GPa, Poisson’s ratio v=0.2, damping §=5%.
The columns, beams and slabs of the structure have been discretized using 4-noded solid

finite elements. The buildings have been placed at a varying distance from the track (i.e.,
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10m, 20m and 30m), in order to find the distance where the HST-induced vibrations
impact is insignificant, by investigating the vibrations levels at all stories of the building.
The induced vibrations due to HST passage can affect the health of the population;
however, the possibility to cause structural damages is low. Hence, the behavior of the

building is expected to be linear visco-elastic.
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Figure 7.2 Building layouts.
Table 7.1. Properties of RC building adopted in the current investigation.

Material Properties  Unit  Value

Density kg/m3 2400
Young's Modulus GPa 20
Poisson’s ratio - 0.2
Damping % 5

7.2.2. Examined EPS geofoam blocks configuration

In the present Chapter, the low density (18.4 kg/m?3) EPS19 has been used. Figure 7.3a
illustrates the first examined mitigation scheme using EPS geofoam to protect the building
against HST-induced vibrations. The EPS-filled trench has been applied across the track.
The applied trench has 60cm depth, which is the optimal value proposed recently by
Alzawi et al. (2011) for geofoam in-filled trenches. According to Yarmohammadi et al.

(2019), the double trench increases the level of vibrations reduction compared to the single
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trench. Hence, according to the second mitigation scenario (see Figure 7.3b), a second
trench has been implemented at 3m from the first trench to reduce the vibrations level
further. The two EPS-filled trenches have the same geometrical properties as the first

mitigation approach.

(@)

Figure 7.3 Mitigation schemes (a) single and (b) double EPS-filled trench across the track.

4c
4a

Oa

Figure 7.4 Observation points.

7.2.3. 4-story building

7.2.3.1. 4-story building structural response

Velocity decibels (V) have been used in the present study as an indicator of the vibrations
level due to the HST- induced vibrations at several examined positions on the building.
The building responses have been investigated for five observation positions, two at the
base and three at the 4t floor of the building. The center of the bases slab (0.) and the base
of the front corner column (0p) have been chosen as the two observation points at the base
level. On the 4t floor, the edge of the cantilever (4c) has been examined in addition of the
slab center (4.) and the front column top (4v). The five chosen observation positions are

presented in Figure 7.4.

210



CHAPTER 7 | PROTECTION OF BUILDINGS

Figure 7.5 illustrates the effect of the HST passage on the vertical structural response
on the building base and the top floor of the 4-story building at the positions 0. and 4.. It
is obvious from the 1/3 octave bands that the vibrations response has been higher than
the same value in the foundation level for all the examined bands. The most dominant
octave band is the 14th. On the other hand, the 13t octave band vibrations level has been
significantly increased at the 4th floor for all the examined distances from the track. In the
modeling scenario for which the building has been constructed at 10m from the track (see
Figure 7.5a), the response at the 12th and 13th octave bands have been increased to 68dB
and 76dB, respectively, which is approximately 9dB greater than the maximum soil
response of the 12th octave band, and 12dB greater than the soil response at 13t octave

bands.

The same trend has been observed in the case of a building constructed at higher
distances from the track. Figure 7.5b displays the 1/3 octave band of the central slab in the
modeling scenario for which the building has been constructed at 20m from the track. As
expected, the peak dB level at the 13th octave bands is significantly reduced compared to
the first case from 76dB to 64 dB on the 4t floor. Furthermore, as shown in Figure 7.5b, the
dB level of the lower octave bands is significantly reduced on the base level. The vibration
level at the octave bands with centre frequencies from 1.25dB to 5dB is approximately
15dB. This value is significantly increased, reaching values between 23dB and 28 dB at the
top of the building.

Figure 7.5c depicts the octave bands at the base and the 4t floor of the building in the
case of a building constructed at the higher examined distance from the track (e.g., 30m).
The vibrations level is the lowest of all the examined distances at both the 4th and base
levels. The vibrations level has been decreased at values lower than 47dB at all the
examined octave bands. Furthermore, the vibrations level is increased at the whole
examined frequency range at the top of the building. The peak value of dB is equal to 55dB
and remains at the 13th octave band. The decibel level is lower than 6dB of all the octave
bands, with centre frequencies lower than 5 dB at the base level. The decibel level is equal
to zero at the octave bands with centre frequencies 1.6dB and 2dB. The same indicators

have values close to 17dB on the 4th floor.
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Figure 7.5 Central slab response of the 4-story building in terms of 1/3 octave bands when
the building is constructed at (a) 10m from the track, (b) 20m from the track, (c) 30m from the
track.

In the sequence, the vibrations level at the front corner column of the building has been
examined at the base (position 0) and the top (position 4p) of the building. Figure 7.6a
illustrates the column response at the base and the 4t floor level when the 4-story building
has been constructed at 10m from the track. It is clear that the decibel level has not been
significantly altered at the top of the building compared to the base. The peak values of
the vibrations level are observed at the 12th, 13th and 14th octave bands, equal to 68dB, 72dB
and 67dB, respectively, at the base level. Those values are increased by 2dB on the 4t floor.
The highest increase of dB level is located at the octave band with a centre frequency 10Hz.
This indicator has been increased from 46dB in the base of the column to 51dB on the 4t
floor. The peak vibrations level is slightly lower at the top of the column compared to the

middle of the slab (position 4.).

The same observation has been made when the building is constructed at 20m (see
Figure 7.6b) and 30m (see Figure 7.6c) from the track. In those cases, the peak decibel level

is located again at the 13th octave band. Furthermore, the decibel level is no significantly
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altered between the base and the top of the building. The peak decibel level is equal to
63dB and 55dB for building constructed at 20m and 30m from the track, respectively.

90 90

Top (4b) Top (4b)
a
.......... Base (Ob) ( ) e Bage (Ob} (b)

60 60
) [
Z I
= >

30 ¢ 30 L=

0 0
! Frequency (Hz) 50 ! Frequency (Hz) 50
%0 Top (4b)
op
.......... Base (Ub} (C)

Vae(dB)

0

1 50
Frequency (Hz)

Figure 7.6 Column response of the 4-story building in terms of 1/3 octave bands when the
building is constructed at (a) 10m from the track, (b) 20m from the track, (c) 30m from the
track.

The last examined position is the corner of the 4t story cantilever (4c). As expected,
the dB level has been increased compared to the top of the corner column and the central
slab. Figure 7.7a illustrates the response of the cantilever when the building is constructed
at 10m from the track. In this modelling scenario, the peak dB level has been observed at
the 13t and the 14 octave band, and it is equal to 83dB and 81dB, respectively.
Furthermore, the dB level is higher than 40dB at the whole examined frequency range.
When the building has been constructed at 20m from the track, the dB level remains
relatively high. For instance, the higher dB level, equal to 71dB, is located at the octave

band with a centre frequency 25Hz (see Figure 7.7b).

Furthermore, the dB level of the middle range octave bands has not been significantly
decreased compared to the modelling scenario for which the building has been

constructed at 10m from the track. On the other hand, at the octave bands with centre
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frequencies lower than 5Hz, the dB level has been significantly decreased to values lower
than 31dB. The vibration level is even lower when the building has been located at 30m
from the track, as it is clearly illustrated in Figure 7.7c. More specifically, the dB level is

lower than 60dB at the whole examined frequency range.
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Figure 7.7 Cantilever response of the 4-story building in terms of 1/3 octave bands when the
building is constructed at (a) 10m from the track, (b) 20m from the track, (c) 30m from the
track.

7.2.3.2. 4-story building protection with the use of single EPS—filled trench.

Figure 7.8 illustrates some contour plots of the vertical velocity on the soil surface and the
building in order to depict the level of the vibrations reduction after the implementation
of the single protecting barrier. The effect that this mitigation approach has on wave
propagation is clearly illustrated in Figure 7.8. More specifically, Figure 7.8a demonstrates
the wide spreading of the waves and their effect on the building. The implementation of
the single EPS-filled trench has contributed to reducing the surface waves scattering, as
depicted in Figure 7.8b. Furthermore, the implementation of the trench has minimized the
vibrations level at the nearby building at 10m from the track. In the sequence, Figures 7.8c
and 7.8d depict the scattering of the surface waves in the modelling scenario for which the

building has been constructed at 20m from the track, before and after the implementation
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of a single EPS-filled trench. The amount of the induced vibrations reaching the building

has been significantly lower after the implementation of the in-filled trench.

In order to further illustrate the effectiveness of the single EPS-filled trench, a
commonly used vibrations indicator, insertion loss (IL), has been used (Li et al., 2020;
Ngamkhanong and Kaewunruen, 2020). Figure 7.9 demonstrates the IL curves of the EPS-
filled trench at the three observation points on the 4t floor of the building for the three
examined construction distances of the 4-story building. In the case of a building located
at 10m from the track, high IL values have been observed for all the examined positions
for the octave bands with centre frequencies higher than 16Hz. On the other hand, the
decibel reduction is lower than 4dB for the first 11 octave bands, as illustrated in Figure
7.9a. At the centre of the slab, the peak decibel reduction, equal to 10dB, has been observed
at the 16th octave band. Furthermore, at the most dominant octave bands (e.g., 11th, 12th
and 13t according to Figure 7.9a), the decibel reduction varies between 4dB and 6dB. At
the second examined position, the top of the front corner column, the higher values of
decibel reduction have been observed. More specifically, the reduction of the vibrations
level reached the 11dB and the 13dB at the 14th and 15t octave bands, respectively. At the
edge of the cantilever, the insertion loss is slightly lower than the other two observation

points. However, at the 16th octave band, the decibel reduction reaches over 10dB.

(@ . (b) .
‘C) '
Figure 7.8 Typical contour plots of vertical velocity at soil surface: (a) building at 10m from

the rails without trench, (b) building at 10m from the rails with trench, (c) building at 20m
from the rails without trench and (d) building at 20m from the rails with trench.
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Figure 7.9b shows the IL curves for the modelling scenario for which the RC building
has been constructed at 20m from the track. The reduction of the vibrations level at the
octave bands with centre frequencies lower than 5dB is higher than the previous case for
all the examined observation positions. In some cases, the IL at the lower frequencies is
higher than 5dB. On the other hand, the decibel levels reduction is slightly lower than the
modelling scenario for which the building has been constructed at 10m from the track.
However, in some cases, the IL reaches over 9dB; for instance, the IL level reaches the peak
value of 10dB at the octave band with a centre frequency 25Hz at the observation points
4, and 4. The same trend is observed in the case of a building constructed at the higher
distance (30m from the track), as illustrated in Figure 7.9c¢. In this case, the level of decibel
reduction remains close to 5dB for all the low frequencies. On the other hand, the dB
reduction is minimized compared to the previously examined positions at the higher

octave bands in the modelling scenario for which the building has been constructed closer

to the track.
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Figure 7.9 IL curves at the top of the building at (a) 10m from the track, (b) 20m from the
track, (c) 30m from the track.
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In the sequence, in order to depict the effectiveness of the implementation of the EPS
trench, it is vital to compare this indicator with proposed thresholds. According to the
environmental noise guidelines for the European region, the World Health Organization
(WHO) strongly recommends reducing the induced vibrations levels below 54 dB, aiming
to protect the users of the building from problems associated with adverse health effects.
Furthermore, this value is reduced to 44dB at night hours in order to avoid disturbance
associated with adverse effects on sleep (WHO/Europe, 2018). Table 7.2 summarizes the
decibel level of the most dominant octave bands before and after implementing the EPS-
tilled trench. The reduction of the decibel level is not enough to minimize the vibrations
level under the threshold of 54dB. For this reason, the construction of the RC building at
10m from the track is not recommended. The decibel level in several cases has been
reduced below 54dB when the building is constructed at 20m from the track. However,
the mitigation scheme is not capable of achieving this threshold for all the examined
positions. On the other hand, at 30m from the track, the implementation of the EPS-filled

trench manages to reduce the decibel level below 54dB for all the examined positions.

Table 7.2. The decibel level of the most dominant octave bands.

10m from the track 20m from the track 30m from the track

Observation ™ ray Initial Initial
. Frequency Mitigated Mitigated Mitigated
position (Hz) Vs Vs (dB) Vs Vas (dB) Vas Vas (dB)
(dB) dB (dB) dB (dB) dB

16 68 64 60 58 53 51

4a 20 76 72 63 59 55 50
25 70 59 56 46 44 39
16 70 65 59 55 53 50

4b 20 74 71 60 54 52 48
25 70 64 58 51 45 43
16 76 70 64 61 58 54

4c 20 82 79 66 61 58 53
25 80 77 70 60 57 47

7.2.3.3. 4-story building protection with the use of double EPS—filled trenches

The implementation of the single EPS-filled trench across the track reduces the vibrations
level. However, the level of reduction is not capable of protecting the building users from
possible health issues. In order to further reduce the vibrations level, a second identical
trench has been placed at 2.5m from the first one. The contour plots of vertical velocities
at the surface, as illustrated in Figure 7.10, aim to compare the effectiveness of the single

and the double EPS-filled trench. More specifically, the surface waves have been more
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widely spread in the case of the single trench (see Figure 7.10a) in comparison with the
double EPS-filled trench, as it is illustrated in Figure 7.10b. Accordingly, the assumption
could be made that the implementation of a second trench increases the reduction of the

vibrations level.

(a)

Figure 7.10 Typical contour plots of vertical velocity at the soil surface in the modeling
scenario for which the building is constructed at 20m from the rails: (a) single and (b) double
EPS-filled trench.

Figure 7.11 illustrates the insertion loss of the double EPS-filled trench. The vibrations
reduction has been increased in comparison with the single trench. In the modelling
scenario for which the building has been constructed at 10m from the track, the insertion
loss at the most dominant octave bands (e.g., 12th, 13th, 14th) is significantly higher than the
single trench. More specifically, at the top of the front corner column, the insertion loss
reaches values close to 15dB and 12dB at the octave bands with centre frequencies 20Hz
and 25Hz, respectively. The high level of vibrations reduction has also been observed at
the other two observation points at the dominant octave bands as the insertion loss takes
values between 9dB and 12dB. Furthermore, the insertion loss is significantly higher than

the single in-filled trench.

The highest values of insertion loss have been observed in the case of a building
constructed at 20m from the track, as depicted in Figure 7.11b. More specifically, the
insertion loss at the dominant octave band with a centre frequency 20Hz is equal to 19dB
and 22dB at the central slab and the edge of the cantilever, respectively. Additionally, the
reduction of the decibel level at the lower frequencies is extraordinary. For instance, the
vibrations reduction reaches values close to 9dB at the 4t octave band. Figure 7.11c
demonstrates the insertion loss in the case of a building constructed at 30m from the track.
The reduction of the decibel level is slightly lower than the previous two cases. The highest

level of reduction has been observed at the edge of the cantilever, at the octave band with
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20Hz centre frequency. Furthermore, the insertion loss is higher than 5dB at the three
dominant octave bands for all the examined observation points. Considering the relatively
high distance from the track, the decibel level has already been low before the
implementation of the double trench. Hence the assumption could be made that the

decibel reduction is satisfactory.
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Figure 7. 11 IL curves at the top of the building at (a) 10m from the track, (b) 20m from the
track, (c) 30m from the track.

Table 7.3 summarizes the decibel level at the most dominant octave bands before and
after the implementation of the double in-filled trench. In the modeling scenario for which
the building has been constructed at 10m from the track, the notable reduction of the
decibel level is not enough in order to reduce the vibration level below the WHO threshold
of 54dB. However, in contrast with the single trench, the decibel level at the top of the
front corner column and the central slab of the 4t floor has been reduced below 66dB at
the three dominant octave bands. The protection of the building is even more pronounced
in the modeling scenario for which the building has been constructed at 20m from the

track.
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The dB level has been reduced under the WHO threshold of 54dB at the observation
points 4. and 4,. Nevertheless, at the edge of the cantilever, the decibel level is slightly
higher than 54dB at the octave bands with centre frequencies 16Hz and 20Hz. The
assumption could be made that after the implementation of double EPS-filled trenches,
the 20m from the track is a vital distance to construct a building, although the construction
of a cantilever should be avoided. As mentioned, in the case of a building constructed at
30m from the track, the implementation of a single trench successfully reduces the decibel
level under 54dB. Hence the implementation of a second trench is not necessary, although

the double trench has further reduced the decibel level.

Table 7.3. The decibel level of the most dominant octave bands.

10m from the track 20m from the track 30m from the track

Obser‘v.a tion Frequency Initial Mitigated Initial Mitigated Initial Mitigated
position (Hz) Vas Vo (dB Vs Vas (dB) Vas Vas (dB)
(dB) as (dB) (dB) dB (dB) dB
16 68 58 60 53 53 47
4a 20 76 66 63 54 55 45
25 70 56 56 45 44 37
16 70 59 59 52 53 44
4b 20 74 66 60 50 52 42
25 70 61 58 39 45 42
16 76 66 64 57 58 50
4c 20 82 73 66 55 58 438
25 80 72 70 43 57 43

7.2.3.4. Side by side comparison of single and double EPS - filled trench

As aforementioned, insertion loss is a great indicator of the mitigation measures
effectiveness. Insertion loss curves depict the reduction of the decibel level at the examined
frequency range. Obviously, except for the decibel reduction, the reduction of the most
dominant vibrations peaks should be examined. For this purpose, the reduction of the
vibrations level after implementing the examined mitigation approaches is examined in
terms of vertical velocity Fourier Spectra. More specifically, in this Section, a side-by-side
comparison of the single and the double trench configurations efficiency is presented at

the low-frequency range between 0Hz and 40Hz at all the examined observation points.

Figure 7.12 demonstrates the vertical velocity Fourier spectra of the examined
mitigation approaches at the central slab of the base and 4t floor (e.g., positions ao and as,
respectively), in the modelling scenario for which the building has been constructed at

10m from the track. The most dominant vibrations peaks are located at the same
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frequencies (e.g., 17.8 Hz, 21.5 Hz, 23.9 Hz and 28.5Hz) for both observation points 0, and
4,. It should be mentioned that the most dominant peak at 21.5 Hz is significantly
increased from 0.14mm/s at 0, to 0.81mm/s at 4,. A lower increase is observed at the other
two dominant frequencies (e.g., 17.8Hz and 23,9Hz), where the vibrations level increases
up to 50% on the 4th floor. On the other hand, the amplitude of the induced vibrations is
reduced from 0.14mm/s to 0.08mm/s at 28.5Hz.
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Figure 7.12 Fourier spectra at the central slab at 10m from the track in the modeling scenario
of a single trench ((a) base, (b) 4th floor), double trench ((a) base, (b) 4th floor).

In the case of the single trench, all the vibrations peaks are significantly minimized at
both observation points. As it is clearly illustrated in Figure 7.12a, the most dominant
vibrations peak at 21.5 Hz has been reduced from 0.81mm/s to 0.42mm/s. Furthermore,
the vibrations peaks at the higher frequencies, 23.9 Hz and 28.5Hz, have been virtually
disappeared. A slight reduction equal to 27% is observed at 17.8 Hz. The same observation
is made at the central slab of the base, as is illustrated in Figure 7.12c. More specifically,
all the vibrations peaks have been minimized under 0.1mm/s. The level of the vibrations

reduction reaches in some cases over 60%.
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The level of mitigation is even more pronounced in the case of the double EPS-filled
trenches implementation. At the central slab of the 4t floor (see Figure 7.12b), the
reduction of the vibrations amplitude at the most dominant frequency, 21.5 Hz, remains
at the same level as the single trench. On the other hand, the reduction of the vibrations
peak at 17.8 Hz is remarkably higher after implementing the second trench, as the level of
reduction has been increased from 27% to 62%. Furthermore, the last two dominant
vibrations peaks are reduced to almost zero. Figure 7.12d depicts the vertical velocity
Fourier spectra at the central slab of the base in the case of double EPS-filled trenches
implementation. It is evident that the implementation of a second trench has led to further
reduction at this observation position, as the level of reductions reaches up to 70% at

almost all the dominant frequencies.

Figure 7.13 presents the vertical velocity Fourier spectra of the examined mitigation
approaches at the second observation position, the front corner column at the base and the
4th floor, in the case of a 4-story building constructed at the closest examined distance from
the track (e.g., 10m). The most dominant vibrations peaks are slightly different from the
previously examined observation position, although they remain at frequencies close to
20Hz. In this case, three dominant vibrations peaks are observed at 17.8 Hz, 21.2 Hz and
23.4 Hz at both observation points 0, and 4. In this case, the most dominant peak at 17.8
Hz is slightly increased from 0.62mm/s 0.75mm/s at the base and the 4t floor levels,
respectively. The same observation has been made at the other two dominant frequencies,

where the vibrations level increased up to 25% on the 4t floor.

The vibrations peaks at the 4t floor are significantly reduced after implementing the
single or double trench across the railway line, as illustrated in Figure 7.13a and 7.13b,
respectively. The most dominant peak at 17.8Hz has been reduced from 0.72mm/s to
0.48mm/'s for the single trench and 0.38mm/s for the double trench. In addition, the peak
at 23.4 Hz has been disappeared for both examined mitigation approaches. On the other
hand, the reduction of the vibrations peak at 17.8 Hz is marginal and a new vibrations
peak has been observed in the case of the single trench at 28.5 Hz. The same observation
is made at the base of the front corner column, as both mitigation approaches minimize
the vibrations level (see Figures 7.13c-7.13d). In this case, the vibrations peaks are reduced
from 0.68mm/s to under 0.4mm/s for both examined mitigation approaches. On the other
hand, the peak at 21.2Hz is not significantly altered after the implementation of a single

or double trench.
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Figure 7.13 Fourier spectra at the front corner column at 10m from the track in the modeling
scenario of a single trench ((a) base, (b) 4th floor), double trench ((a) base, (b) 4th floor).
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Figure 7.14 Fourier spectra at the cantilever of the 4t floor at 10m from the track in the
modeling scenario of a single trench and double trench.

As aforementioned, the last observation position is located at the edge of the 4t floor
cantilever. According to Figure 7.14, the three dominant peaks remain at the same
frequencies (e.g., 17.8 Hz, 21.2 Hz and 23.4 Hz) with 4. It is evident that the amplitude of
the vibrations at this observation point is significantly higher than all the other presented

observation positions. The most dominant peak, equal to 1.56mm/s, is located at 17.8Hz.
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Furthermore, the peaks at 21.2 Hz and 23.4 Hz are equal to 0.93mm/s and 1.3mm/s,
respectively. The implementation of a single EPS-filled trench has reduced the dominant
peaks at 17.8 Hz and 21.2Hz from 1.56mm/s and 0.93mm/s to 0.9mm/s and 0.78mm/s,
respectively, as it is depicted in Figure 7.14a. On the other hand, the implementation of
the EPS-filled trench duplicates a secondary vibrations peak at 24.9Hz. Figure 7.14b
illustrates the reduction of the EPS level after the implementation of the double trench. In
this modeling scenario, all the vibrations peaks have been minimized under 0.7mm/s at

the whole low-frequency range. Furthermore, the vibrations peak at 24.9Hz has not been

altered.
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Figure 7.15 Fourier spectra at the central slab at 20m from the track in the modeling scenario
of a single trench ((a) base, (b) 4th floor), double trench ((a) base, (b) 4th floor).

In the sequence, the vertical velocity time histories are presented in the case of a
building placed at 20m from the track. Figure 7.15 presents the Fourier spectra at the first
two observation positions (e.g., 0a, 42). The initial vibrations level is significantly reduced
compared to the case of a building constructed at 10m from the track, although they
remain at the same frequencies (e.g., 17.8 Hz, 21.5 Hz and 23.9 Hz). The vibrations peaks

remain lower than 0.2mm/s and 0.06mm/s at the central slab of the 4t floor and the base,
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respectively. The vibrations level is already low; hence, the implementation of a single
EPS-filled trench has not significantly altered the vibrations peaks, as illustrated in Figure
7.15c. On the other hand, the implementation of the double trench slightly reduces the

vibrations level (see Figure 7.15d).

The effectiveness of the proposed mitigation measures is even more pronounced on
the 4t floor of the building. Figure 7.15a shows the reduction of the vibrations level in the
modeling scenario of the single trench. In this case, the vibrations peak at 17.8Hz remains
at the same level. However, the vibrations peaks at 21.5 Hz and 23.9 Hz are reduced to
0.05mm/s and 0.02mm/s, respectively. The second trench implementation has managed
to reduce the peak at 17.8Hz from 0.18mm/s to 0.14mm/s, as illustrated in Figure 7.15b.

Furthermore, the other two vibrations peaks have been virtually disappeared.

Figure 7.16 compares the vibrations level at the low-frequency range at the front corner
column when the 4-story building is constructed at 20m from the track. The vibrations
peaks at the base of the structure are higher than the previously examined observation
position. It could be explained by taking under consideration the distance of each
observation position from the track. More specifically, the observation position Oy is
located at 20m from the track compared to the previously examined position, 0., which is
located at 26m from the track. The vibrations peaks remain at the same frequencies (e.g.,
14.2 Hz, 17.8 Hz, 21.5 Hz and 23.9 Hz) at the base and the 4t floor of the building. All the
vibrations peaks range around 1.2mm/s and 1mm/s at the 4t floor and the base,
respectively. Obviously, the increase of the vibrations level at the top of the building is

significantly lower than the previously examined position (see Figure 7.15).

The implementation of a single trench across the track has led to the reduction of the
vibrations peaks at 17.8 Hz and 23.9 Hz, close to 35% at the top of the building.
Furthermore, a lower reduction of the vibrations peak at 14.2 Hz is observed, and the
vibrations peak at 21.5 Hz has been disappeared (see Figure 7.16a). In addition, the
implementation of two trenches halves the vibrations peak at 17.8Hz and reduces to zero
the peaks at 21.5Hz and 23.9Hz at the 4t floor, as it is depicted in Figure 7.16b. At the base
of the building, the implementation of the single trench seems to be a more practical
approach for the reduction of the vibrations peaks below 20Hz, as it is illustrated in Figure
7.16¢, in comparison with the double trench, which is more effective for the vibrations

peaks at the higher examined frequencies (see Figure 7.16d).
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Figure 7.16 Fourier spectra at the front corner column at 20m from the track in the modeling
scenario of a single trench ((a) base, (b) 4th floor), double trench ((a) base, (b) 4th floor).
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Figure 7.17 Fourier spectra at the cantilever of the 4th floor at 20m from the track in
the modeling scenario of a single trench and double trench.

Figure 7.17 depicts the vertical velocity Fourier Spectra at the last observation position,
the edge of the front cantilever of the 4th floor. As it was expected, in this position, the
highest amplitudes of vibrations peaks are observed. In comparison with the previously
examined distance from the track (e.g., 10m), in this case, the peak at 24.9Hz is

undoubtedly the most dominant, reaching close to 0.6mm/s. Furthermore, there are three
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more secondary peaks at 14.2Hz, 17.8Hz and 21.5Hz with amplitude slightly lower than
0.2mm/s.

It is evident from Figure 7.17a that the single trench manages to reduce the vibrations
peaks at 14.2Hz and 24.9Hz close to 0.19mm/s. The mitigation level of vibrations peak
reaches close to 45% and 35%, at 17.8 Hz and 21.5 Hz, respectively. On the other hand, the
double trench implementation has managed to reduce those peaks up to 50%, as depicted
in Figure 7.17b. Furthermore, the efficacy of the double trench on the most dominant peak

reduction at 24.9Hz is remarkable, as it has been reduced from 0.9mm/s to almost 0Omm/'s.
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Figure 7.18 Fourier spectra at the central slab at 30m from the track in the modeling scenario
of a single trench ((a) base, (b) 4th floor), double trench ((a) base, (b) 4th floor).

The Fourier spectra at the farthest location are presented at 30m from the track in the
sequence. In this case, the vibrations level has been significantly reduced compared to the
buildings constructed closer to the track. For instance, the vibrations peaks are lower than
0.04mm/s and 0.08mm/s at the base and the 4t floor levels central slab, as illustrated in
Figure 7.18. The peak value of the vibration is located at 21.8Hz at both the base and the

4th floor of the building. However, at 0., all the other secondary peaks are located at
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frequencies above 21.8Hz (e.g., 24.9 Hz, 28.5Hz) compared with 4., where the secondary
peaks are located lower than 21.8Hz (e.g., 14.2Hz, 17.8Hz). In this case, the single and the
double trench efficacy are pretty similar, as both examined mitigation approaches
managed to reduce the peak at the most dominant frequency below 0.03mm/s at the 4t

floor and 0.02mm/s at the base of the building.

Figure 7.19 illustrates the response at the second observation position, the front corner
column in the case of a 4-story RC building, constructed at 30m from the track. The most
dominant vibrations peaks are located at 14.2Hz, 17.8Hz, 21.5Hz and 24.9Hz. The
amplitude of those peaks is gradually decreasing for higher frequencies. More specifically,
on the 4t floor of the building, the vibrations peak at 14.2Hz is equal to 0.075mm/s and is
gradually reduced to 0.03mm/s. The same observation is made at the building base,
although the amplitude is slightly lower in this position. For instance, in this position, the

vibrations peaks at 14.2Hz and 17.8Hz are equal to 0.06mm/s and 0.04mm/s, respectively.

According to Figures 7.19a-7.19b, the implementation of a second trench has not
significantly contributed to further reducing the vibrations level at the top of the building.
For instance, the implementation of a single trench decreases the most dominant
vibrations peak at 14.2Hz from 0.075mm/s to 0.06mm/s (see Figure 7.19a). The same
amplitude is equal to 0.053mm/s in the case of the double trench, as it is depicted in Figure
7.19b. Figure 7.19c demonstrates the vibrations level at the base of the building after the
implementation of the single trench across the railway line. Herein, the examined
mitigation approach slightly minimizes the peaks at 14.2Hz and 17.8Hz from 0.06mm/s
and 0.04mm/s to 0.05mm/s and 0.03mm/s, respectively. The reduction of those peaks is
even higher after implementing the double trench, as illustrated in Figure 7.19d. It should
be mentioned that both examined approaches remarkably mitigate over 70% of the

amplitude of the vibration peak at 21.5Hz.

Figure 7.20 depicts the vibrations peaks of the most critical observation position of the
4t floor, the edge of the front cantilever. In this case, the vibrations peaks are located at
the same frequency as the previously examined position (4»), although their values are
significantly higher. For instance, the vibrations peaks at 14.2 Hz and 24.9 Hz are the only
peaks (of all the examined observation positions when the building is constructed at 30m

from the track), with amplitude higher than 0.1Imm/s.
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Figure 7.19 Fourier spectra at the front corner column at 30m from the track in the modeling
scenario of a single trench ((a) base, (b) 4t floor), double trench ((a) base, (b) 4th floor).
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Figure 7.20 Fourier spectra at the cantilever of the 4t floor at 20m from the track in the
modeling scenario of a single trench and double trench.

Furthermore, the other two vibrations peaks at 17.8Hz and 21.5Hz are close to
0.085mm/'s. The single trench implementation across the track reduces the most dominant
vibrations peak from 0.13mm/s to 0.11mm/s. In addition, the level of vibrations reduction
is equal to 70% at 24.9Hz. In general, this mitigation approach is more effective for

frequencies higher than 20Hz. The same observation has been made for the double EPS-
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filled trench, as illustrated in Figure 7.20b. In this case, the reduction level is even higher,

as this approach manages to reduce all the vibrations peaks below 0.1mm/s.

7.2.4. 8-story building

7.2.4.1. 8-story building structural response

In previous section, the 4-story building response to HST-induced vibrations has been
examined and the efficacy of the single or double trench implementation has been
compared. In general, the main remark of this investigation is that the double trench is the
most efficient mitigation approach. Herein, the study is expanded by investigating the
response of an 8-story building with an identical typical floor with the previously

examined 4-story building (see Figure 7.2).
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Figure 7.21 Observation points.

Initially, the commonly used indicator of the vibrations amplitude from the HST
passage, velocity decibels (Vgp) is examined at the same with the previous case, five
observation positions (two at the base and three at the 4t floor of the building) and three

more new observation position at the 8t floor of the building. Hence, the three positions,
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which have been examined on each floor, are the center of the bases slab (ai), the front
corner column (b;) and the edge of the cantilever (c;), where i is the number of the building

floor. Figure 7.21 summarizes all the examined observation positions.

The response of the 8-story building due to the developing vibrations at each floor
center by the passage of Thalys HST with 240km/h are summarized in the 1/3 octave
bands of Figure 7.22. The most dominant octave band is the 13t where the Vg is equal to
62dB at the base level when the building is constructed at 10m from the track. This value
is increased to 66dB and 70dB on the 4t and 8t floor, respectively. In general, the decibel
level increases gradually on the upper floors at all the octave bands with central
frequencies between 1.25Hz and 25Hz. On the other hand, the decibel level of the last three
examined octave bands is significantly reduced on the upper floors, as shown in Figure
7.22a. Figure 7.22b illustrates the low-frequency octave bands at the same observation
positions when the building is constructed at 30m from the track. The most dominant
octave band remains the 13th, although the amplitude is significantly lower. In this case,
the decibel level increases for the octave bands with central frequencies between 4 Hz and
25Hz. On the other hand, the decibel level is reduced at the octave bands with frequencies
lower than 4Hz or higher than 25Hz.
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Figure 7.22 Central slab response of the 4-story building in terms of 1/3 octave bands when
the building is constructed at (a) 10m from the track, (b) 30m from the track.

In the sequence, the decibel level at the second observation position, the front corner
column is presented. Figure 7.23a compares the vibrations level on each low-frequency
octave band at the three examined floors in the modeling scenario for which the building
is located at 10m from the track. At the base, the decibel level is higher than 60dB at the
octave bands with central frequencies 16Hz, 20Hz and 25Hz. In general, the vibrations

level is slightly increased on the 4t floor, except for the last 4 octave bands, where the
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decibel level is reduced. On the 8t floor, the decibel level is even higher. Herein, the
decibel level is higher than the building base for all the examined octave bands. In the
modeling scenario for which the building is constructed at 30m from the track, the decibel
level remains below 50dB at the whole frequency range, as illustrated in Figure 7.23b. The
decibel level is not significantly increased on the 4t and the 8t floor of the building. In
some cases, such as at the octave band with central frequency 2Hz, the vibrations level is

reduced. On the other hand, several octave bands, such as the 12th, where the decibel level,

are increased.
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Figure 7.23 Column response of the 4-story building, constructed at (a) 10m from the track,
(b) 30m from the track, in terms of 1/3 octave bands.
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Figure 7.24 Cantilever response of the 4-story building, constructed at (a) 10m from the track,
(b) 30m from the track, in terms of 1/3 octave bands.

Figure 7.24 depicts the last examined observation positions at the edge of the 4t and
8th floors cantilevers. As mentioned, this position is the most critical, as the higher decibel
level is observed there. The most dominant octave bands are the 13th and 14th in the case
of a building constructed at 10m from the track, as illustrated in Figure 7.24a. More

specifically, the decibel level at those octave bands on the 4t floor is close to 74dB. The
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same value is 2dB higher on the 8t floor. The same trend has been observed in the building
case at 30m from the track (see Figure 7.24b). In this case, the decibel level is increased
between 1dB and 10dB on the 8th floor for all the examined octave bands. Furthermore, at

the octave bands with central frequencies 16Hz, 20Hz and 25Hz, the decibel level is higher
than 50dB.

(@)
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Figure 7.25 Typical contour plots of vertical velocity at the soil surface in the modeling
scenario for which the 8-story building is constructed at 10m from the rails (a) without
trenches and (b) with double EPS-filled trenches.

7.2.4.2. 8-story building protection with the use of double EPSfilled trench

As it has been presented in the case of the 4-story building, the implementation of
double EPS-filled trenches is the most effective mitigation approach compared to the
implementation of just one trench. In the present Section, the protection of the 8-story
building with the use of a double EPS-filled trench is examined. Initially, some contour
plots of the vibrations propagation in terms of vertical velocity are demonstrated in Figure
7.25, aiming to depict the beneficial role of the double in-filled trenches. The first contour
plot shows the propagation of the vibrations in the modelling scenario for which no

mitigation measures have been applied to the track (see Figure 7.25a). In this case, a wide
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spreading of the waves is observed at the surrounding soil surface and the effect on the 8-
story building is significant. Figure 7.25b depicts the spread of the vibrations after
implementing the double EPS-filled trench, which leads to the decrease of the vibrations

scattering.

Consequently, the insertion loss curves have been drawn in order to present the
effectiveness of the proposed mitigation approach. Figure 7.26a presents the IL curves at
the three examined observation positions on the 4t floor in the case of an 8-story building
constructed at 10m from the track. At the lower examined octave bands with central
frequencies between 1.25Hz and 5Hz reaches in some cases higher than 5dB. For instance,
the IL is close to 6dB at the 5t octave band at the front corner column and at the 6th octave

band at the edge of the cantilever.
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Figure 7.26 IL curves on the 4t floor of the building at (a) 10m from the track, (b) 30m from
the track.

On the other hand, the double trench is not effective at the middle range octave bands
with centre frequencies between 6.3Hz and 12.5Hz. As it was aforementioned, the most
dominant vibrations are located in the octave bands with centre frequencies 16Hz, 20Hz,
25Hz. It is evident that the implementation of the double EPS-filled trench has led to
remarkably high values of insertion loss. Thus, the insertion loss at those octave bands
ranges between 7dB and 9dB at the first two observation positions (e.g., 4. and 4y).
Furthermore, the insertion loss is higher than 11dB at the 14th octave band at the edge of

the cantilever.

The same observation has been made at 30m from the track, as illustrated in Figure
7.26b. At the first 6 octave bands, the insertion loss ranges between 8dB and 12dB at the

observation points 4, and 4.. In addition, the insertion loss is significantly increased at the
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higher octave bands, reaching in some cases values higher than 15dB. More specifically,
the insertion loss at the 15t octave band is equal to 15dB at the central slab and the front
corner column of the 4t floor. Furthermore, it should be mentioned that the insertion loss
is equal to 17dB at the most dominant octave band (e.g., 14th) at the edge of the cantilever.
In general, the implementation of the double trench across the track has a beneficial role

in the reduction of the structural vibrations on the 4t floor of the building.

Figure 7.27 presents the insertion loss of the double EPS-filled trench at the top floor
of the building. It is evident that the vibrations reduction is slightly lower than the 4t floor
of the building. If the building has been placed at 10m from the track (see Figure 7.27a),
the insertion loss at the most dominant octave bands (e.g., 12th, 13th, 14th) is higher than
5dB at all the examined observation positions. Furthermore, at the edge of the cantilever,
the insertion loss reaches close to 10dB at the 14t octave band. In general, the insertion
loss level is decent, although it is slightly lower than the same values on the 4t floor. The
highest values of insertion loss have been observed in the modelling scenario for which
the building has been constructed at 30m from the track, as illustrated in Figure 7.27b.
More specifically, at the edge of the cantilever, the insertion loss at the octave band with
low centre frequencies ranges between 10dB and 15dB. Additionally, the reduction of the

decibel level at the most dominant frequencies (e.g., 13th, 14th) reaches over 9dB.
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Figure 7.27 IL curves on the 8t floor of the building at (a) 10m from the track, (b) 30m from
the track.

Table 7.4 summarizes decibel level at the most dominant octave bands, before and
after the implementation of the double EPS-filled trench on the 4t floor of the 8-story
building. Similar to the 4-story building, the vibrations level has been compared to the
proposed thresholds by WHO to protect the residents from adverse health issues (54dB)

and adverse effects on sleep (44dB). In the modelling scenario for which the building is
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constructed at 10m from the track, the vibrations level exceeds the WHO threshold at all
dominant frequencies for all the three examined observation points before implementing

the double trench.

The implementation of the mitigation measure has led to a significant reduction of the
vibrations level. Thus, in some cases, the vibrations level has been minimized under the
limit value of 54dB. However, the decibel level remains high at some dominant octave
band; hence the building construction at 10m from the track is not recommended. On the
other hand, when the building is constructed at 30m from the track, the initial decibel level
is significantly lower, as it remains lower than 54dB at all the examined octave bands,
although the implementation of the double trench leads to further reduction. Hence, in

several cases, the decibel level has reduced below 44dB.

Table 7.4. The decibel level of the most dominant octave bands on the 4t floor.

10m from the track  30m from the track

Ozss;:g[rllon Frequency Ir{;’;al Mitigated Ir{;:;al Mitigated
(Hz) @ Ve (dB) gy Ve (dB)
16 59 51 47 47
4a 20 66 57 51 45
25 55 51 44 37
16 61 54 46 44
4b 20 66 57 46 42
25 60 54 41 42
16 67 59 53 48
4c 20 73 54 52 42
25 72 61 51 48

In the sequence, the most dominant frequencies decibel level at the top of the building
are summarized in Table 7.5. The decibel level at the top floor remains higher than 54dB
and it is from 1dB to 3dB higher than the same value at the 4t floor (see Table 7.4), in the
modelling scenario for which the building is constructed at 10m from the track. The
implementation of the double trench, has significantly reduced the vibrations level,
although it could not minimize the decibel level at all the dominant octave bands below
54dB. On the other hand, the initial decibel level is below 54dB at all dominant octave
bands except the octave band with a centre frequency 16Hz at the edge of the cantilever.

After the mitigation, the decibel level ranges between 28dB and 51dB.

Table 7.5. The decibel level of the most dominant octave bands on the 8th floor.

236



CHAPTER 7 | PROTECTION OF BUILDINGS

10m from the track  30m from the track

Centre

Ol}))soesri\tlie:;on Frequency II{;?Bal Mitigated Ir{}’?Bal Mitigated
(Hz) (dB) Vas (dB) (B) Vs (dB)
16 62 57 50 45
4a 20 69 64 52 48
25 57 51 42 28
16 62 57 49 44
4b 20 68 62 46 41
25 61 54 40 30
16 68 63 55 51
4c 20 74 67 54 49
25 74 64 52 42

Figure 7. 28 Typical building near the Paris - Brussels HSR in Belgium: (a) two story
building, (b) single story building, (c) buildings constructed close to the line.

7.3.  Masonry infrastructure buildings

7.3.1. Numerical model modification

In the previous sections, the response of multi-story RC buildings to the passage of HST
has been presented to examine the optimal construction distance to protect the resident
from problems associated with adverse health effects. It is evident that the use of EPS
trenches has significantly mitigated the developing vibrations. For this reason, throughout
an investigation into the existing buildings across the Paris-Brussels HSR line has been

carried out to investigate such types of buildings protection with the use of EPS geofoam.
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Figure 7.28 demonstrates some typical buildings constructed at small distances from the

track, close to the southwest borders of Belgium.

In this area, the majority of the buildings are masonry or RC single (see Figure 7.28a)
or double (see Figure 7.28b) story residential buildings with rectangular floor plans.
Furthermore, the HSR line passes from residential areas at distances between 30m and
35m from the track, as illustrated in Figure 7.28b. Furthermore, except for the residential
buildings, several masonry single story buildings are constructed at distances between
10m and 15m from the track. Figure 7.29 presents one of those buildings constructed at

12m from the track, which might be a part of the HSR lines infrastructure.

Figure 7.29 HSR infrastructure building at a distance of around 15m from the track.

In this Section, the propagation of the HST-induced vibrations to the nearby masonry
buildings is investigated and the use of EPS geofoam has been proposed in order to reduce
the structural vibrations on the buildings (Lyratzakis et al., 2020f). For this purpose, the
pre-validated model of the at-grade site of the Paris-Brussels line has been modified by
adding the examined masonry buildings at 10m from the track. The properties of the

proposed numerical model are adequately described in Chapter 3.

Two typical masonry buildings, a single and a double story have been selected for the
study. Each story of the buildings has a height equal to 3m and 10m x 5m floor-plan. For
the building foundation, the masonry walls have been extended at 0.5m in the soil. The
building roof has 30° degrees of inclination and is constructed from wooden beams with
3m spacing. The thickness of the building has been set equal to 40cm. The buildings have

been discretized using 4-noded solid finite elements, as it is illustrated in Figure 7.30.
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Figure 7.30 Single-story masonry building numerical model.

7.3.1.1. Description of mechanical properties of the masonry buildings

One of the main issues in numerical modeling and assessment of masonry buildings is the
availability of reliable mechanical parameters. Reference values of the main mechanical
parameters of masonry (elastic modulus, shear and compressive strength) are provided in
the literature for various stone and brick types, based on available data that can be found
in norms (e.g., Eurocode 6) or experimental tests. The calculation of the compressive
strength, fi, of masonry with standard mortar us derived according to Eurocode 6 (EC6,

2005):

fie = kfy” f® (7.1)
where coefficient k is derived from EC6 for manufactured natural stones and standard
mortar to be equal to 0.45. For the compressive strength of stones, fy, and mortar, fn, two
rather conservative values were used: 35 and 0.5 MPa, respectively, which are within the
typical range of values for real masonry buildings. The compressive design strength has
been computed using a safety coefficient of ym = 2. Based on these values, the compressive
strength of the masonry is equal to 2.2 MPa. The tensile strength of the load-bearing
masonry is calculated based on the compressive strength of the mortar. The tensile
strength of the masonry along the joints is equal to V4 of fn, while with respect to the
vertical direction it is equal to %2 fm. Therefore, the tensile strength of the masonry parallel
and perpendicular to the joints is f;;; = 0.125 MPa and f;; = 0.25 MPa, respectively.

Young's modulus of the load-bearing masonry is calculated analogous to the
compressive strength (E = 1000 fx) and is equal to E = 2.2 GPa [EC6 (3.7.2.)]. For Poisson's

ratio, the typical value of v = 0.3 is used. Wooden members in the models are assumed to
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be constructed by wood material of type C24, according to Eurocode 5 guidelines. The
mechanical properties of this material are as follows: the tensile strength parallel and
perpendicular to the fibers is fi/; = 14 MPa and f., = 0.5 MPa, respectively; the compressive
strength parallel and perpendicular to the fibers is f.;; = 21 MPa and f., = 2.5 MPa,
respectively; Poisson’s ratio is v = 0.4; Young's modulus is E = 11 GPa; density is p = 350

kg/m3.

7.3.2. Single story masonry building

7.3.2.1. Masonry buildings structural response

In the sequence, the velocity decibels (Vqp) are presented at four observation points on
each of the buildings. The building front wall center and corner at the levels of the
foundation and the roof have been chosen for the investigation. Figure 7.31a depicts the
response to the passage of Thalys HST on the corner of the front wall. The most dominant
octave bands are the 12th, 13th, 14th and 16th, where the vibrations levels at the soil range
between 70dB and 80dB. As expected, the vibrations level at the most dominant octave
bands has been increased at the top of the building compared to the same position at the

base. The increase is lower than the pre-examined RC buildings due to the low height of

the building.
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Figure 7.31 Masonry infrastructure building response in terms of 1/3 octave bands (a) at the
center of the front wall, (b) at the corner of the front wall.

Furthermore, the decibel level at octave bands with centre frequencies lower than
10Hz is significantly lower than the higher octave bands and is reduced at the top of the
building. The decibel level ranges between 35dB and 60dB at the foundation level for all
the first 10 octave bands. Those values are significantly decreased at the top of the

building. The level of reduction in some of those cases reaches close to 11dB. Figure 7.31b
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shows the structural response of the single-story masonry building in terms of 1/3 octave
bands at the corner of the front wall. In this case, the 1/3 octave bands with centre
frequencies 16Hz, 20Hz and 25Hz are again the most dominant, as the vibrations level is
higher than 70dB at the base of the building. Those values are slightly increased at the top
of the buildings. For instance, the decibel level at the 14th octave band is increased from
70dB to 75dB. In general, the decibel level at this observation position has not significantly
changed at the top of the building.

7.3.2.2. Single-story masonry building protection with the use of EPS — geofoam

In order to protect pre-existed masonry buildings, several mitigation configurations with
the use of EPS geofoam have been investigated. In this Section, the double trench has not
been examined, in contrast with the previous sections, where the implementation of
double trenches has led to a remarkable reduction of RC buildings structural vibrations.
Herein, the assumption has been made that the implementation of a double trench at pre-
existed buildings is not a realistic option due to space limitation, as in most cases, roads

are running between the buildings and the HSR.

. h
(©) . (d) .‘

Figure 7.32 (a) Unretrofitted building, (b) protected building with single trench across the
track, (c) protected building with trench across the building foundation, and (d) protected
building with hybrid trench method.

Figure 7.32b demonstrates the first mitigation approach, according to which a single

EPS-filled trench has been constructed across the HSR line. The EPS-filled trench has the

241



CHAPTER 7 | PROTECTION OF BUILDINGS

same geometrical properties as the single barrier, which has been investigated previously
in the case of the 4-story RC building. According to the second mitigation approach (see
Figure 7.32c), the EPS-filled trench has been placed in front of the building foundation.
The last mitigation scenario is a hybrid approach, merging the first two examined

mitigation measures, as illustrated in Figure 7.32d.

@ h O

Figure 7.33 Typical contour plots of vertical velocity at the soil surface in the modeling
scenario of a single store building constructed at 15m from the rails (a) initial model, (b) EPS-
tilled trench around the foundation of the building, (c) EPS-filled trench across the track, (d)

double EPS-filled trench.

Figure 7.33. depicts four contour plots of the surface waves propagation, aiming to
compare the efficacy of the three proposed mitigation approaches. Initially, no mitigation
measures have been applied to the model. In this case, the surface waves are widely
spread, reaching distances further than the building position, as illustrated in Figure 7.33a.
The same trend has been observed after implementing the trench in front of the building
foundation (see Figure 7.33c). In this case, the waves spread has been slightly reduced,
especially around the building, although the level of reduction is low. On the other hand,
the implementation of the single EPS-filled trench across the track led to a remarkable

reduction of the propagated waves. It is evident from Figure 7.33b that the spread of the
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waves at the back of the building has been virtual disappeared. The reduction of the
vibrations level is even more pronounced in the hybrid mitigation approach, as

demonstrated in Figure 7.33d.

In order to further illustrate the mitigation level of the examined configurations, the
insertion loss curves of each approach are presented. Figure 7.34 shows the IL curves at
the first observation position, the center of the front wall. At the lower examined octave
bands with central frequencies between 1.25Hz and 5Hz, the insertion loss in the case of
the implementation of a trench across the track reaches substantially high values at both
foundation and roof levels. For instance, the insertion loss at the second octave band is
equal to 11dB at the building base, as illustrated in Figure 7.34a. Furthermore, the insertion
loss reaches 10dB and 8dB at the 4th and 5t octave bands at the level of the building roof
(see Figure 7.34b). As it was aforementioned, the octave bands with centre frequencies
higher than 12.5Hz are the most critical. The insertion loss at the octave bands with centre
frequencies between 12.5Hz and 25Hz ranges from 3dB to 5dB and from 4dB to 7dB at the
level of foundation and roof, respectively. The insertion loss is even more pronounced in

the case of the octave band with a central frequency 31.5Hz is close to 15dB at the top of

the building.
25 - - 25 - -
Trench in front of the foundation Trench in front of the foundation
Trench across the track (a) Trench across the track (b)
20 oo Hybrid method 20 F oo Hybrid method
) o
z z
@15 | @15
° i S
5 1 s
210} I £ 10 ¢
@ ! o | Ui e Ll
7 | «
k= . i K= : :
5t . R B |—‘I 57 ; i
0 —en i : il F.J—.ILJ L 0 i H I_.:'_‘._,Tl. r i |

Frequency (Hz) Frequency (Hz)

Figure 7.34 IL curves at the level of the (a) base, (b) top of the building at the center of the
front wall.

On the other hand, the efficiency of the EPS-trench implementation in front of the
building foundation is not as effective as the previously examined approach. It is evident
that the insertion loss is zero or almost zero for all the low-frequency bands at both
examined nodes. Furthermore, the insertion loss at the top of the building at the most
dominant octave bands is lower than 3dB. The highest insertion loss, equal to 11dB, is

observed at the last octave band, although this value is not essential as the initial decibel
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level of this octave band is already low. The last examined EPS configuration (e.g., the
hybrid method) has led to insertion losses comparable to implementing a single trench in

front of the track. Hence, this approach is practical, although it is not recommended.

The same observation is made at the second position, at the corner of the front wall, as
depicted in Figure 7.35. Implementing a trench around the building foundation has led to
a mediocre level of insertion loss. In some cases, at the top of the building, especially at
the lower octave bands, the insertion loss reaches values higher than 5dB. However, this
mitigation approach has not significantly reduced the decibel level of the most dominant
octave bands. For instance, the insertion loss remains lower than 4dB at both observation
points for the octave bands with central frequencies between 12.5Hz and 25Hz, which are
the most critical. Hence, the assumption could be made that the implementation of EPS

around the building foundation is not the optimal mitigation approach.
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Figure 7.35 IL curves at the level of the (a) base, (b) top of the building at the corner of the
front wall.

On the other hand, implementing a single EPS-filled trench across the track is
significantly more efficient, especially at the most dominant octave bands. More
specifically, the insertion loss reaches close to 8dB and 11dB at the octave band with centre
frequency 25Hz, at the base and the top of the building, respectively. The use of the hybrid
method increases, even more the insertion loss at the 14th octave band, reaching the top
value of 18dB at the top of the building. In the case of the single-store masonry building,
the implementation of the examined mitigation approaches could not manage to reduce
the vibrations level below the WHO threshold, although the constructed buildings at those
distances from the track are not commonly residential. Therefore, the reduction of
vibrations might be acceptable for HSR infrastructure building in order to protect sensitive

equipment in the building.
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7.3.3. 2-story masonry building

7.3.3.1. 2-story masonry building structural response

The last examined case is a 2-story masonry building with the same floor-plan as the
single-story building. Figure 7.36 illustrates the velocity decibel level at the octave bands
with central frequencies between 1.25Hz and 50Hz for all the observation positions (e.g.,
the center and the corner of the front wall of the building at the levels of the soil and the
roof). The most dominant 1/3 octave bands at the center of the front floor are those with
central frequencies higher than 12.5Hz. The decibel level is higher than 55dB at those
octave bands at both the base and the 2nd floor, as illustrated in Figure 7.36a. Furthermore,
the decibel level is increased at the top of the building at most high-frequency octave
bands. For instance, the vibrations level increase reaches 6dB and 15dB at the 13th and 15th
octave bands, respectively. On the other hand, the decibel level at the octave bands with
centre frequencies lower than 11Hz remains below 50dB. Furthermore, some of those
values are increased and others are reduced at the top of the building. Hence, in general,

the decibel level remains the same in those octave bands.
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Figure 7.36 Masonry infrastructure building response in terms of 1/3 octave bands (a) at the
center of the front wall, (b) at the corner of the front wall.

Figure 7.36b depicts the vertical decibel at the second observation position (e.g., the
front corner of the building), at the foundation and the roof levels. In this case, the decibel
level is increased at the octave bands with higher centre frequencies, although the
difference with the decibel level of the octave bands with lower frequencies is even more
negligible. The most dominant octave bands are the 13th, the 14t and the 15t, where the
decibel level is close to 70dB. The decibel level in the majority of the octave bands increases
between 1dB and 4dB. The highest increase is observed at the 13th octave band. On the
other hand, the decibel level is reduced from 59dB to 69dB at the 15t octave band.
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However, in general, the octave bands remain at a comparable level at both examined

positions.

7.3.3.2. 2-story masonry building protection with the use of EPS - geofoam

In the sequence, the examined mitigation approaches in the case of the single-story
building (e.g., single EPS-filled trench across the track, EPS-filled trench around the
building foundation and hybrid method) are implemented at the 2-story masonry
building. The contour plots of the surface waves scattering in the case of the 2-story
building before and after the implementation of the examined mitigation configurations
are illustrated in Figure 7.37. The spread of the surface waves is significantly higher in the
initial model (see Figure 7.37a) than the models after implementing the EPS

configurations.

Figure 7.37 Typical contour plots of vertical velocity at the soil surface in the modeling
scenario of a double store building constructed at 15m from the rails (a) initial model, (b)
EPS-filled trench around the foundation of the building, (c) EPS-filled trench across the track,
(d) double EPS-filled trench.

The implementation of EPS geofoam around the building foundation has slightly

reduced the vibrations level compared to the previous case, as demonstrated in Figure
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7.37c. On the other hand, in the modeling scenario for which a single EPS-filled trench has
been applied across the track, the spread of the waves has been significantly reduced, as
much lower vibrations are observed at distances higher than 25m (see Figure 7.37b). In
this case, both of the pre-described mitigation schemes have been applied, the vibrations

level’s reduction is even higher, as depicted in Figure 7.37d.

Figure 7.38 shows the insertion loss curves of the three examined mitigation
approaches at the first examined observation position, at the base and on the second floor.
The implementation of EPS-trench around the building foundation has led to a remarkable
reduction of the vibrations level compared to the single-story building. At several octave
bands, the insertion loss is higher than 7dB and the highest decibel reduction, equal to
10dB, is observed at the 8th octave band. However, the implementation of a trench across
the track reaches significantly higher insertion loss. The highest level of decibel reduction
is located at the 4th octave band, as the insertion loss reaches values higher than 15dB at

both the single trench and hybrid method.
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Figure 7.38 IL curves at the level of the (a) base, (b) 2nd floor of the building at the center of
the front wall.

On the other hand, at the top of the building, the implementation of a trench in front
of the foundation has not managed to reduce the vibrations level at the lower examined
octave bands. However, this mitigation approach successfully reduces the vibrations level
at the octave bands with central frequencies higher than 12.5Hz, which are the most
dominant. As illustrated in Figure 7.38b, the higher insertion loss, equal to 13dB, is
observed at the 14th octave band. The other examined mitigation approaches have led to
higher insertion loss values at the first six octave bands. Furthermore, the insertion loss is
even higher at the most dominant octave bands, with central frequencies between 12.5Hz

and 25Hz, as at the 14th octave band, the insertion loss is close to 20dB.
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The results are expanded to the second observation position, at the corner of the front
wall, as illustrated in Figure 7.39. At the building base, the implementation of the EPS-
filled trench in front of the building foundation has led to the insertion loss of around 5dB
at the first six octave bands. The hybrid method reaches in comparable decibel reduction
with the first examined mitigation approach at those octave bands, in contrast with the
EPS-filled trench across the track, as depicted in Figure 7.39a. On the other hand, the
implementation of the EPS-filled trench across the track is more effective at the higher
(more dominant) octave bands. For instance, at the octave band with a centre frequency
25Hz, this mitigation approach has reduced the decibel level by 7.5dB. The same
observation is made at the top of the building, as illustrated in Figure 7.38b. In general,

the hybrid method reaches the optimal insertion loss at the whole examined frequency

range.
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Figure 7.39 IL curves at the level of the (a) base, (b) 2nd floor of the building at the corner of
the front wall.

7.4. Seismic protection of masonry building with EPS geofoam

As earlier mentioned, the implementation of an EPS-filled trench in front of the masonry
building foundations is not the ideal approach to protect them from train-induced
vibrations. However, the effect of the approach on the seismic protection of old masonry
buildings has also been investigated. For this purpose, the methodology of Performance
through Limited Duration Rehabilitation Interventions (LDRI), which aims to assess the
seismic risk of monumental structures (Spyrakos, 2018; Spyrakos and Maniatakis, 2016),
has been used. This methodology attempts to provide a framework that quantifies the
“safe” duration (i.e., the nominal life) of an intervention that upgrades structural integrity

in a specified manner. The nominal life of an intervention is defined as the period for
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which this action ensures that the structure fulfills selected performance level(s) for a
specific seismic scenario (e.g., probability of exceedance 10% and 20% in 50 years,

respectively for Significant Damage and Damage Limitation Levels).

For this purpose, a typical Greek two-story URM building (Lyratzakis and
Tsompanakis, 2018a, 2018b), is selected as a case study to perform the LDRI methodology
also presented the effectiveness of the implementation of EPS filled the trench around the
buildings foundation. As an extension to the use of EPS geofoam to minimize the HST-
induced vibration, the present Section proposes the application of a new mitigation
method capable of also improving the dynamic structural response, depending on the soil
saturation level. As mentioned, an EPS-filled trench is placed between the surrounding
soil and the outer side at the perimeter of the building foundation, acting as a compressible
“shield.” This simple, economical and fast intervention, which does not cause any
structural or functional disturbance, aims to isolate the structure from ground shaking and

absorb most of the seismic energy.

7.4.1. Performance-based design/assessment: Theoretical background

Modern seismic design norms/ guidelines for the seismic design of new structures and the
assessment of interventions in existing buildings have included state-of-the-art
methodologies for assessing the structural response based on performance-based
assessment for certain limit states (design levels). The Greek norm for structural
interventions for existing reinforced concrete structures (Greek Code for Structural

Interventions (CSI, 2012)) has adopted two seismic hazard levels:
- Seismic excitation with an exceedance probability of 50% in 50 years.
- Seismic excitation with an exceedance probability of 10% in 50 years.

In addition, CSI defines three performance levels, namely: Damage Limitation,
Significant Damage, and Near Collapse, for structures with a conventional lifetime of
T1=50 years. Accepting that the cultural heritage structures belong to importance classes

III and IV, CSI defines three performance levels:

- Al: Limited damage for seismic excitation with exceedance probability 10% in 50
yIS.

- A2: Limited damage for seismic excitation with an exceedance probability of 50% in
50 yrs.
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- Bl: Important damage for seismic excitation with exceedance probability 10% in 50
yrS.

It is noteworthy that CSI does not consider the performance level "Near Collapse" as
acceptable for important monumental structures. Greek Earthquake Planning and
Protection Organization (EPPO) has more recently released a draft regulation: Code for
the Assessment and Interventions of Masonry Structures (CASIM), aiming to establish
criteria for the assessment of the bearing capacity of existing masonry structures (CASIM,
2014), and a draft with specialized guidelines for monuments (EPPO, 2011). In general,
CASIM follows the same principles and performance levels as CSI. Eurocode 8 -Part 1
(EC8-1, 2004) and Part 3 (EC8-3, 2004)- follows similar principles as CSI, while it provides

an additional seismic hazard level:

- Seismic excitation with an exceedance probability of 20% in 50 years.
- Seismic excitation with an exceedance probability of 50% in 50 years.
- Seismic excitation with an exceedance probability of 10% in 50 years.

The target performance level results from the combination of acceptable damage level
and seismic risk scenario and the important class of the structure. It has to be noted that
EC8 does not refer to specific guidelines for the cases of high historical or artistic value
monumental structures (Spyrakos, 2018). However, its principles can be followed for

structural assessment and retrofitting in such cases as well.

Furthermore, according to US guidelines FEMA 349, the following four performance
levels are defined for masonry structures (FEMA 349, 2000):

- Slight Damage State.
- Moderate Damage State.
- Extensive Damage State.
- Complete Collapse.
Similarly to EC8, FEMA 349 adopts three seismic hazard levels (FEMA 349, 2000):
- Seismic excitation with an exceedance probability of 50% in 50 years.
- Seismic excitation with an exceedance probability of 10% in 50 years.
- Seismic excitation with an exceedance probability of 2% in 50 years.
In addition, FEMA 349 proposes limit drift values for each performance level. The
proposed values in Table 7.6 change according to the construction materials and the
design norm of the structure. Note that for historic structures, the limit values of the URM

buildings correspond to design level "Low-Code.”
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Table 7.6. Structural Damage State thresholds per Performance Level.

Average Inter-Base Drift Ratio

Performance Capacity Curve Structural Damage State Thresholds
Level Control Points (Fragility Medians)
Yield Plastic Slight Moderate Extensive Complete
Specg‘;i‘gh T 00057 01371 0005 0015 0.05 0.125
High - Code 0.0038 0.0913  0.004 0.012 0.04 0.1
Moderate - Code 0.0029 0.0514  0.004 0.0099 0.0306 0.75
Low - Code 0.0019 0.0343  0.004 0.0099 0.0306 0.75
Pre - Code 0.0019 0.0343 0.0032  0.0079 0.0245 0.06

7.4.2. Limited Duration Rehabilitation Intervention

Improvement of dynamic structural response by applying the so-called “Limited Duration
Rehabilitation Interventions” (LDRI) (Spyrakos, 2018; Spyrakos and Maniatakis, 2016)
aims to implement mitigation measures for a specified period and a predefined limit state,
after which a re-assessment of the building must be performed and depending on the
results to revise the mitigation measures. According to this conceptual methodology, the
time for which the operation ensures a predetermined performance level is defined as the

nominal life of an intervention (Ta).

This methodology uses the following Equations for each of the three seismic hazard
zones in Greece (Z1, Z2, Z3) for the calculation of the return period (TrL) with respect to

reference peak ground acceleration (agr):

logagr = 0.277logTgy, + 1.579 (7.2)
logagg ~ 0.264logTgy, + 1.739 (7.3)
logagr = 0.240logTg, + 2.015 (7.4)

The code-imposed acceleration values agre for the three Greek seismic hazard zones are
0.16g, 0.24g and 0.36g, respectively (ELOT, 2005). The return period Try related to the
corresponding agr is calculated using the proper attenuation relationship among (7.2) -
(7.4), for which a 20% reduction, i.e., agr = 0.8agri, is also considered (Spyrakos, 2018).
Adopting a Poissonian distribution for the occurrence of seismic events, Tx is related to

the return period Tre and the probability of occurrence Pr as follows:
Ta

TRL = - —ln(l — PR) (75)
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If the seismic action is defined in terms of the reference peak ground acceleration ag,
the value of the importance factor yrmultiplying the reference seismic action to achieve
the same probability of exceedance in Ta years as in the Tar years for which the seismic

reference action is defined can be computed by:

T —
y; = (TAAR) 1/k (76)

where exponential parameter k is in the order of 3 (EC8-1, 2004) and relates the nominal

life of the examined intervention with the importance class (Spyrakos, 2018).

(@)

ILTYSAND

PS

Figure 7.40 (a) Model in its initial state, (b) Retrofitted model with EPS geofoam.

7.4.3. Numerical model

In comparison with the previous sections, in this case, the general-purpose finite element
software MSC Marc (2014) has been used to investigate the building seismic response. The
mechanical characteristics of masonry walls are calculated according to EC6, while the
parabolic Drucker-Prager yield criterion (Stavroulaki and Liarakos, 2008) is used to
describe the inelastic behavior of the masonry walls. The structure is constructed on
unsaturated silty sand, the mechanical properties of which with respect to the degree of
saturation are taken from the study of Byun et al. (1996). Regarding the inelastic behaviour
of the soil, the Cam-Clay yield criterion, according to the Critical State theory for
unsaturated soils, is used (Casini et al., 2008). For the nonlinear dynamic analyses, the
multiple-stripe dynamic analysis (MSDA) procedure has been repeated for eight different
soil saturation conditions (8%, 12%, 16%, 20%, 32%, 54%, 63% and 80%) and ten seismic

intensity levels. The twenty seismic records (Table 7.7) which have been used in this study
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have been selected from the PEER database (PEER, 2015) and have been scaled utilizing
EC8 guidelines as implemented in ISSARS software (Katsanos and Sextos, 2013).

7.4.3.1. Description of mechanical properties of the masonry buildings

The examined structural model is a typical form of a two-storey, symmetrical URM
building (the so-called “neoclassical” buildings) that were constructed in Greece from the
nineteenth century and later on. Typically, they have been used as residences and their
volume is closed and cubic, while a basic tripartite separation is used to ensure symmetry
in the faces. On the facade of the building, this typology is formed via the axially
positioned entrance and the symmetrically located openings that imply the different
function of the three parts of the house. The mechanical properties of the examined
building are identical to the previous section (see 7.3.1.1.). For the description of the non-
linear behavior of the masonry the parabolic Drucker-Prager yield criterion is used. The
parameters o and P of the yield criterion are determined by the uniaxial tensile and

compressive strength of the material (o = 680 kPa, 3 = 2.98).
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Figure 7.41 Total drift MSDA curves for the retrofitted building model, while bold dashed
curves correspond to median values, while the bold continuous curves present median
values for the initial building.
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The original building is slightly retrofitted with EPS blocks, with a height equal to 1m
and width of 0.50m (Figure 7.40), which are placed at the exterior of the foundation,
aiming to improve the seismic response of the building and to minimize the impact of soil
saturation conditions. This cost-effective intervention can enhance the dynamic behaviour
of the building, as this EPS layer acts as a damper (due to its high compressibility),
absorbing most of the dynamic distress, thus, protecting the structure, especially for lower
St (<32%) values. This is evident by examining Figures 7.41 and 7.42, which depict the total
drift MSDA curves for the retrofitted building, by comparing median curves of initial and

retrofitted models, i.e., bold continuous vs. dashed curves, respectively.
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Figure 7.42 Total drift MSDA curves for the retrofitted building model, while bold dashed
curves correspond to median values, while the bold continuous curves present median
values for the initial building.

7.4.4. Building nominal life for constant soil saturation level

As aforementioned, the MSDA curves of the retrofitted model have been used to assess its
performance following the LDRI principles. For this purpose, two performance levels:
Slight and Moderate Damage States, as defined in FEMA 356, have been used.

Accordingly, the values for URM buildings and Performance level "Low-Code" are taken
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from Table 7.6. Firstly, the calculation of the nominal life is performed considering that
the building is based on soil with a constant saturation level, i.e., not varying with time.
Figure 7.43 depicts the average dynamic resistance curve and the limits (vertical lines) of
the two performance levels for the examined building for eight different saturation

conditions (Sr= 8%, 12%, 16%, 20%, 32%, 54%, 63% and 80%).

Table 7.7. Characteristics of the ground motion records.

Epicentral

No Region Station name Magnitude  distance PGA
(km) (&)
1 Bonds Corner 6.2 0.686
2 ) El Centro Array #5 27.8 0.448
3 Imperial Valley El Centro Arraz #7 6.53 27.64 0.42
4 El Centro Array #8 28.09 0.538
5 Mammoth Lakes Convict Creek 6.06 1.43 0.419
6 Coalinga Pleasant Valley P.P 6.36 9.98 0.571
7 North Paim 1057 059
N. Palm Springs Whitev}\)zatef Trout 6.06
8 424 0.602
Farm
9 Chalfant Valley Zack Brothers 6.19 14.33 0.425
10 Capitola 9.78 0.48
11 Loma Prieta Gilroyirray #3 693 314 0.462
12 Cape Mendocino Rio Dell Overpass 7.01 22.64 0.424
13 Big Bear big Bgf‘r Lake- 6.46 1015 0503
ivic
14 Beverly Hills 13.39 0.459
15 Canyon Country 26.49 0.436
16 LA Obregon Park 39.39 0.467
17 Northridge Newhall - Fire Sta 6.69 20.27 0.698
18 Pardee - SCE 25.65 0.505
19 Rinaldi Receiving 10.91 0.634
20 S. Monica City Hall 22.45 0.591

In the comparative plot of Figure 7.43, there is a clear trend that the selected retrofitting
intervention in most cases leads to a substantial improvement of the structural response.
However, it has to be noticed that during the first scaling steps, the MSDA curves of the
original and the retrofitted building are identical. In other words, for low seismic intensity
levels, the soil saturation conditions do not play a crucial role. Furthermore, for higher
saturation levels (Sr>32%), the structural response is not improved in the first steps of

record scaling. On the other hand, for higher seismic intensity levels, in all cases, the
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application of this retrofitting scheme drastically improves the response of the structure,
depending on the saturation level. In particular, the improvement of the response of the

retrofitted structure is even more pronounced at lower saturation levels.

In addition, the results of the original building seem to be grouped, i.e., to have slight
variations for low (Sr=8% to 20%) and high (Sr=32% to 80%) saturation levels. This is due
to the variation of soil stiffness for these soil conditions since, according to the
experimental data, the impact of saturation level substantially affects the basic mechanical
parameters of the soil in this specific manner. In contrast, the application of EPS geofoam
at the foundation level alleviates this scattering and groups the curves in a more uniform

way irrespective of the saturation conditions.
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Figure 7.43 Comparison of initial and retrofitted model IDA curves.

Regarding the calculations of nominal life of the retrofitted and initial models utilizing
LDRI approach, it is assumed that the building is located at seismic zone Z2; thus, TrL
return period is calculated via Equation (7.2). The nominal life for all examined models is
calculated using Equation (7.4), and the results are presented in Table 7.8. As a
consequence of the building response varies according to the degree of saturation, the

nominal life of the structure varies considerably depending on the soil conditions.

The response of the initial building has proven to be directly dependent on the degree
of soil saturation. More specifically, it is observed that the increase of soil saturation (Sr
>32%) contributes to the increase of the building nominal life. When the building is
founded on soil with a Sr < 32%, the nominal life of the building varies from 7 to 14 years
for A2 design level and from 11 to 16 years for Bl design level. Conversely, when the

building is founded on soil with higher Sr, the nominal life increases significantly,
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reaching between 39 and 48 years for A2 design level and from 58 to 62 years for Bl design
level. The nominal life of the original building is extremely small for low soil saturation
levels. Moreover, the nominal life varies considerably depending on the degree of subsoil
saturation. In particular, the nominal life is altered between 9 and 49 years for A2 design
level and from 11 to 62 years for Bl design level. Therefore, it is obvious that a reliable

prediction of the initial building nominal life is not a straightforward task.

Table 7.8. Nominal Life (in years) for each model for A2 and B1 design levels.

Design
Level A2 B1
: . . EPS . . EPS
sy O peoinea O ot
Building Building
Sr=8% 14 38 16 67
Sr=12% 12 30 12 84
Sr=16% 9 22 13 65
Sr=20% 7 38 11 63
Sr=32% 39 30 61 88
Sr=54% 44 16 58 58
Sr=63% 48 19 62 53
Sr=80% 46 16 59 4

Since the scattering of the initial structure nominal life is quite high, retrofitting of the
structure is deemed necessary from this viewpoint as well. Nonetheless, even after the
selected retrofitting with EPS blocks at the foundation, the nominal life of the structure
varies depending on the degree of soil saturation. However, the variation is less compared
to the structure in its initial state. As presented in Table 7.8, when the building is founded
on soil with Sr<32%, the nominal life of the building is significantly higher than the
original building for both A2 and B1 performance levels. On the other hand, when the
building is founded on soil with a Sr>32%, a decrease of the nominal life is observed,

especially for the lower (i.e., A2) performance level.

7.4.5. Building nominal life for varying soil saturation level

In the preceding section, the calculation of nominal life has been performed separately for
each soil saturation level. In other words, it is assumed that the degree of soil saturation
remains constant. In reality, the degree of saturation varies within each year, i.e., usually,
it is higher in winter than in summer months. Thus, the response of the building is

different, which should be considered in the calculation of the building nominal life. The
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accurate calculation of the nominal life as a function of the soil saturation variation
requires data representing the annual change of Sr. Unfortunately, there are no accurate
related measurements (which strongly depend on the location and the climate). Thus, an
assumption is made that the annual change of Sr follows a sinusoidal curve and the degree
of saturation takes values between the two extreme values of the selected Sr bounds,
namely 8% and 80%. The minimum and maximum values correspond to the summer and
winter months, as shown in Figure 7.44. Based on this simplifying assumption, it is

considered that during a year, the change in the soil saturation level is given by:

T 7.7
Sr=44‘+36COS? (7.7)
where: T denotes month number (January=1, February=2,.., December=12).
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Figure 7.44 Change of soil saturation level during one year.
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Figure 7.1. (a) Change of peak ground acceleration for various saturation levels; (b) Peak
ground acceleration annual variation.

The change of peak ground acceleration to achieve A2 and B1 performance levels as a
function of Sr are shown in Figure 7.45a for the initial and the retrofitted buildings. The

curves for the two models are constructed based on agr values according to the MSDA
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curves shown in Figure 7.43. Firstly, the degree of saturation for each month has been
calculated according to Equation (7.6). Subsequently, the peak ground acceleration for
each month has been calculated by linear interpolation and the results are displayed in

Figure 7.45b.

Table 7.9. Ta and P, calculations per month for each design level.

Initial Building EPS Retrofitted Building

Design level A2 Design level Bl Designlevel A2 Design level Bl
Month S (%)

TAr P.a (%) TAr I?a (%) TAr P.a (%) TAr Pa (%)

in11 in13 in16 in 44

(years) years (years) years (years) years (years) years

1 75.2 46 15.14 60 2.25 17 47.71 46 9.55
2 62 47 14.94 62 219 19 43.98 53 8.31
3 44 42 16.65 60 2.28 22 39.50 70 6.37
4 26 18 34.01 28 4.71 34 27.77 75 6.03
5 12.8 11 50.00 13 10.00 29 32.20 80 5.62
6 8 14 42.87 16 8.28 38 25.56 67 6.73
7 12.8 11 50.00 13 10.00 29 32.20 80 5.62
8 26 18 34.01 28 4.71 34 27.77 75 6.03
9 44 42 16.65 60 2.28 22 39.50 70 6.37
10 62 47 14.94 62 219 19 43.98 53 8.31
11 75.2 46 15.14 60 2.25 17 47.71 46 9.55
12 80 46 15.26 59 2.29 16 50.00 44 10.00

Table 7.9 presents on a monthly basis the values of the degree of saturation and peak
ground acceleration. Considering that each month ag remains constant all years
throughout the life of the structure, the relevant nominal life (Ta:) is determined. Under
this perspective, twelve different nominal lives are obtained (one per month) and the most
critical equivalent nominal life (Tac) is defined. For instance, the initial building critical
equivalent nominal life is presented at the fifth and seventh month when the building is
founded on soil with Sr=12.8%. The critical equivalent nominal life is equal to 11 and 13
years for performance levels A2 and B1, respectively. On the other hand, when the
building is slightly retrofitted, Ta is calculated for the twelfth month (December), when
the building is founded on soil with an 80% degree of saturation. The retrofitted model
critical equivalent nominal life is equal to 16 and 44 years for performance levels A2 and

B1, respectively.

Subsequently, the probability (P.) to exceed the drift limits of the chosen performance
levels is determined within the specific Tae for all months (e.g., Tax=11 years for A2
performance level for the initial building, as shown in the 4t column of Table 7.9). The

average probability during Tacr and the final nominal life of the initial and the retrofitted
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buildings for performance levels A2 and Bl are calculated (considering that the
probability of an earthquake during the year is the same for all months) using the

following formula:

T, = —2ldcr (7.8)

Pay

According to the results of the adopted procedure, by taking into account in a realistic
manner the annual changes in the soil saturation level, the nominal life is increased when
retrofitting the foundation with EPS blocks. As presented in Table 7.10, the nominal life
notably increases from 29 to 60 years for performance level B1 when the building is slightly
retrofitted with EPS geofoam. In contrast, the nominal life for design level A2 is only
slightly increased from 20 to 21 years. In any case, since the nominal life is increased for

the more crucial design level B1, the use of EPS blocks improves the overall behavior of

the building.
Table 7.10. Calculation of final nominal life (in years).
Model Design Level P, Ta« P,y Ta
. . o1 A2 50 11  26.63 20
Original Building B1 0 13 145 29
A2 50 16 3816 21

EPS Retrofitted Building Bl 10 44 737 60

7.5. Discussion of the results

In the present Chapter, the mitigation of the dynamic vibrations on buildings with the use
of EPS geofoam has been examined. Initially, the effect of the HST-induced vibrations on
the structural response of nearby buildings has been examined via three-dimensional
numerical analysis. The efficiency of several mitigation schemes with the application of
EPS geofoam has been investigated in order to reduce the vibration level on the floors of
masonry and RC buildings and the optimal measures in each case are proposed. The
vibrations level at several observation positions on the RC buildings has been compared
with the proposed threshold by WHO in order to determine the optimal distance from the
track for the construction of new RC buildings. The building has been placed at several
distances from the rack to examine the effect of the distance on the vibrations level.
Furthermore, the single and double EPS-filled trench efficacy has been investigated. In the
sequence, the numerical results have been expanded in the case of low-rise masonry
buildings. The last aim of this Chapter is to investigate the seismic vulnerability of

masonry buildings taking into account the impact of seismic soil-structure interaction
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(SSI) and the mitigation level of the implementation of an EPS-filled trench around the

building foundation.

Based on the presented results, the main findings of the application of EPS for the

protection of buildings from dynamic vibrations are as follows:

The level of HST-induced vibrations has been increased at the building top floor

compared to the base of the building for all the examined buildings.

At the closer distance from the track, the vibrations level has reached in some cases
over 80dB. On the other hand, in the case of RC buildings constructed at 30m from
the track, the decibel level has been reduced below 60dB. A higher level of dB has
been obtained at the front cantilever edge at all the examined distances from the

track.

Implementing a single EPS-filled trench to minimize the HST-induced vibrations
on the top of RC buildings has contributed to the reduction of the vibrations level
up to 10dB at some octave bands. The decibel reduction is higher when the
building is constructed closer to the track. The implementation of a double EPS-
filled trench is more effective than the single one. In this case, the reduction of the
vibrations level is significantly higher. It is evident that the insertion loss in some

cases is higher than 20dB.

The implementation of both single and double EPS-filled trenches cannot reduce
the vibration level below the WHO threshold of 54dB when the building has been
constructed at 10m from the track. The single trench is effective when the building
has been constructed at 30m from the track. On the other hand, the double EPS-
filled trench made the construction of buildings possible, even at 20m from the

track.

The implementation of both EPS-filled trenches across the track and around the
building foundation is the most effective mitigation approach in the case of
masonry buildings close to the track. Especially in the case of a single-story
masonry building, the implementation of just an EPS trench in front of the
foundation has not managed to mitigate the vibrations level successfully at the top
of the building. On the other hand, the trench across the track reaches comparable

insertion loss with the hybrid method.
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By applying an EPS-filled trench, this light intervention scheme improved the
seismic response of a typical masonry building and increased the building
nominal life and limited the scattering of the results due to varying soil saturation
conditions, especially for the Bl performance level. Certainly, alternative
retrofitting approaches, either as single or combined schemes, e.g., by applying
EPS blocks at the foundation together with RC structural elements, should be

investigated in order to examine their effectiveness in similar soil conditions.
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CONCLUSIONS

8.1. Conclusions

This chapter summarizes the main conclusions that can derived from the present Doctoral
Thesis as described in the previous chapters. In the sequence, ideas for further
investigation are presented. Many analytical numerical and experimental investigations
have been carried in recent decades, aiming to study the HST-induced vibrations.
Furthermore, several mitigation approaches have been proposed in order to reduce the
developing vibrations level. The majority of those studies investigate the efficiency of
open or in-filled trenches. The present Ph.D. Thesis numerically investigates alternative
mitigation approaches based on EPS geofoam in order to reduce the HST-induced

vibrations via validated elaborate 3D FE models.

Initially, a low computational-cost numerical model capable to accurately investigate
the HST-induced vibration has been presented. In order to achieve the balance between
the computational cost and the efficacy of the model, the usage of several numerical tools
has been investigated. Accordingly, the three-dimensional FE modelling approach via the
commercial software Abaqus has been selected to simulate this complex phenomenon.
Furthermore, a user-defined subroutine has been developed for the input of the train
moving loads. This approach has been validated by comparing the numerical results with
pre-available field data from three Sites from Paris-Brussels HSR. According to this

investigation, the following aspects are highlighted:

* The most dominant vibrations peaks have been well captured by the FE model,

according to the rail dominant frequencies derived from field data. The numerical
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models successfully capture the bogies, axles and sleepers passing frequency for

all the examined sites.

The patterns of the vertical velocity time histories are in good agreement with the
data from the in-situ measurements. There is a high accuracy of the vertical
velocities at the nearest examined positions from the track for all the examined
sites. In the case of site 3, the vertical velocity is underestimated at the far-field.
However, the model reliability is still high at the most remote positions in the case

of the embankment and cutting sites.

According to the experimental data, the most dominant vibrations peaks are
located at the low-frequency range between 0Hz and 40Hz. The numerical model

manages to capture the location and the amplitude of those peaks.

There is a high correlation between the dominant frequencies at the low-frequency
range between OHz and 40Hz for all the examined cases, which is even more

pronounced in the case of Site 1.

The most dominant octave bands are the same for all the examined sites at all the
examined distances from the track. More specifically, the most dominant bands
are those with centre frequency from 16Hz to 31.5Hz. The peak dB level is located
at the octave band with a centre frequency 25Hz, equal to 75dB for all the
examined sites. Furthermore, the decibel level is decreased to below 63dB at the
most remote position. The decibel level is notably similar to the field data at 15m

from the track.

There is a high correlation between the numerical results and the field data in
terms of PPV and KBr max. The trend of those indicators at increasing distance from

the track follows the in-situ measurements.

Some deviations between the numerical and the experimental data are reasonable
due to the examined phenomenon complexity and the uncertainties in
reproducing the real conditions during the measurements. However, the
discrapancies are limited compared with other numerical approaches. Hence, the
developed FE-based methodology is capable of accurately predicting the HST-

induced vibrations.
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In the sequence, the numerical methodology has been used to investigate several
configurations using EPS geofoam to reduce the HST-induced vibrations at embankment
sites. An optimal configuration with the use of a limited number of EPS-geofoam is
proposed. Lastly, the effect of the embankment height, the slope inclination, the subsoil
conditions and the HST passing speed in the effectiveness of the optimal approach has

been investigated. The main findings of this investigation are summarized as follows:

* The construction of a whole EPS-filled embankment remarkably reduces the
vibrations level in comparison with a common soil embankment. However, there
are increased rail deflections, which lead to a high possibility of HST derailment.
On the other hand, the replacement of the fill soil at the whole embankment slope
with EPS-geofoam slightly reduces the induced vibrations. However, the stability

of the embankment should be further examined.

* The implementation of a limited number of EPS-geofoams at the embankment
slope is proposed as the optimal mitigation measure. This approach leads to a
considerable reduction of the vibrations and ensures safety against derailment of

the HST.

* The effectiveness of several types of EPS geofoam has been compared. It is
concluded that the stiffest EPS46 is the optimal fill material in order to mitigate

the induced vibrations.

*  The combination of the proposed mitigation approach with the commonly used

EPS-filled trench across the embankment further reduces the vibrations level.

=  When the slope inclination is constant and the embankment fill material is the
same as the upper subgrade layer, the height of the soil embankment has a minor
effect on vibrations propagation. EPS blocks have helped to reduce the induced
vibrations at all of the examined embankment heights between 3.5m and 5.5m,

especially at the most dominant frequencies.

* The inclination of the soil embankment slope is essential in influencing the level
of HST-induced vibrations. The vibrations level is reduced when the slope is
steeper. The use of EPS blocks decreases the vibrations level for all of the examined

slope inclinations between 20° and 45c.
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The vibrations level has been compared with several thresholds in terms of PPV,
Vims, Va and KBrmax. It has been observed that PPV is already below the DIN
threshold to protect nearby buildings from potential damage. However, PPV
values are minimized even further with the implementation of EPS blocks for all
the examined locations. Furthermore, the proposed mitigation approach is more
effective for higher embankments. The implementation of EPS blocks has reduced

the vims to values lower than the USDT limit for frequent passages of HST.

The Ground-borne vibrations are low when the HSR is located at a firm soil layer.
Especially in the case of rock, the vibrations level is almost zero. Hence, mitigation

measures are not required for the location of stiff soils.

The beneficial role of the limited number of EPS blocks at the embankment slope
is obvious, in the case of embankment based on dense sand with gravels, stiff or

soft clay.

The level of HST-induced vibrations is also influenced by embankment fill
material, especially in sites with stiffer subsoil, as the waves are trapped within
the embankment depending on the differences in subsoil and embankment soil
properties. Regardless of the embankment fill material, implementing the
proposed mitigation approach along with an EPS-filled trench reduces the

induced vibrations.

The mitigation of the induced vibrations with several configurations at cuttings sites

has been presented in the sequence. In contrast to the HSR embankments, the cuttings

have not been extensively investigated by researchers in the field. This investigation has

led to the following conclusions:

The most commonly used mitigation measure, the EPS-filled trench, significantly
reduces the HST-induced vibrations. The level of reduction in some octave bands
reaches up to 10dB. This approach is more effective in cutting sites compared to

embankments, as the trench construction right next to the track is feasible.

Due to the waveguide effect, using a small number of EPS blocks at the cutting
slope raises the vibrations level at the cutting slope. On the other hand, the
beneficial role of this mitigation approach is obvious at the cutting upper flat part.

Herein, the mitigation level is higher than the EPS-filled barrier. In addition, the
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combination of this approach with an EPS-filled trench across the track leads to an

even higher reduction of the HST-induced vibrations at the cutting upper flat part.

The waveguide effect is overcome by replacing the upper soil layer of the cutting
with EPS, which successfully reduces HST-induced vibrations at both the slope
and upper flat positions. Furthermore, a thicker EPS layer results in a greater

reduction of vibrations.

The mitigation efficiency using a thin EPS layer is comparable to the reduction
achieved using a common EPS-filled trench across the track. However, the level of
reduction is significantly higher than the EPS-filled trench if the EPS layer has a
high thickness.

When the HST passes sites with soft subsoil, the induced vibrations are increased.
However, regardless of soil properties, the proposed mitigation solution reduces

the vibrations levels significantly, especially at closer distances from the track.

In addition, the main findings of the research regarding HST-buried pipe interaction

and protection via EPS can be summarized as follows:

The numerical results have been compared to pre-existed experimental
measurements of equivalent heavy traffic loads. According to this procedure, the
numerical results have been partially validated in order to investigate the pipe

response to HST-induced vibrations.

The level of the developed vibrations on the top of the buried pipeline has been
successfully reduced after the implementation of an EPS-filled layer between the
track and the pipe. The EPS-filled layer thickness is an important factor that
influences the efficiency of the proposed method. More specifically, the thicker the

layer, the higher the reduction of the induced vibrations.

The depth of the buried pipe and the HST passing speed impact on the insertion

loss at the low-frequency range is marginal.

In comparison to steel pipes, PVC pipes have a larger residual deformation. In
addition, thicker pipelines have lowed diameter changes. All of the pipes
evaluated had their diameter changes reduced after the implementation of the EPS

layer.
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The placement of an EPS layer over a thick and rigid steel pipe is not necessarily

due to the pipe low deformation.

The efficiency of single and multiple EPS-filled trenches in protecting buildings

against HST-induced vibrations and seismic loads has been presented as a part of the

current Ph.D. Thesis. The numerical investigation of the protection of RC and masonry

building with EPS-geofoam has led to the following conclusions:

The vibrations level due to the HST passage of all the examined buildings
constructed between 10m and 30m from the track has been increased at the top

floor in comparison with the building base.

Cantilevers are the most crucial positions of an RC building, as in those positions,
the highest decibel level has been observed. It is evident that the decibel level of
the most dominant octave bands reaches values up to 80dB at the top floor in the
case of buildings constructed at 10m from the track. This value is minimized below

60dB if the building is constructed at 30m from the track.

The vibrations level at the top of the buildings in several octave bands has been
reduced up to 10dB after implementing a single EPS-filled trench across the track.
The efficacy of this mitigation approach is even more pronounced for buildings
constructed at the nearest positions from the track. The EPS-filled trench is a great
countermeasure, although the efficacy of a double EPS-filled trench is even higher.

In this case, the dB reduction reaches peak values higher than 20dB.

The construction of RC and masonry buildings at 10m from HSR tracks should be
avoided, as the decibel level at the building floors is high. More specifically, the
decibel reduction after the implementation of a single or double EPS-filled trench
has been significantly reduced. However, this reduction is not enough in order to
minimize the vibrations level below the WHO threshold for residents health
protection. On the other hand, the single trench achieves to reduce the decibel level
below the WHO limit if the building is constructed at 30m from the track. In
addition, the construction of some types of buildings is possible even at 20m from

HSRs, after the implementation of the double EPS trench.

In the case of masonry buildings along the track, the most efficient mitigation
scheme is the construction of two EPS-filled trenches, the first across the track and

the second around the building base. On the other hand, the implementation of a
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single EPS trench in front of the building foundation has not been effective enough

in order to decrease the vibrations level at the top floor of the building.

In conclusion, it is evident that several configurations have been investigated to
reduce the HST-induced vibration at the surrounding soil surface, especially at the
embankment and cutting sites in the present Ph.D. Thesis. Furthermore, the optimal
proposed approaches lead to remarkable vibrations reductions. In addition, the EPS
geofoam has been used in order to protect buildings close to the HSR and pipes crossing
below the track. Obviously, the implementation of an EPS-filled trench between the source
(e.g., rails) and the receiver (e.g., buildings or pipes) leads to a notable reduction of the

developing vibrations.

8.2. Contribution to the advancement of engineering science

It should be mentioned that the present Ph.D. Thesis is the first attempt to investigate the
complex phenomenon of HST-induced vibrations in Greece. The knowledge and results
gathered in the last four years are a great database for future researchers in the field. The
main contributions to engineering practice, derived by the present doctoral thesis are

listed as follows:

* Fully validated numerical models have been presented capable of predicting the

HST-induced vibrations accurately.

* A commonly used material in several geotechnical applications, such as EPS
geofoam, has been investigated as an alternative option for reducing the

developing vibrations.

* Several new mitigation configurations have been extensively investigated and

proposed at the embankment and cutting sites.

» A first attempt has been carried out in order to investigate the response of buried

pipelines to HST-induced vibrations.

» Lastly, the effect of the HST-induced vibrations has been studied to propose the
optimal countermeasures to minimize the vibrations level at the top of the

buildings.

269



CHAPTER 8 | CONCLUSIONS

8.3. Contribution to the advancement of engineering practice

In recent decades many new HSR lines have been constructed worldwide. Furthermore,
more and more regular railways are upgraded in order to serve HSTs. As a result, it is
evident that, by the end of 2020, close to 38,000 km HSR operates in China. Furthermore,
this railway-building boom continues, as the operating lines are predicted to reach close
to 70,000 km in the next 15 years. In Centre Europe, the HST serve up to 40% of the
medium-distance trips. It should be mentioned that there are several popular routes such
as London-Paris or Paris-Brussels, where this rate is even higher. In easter Europe and
Greece, the construction projects of HSR lines are still limited. However, a rapid growth
of HSR lines is expected in the near future due to their economic and social advantages,

e.g., to cover increasing traveling needs of tourism.

Obviously, decision-makers are looking for HSR track modifications capable of
reducing the induced vibrations with low implementation cost. The proposed low-cost
mitigation approaches at embankment or cutting sites could significantly reduce the
vibrations level at loose soil sites, where the induced vibrations are high. In those
locations, the construction of HST could be impossible without the implementation of any
mitigation scheme. Furthermore, in order to upgrade the existing railway lines to serve
HST, nearby existing buildings and infrastructure should be firstly protected. The
proposed approaches that can be applied in order to protect pipelines and buildings

enable the conventional railway upgrading.

8.4. Recommendations for future extensions

It is obvious that any research is impossible to fully cover a complex and multi-parametric
phenomenon such as HST-induced vibrations. A doctoral dissertation can contribute to
the understanding of some scientific issues but at the same time be the trigger for further
development in this field of research. For example, based on the above findings of the

present work, could include the following future extensions:

* Since this is the first time to use EPS geofoam material in such configuration,
further investigations need to be conducted to investigate the proposed scheme by
conducting a full-scale experimental work setup. That would be great if

experimental or in-situ measurements could verify the proposed configurations.
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In the present study, only HST are investigated. However, several other types of
trains, such as freights, regular speed trains or tram-trains, could be investigated.
Furthermore, there are HSR lines that are serving more than one type of HST.
Hence, the investigation of the proposed schemes effectiveness at different types

of trains is proposed.

Nowadays, in the case of HSR lines, defects such as rail irregularities or
unevenness have been minimized due to the extensive use of continuous welded
rails and the high level of maintenance. However, the effect of rail irregularities
and unevenness on the efficacy of the proposed mitigation approaches could be

investigated.

It should be noted that in the present investigation the velocity time-histories have
been used as measured in the field, i.e., no filters have been used in order to
remove any external noise. In order to further improve the accuracy of the

proposed numerical methodology, field data could be properly filtered.

Except for the EPS geofoam, a first attempt has been carried out in order to
investigate the effectiveness of a water-filled trench at the mitigation of the
developing vibrations. A more detailed investigation of this approach could be

carried out as an extension of the present study.

In the present investigation, the EPS layers have been assumed to be monolithic
and fixed to the subsoil. This is valid, as joints could be used in order to fix the EPS
blocks. However, in the future, a detailed investigation could be performed to
simulate more accurately the soil/EPS interface and examine the role of the

potential kinematic mechanisms between EPS blocks.

Publications

The following papers in scientific journal and international conferences have been

published after review as a part of the research effort in the preparation of the present
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