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Hagtulesaadisiugiuszuuss Sunldlumstangduduegiemn anded
vosnslfauiiiianuagaan nsdudimdnusmnldge aunsadivuanatldusiug
Ussinaisladfauiamilunsiaunssuurudmmenssuduiuldun Yssnadu Al
mMs3duesdnuiiiiedestunuimnssufuszuunaietisieiies Tnsanizais
Wanwnsalna11L59g9 (High Speed Train) vildlulvddnyfinude Jynivissense
(Track Transition) mmammﬂmuﬂﬁaugﬂwafﬂﬁﬂ'w Track Stiffness LNANTS
Wauwladesenif 1inmIuse wazusadmamaniannnitind lassadaazina
Feve warluszezendsmaliifnnisngaiuinasessofiliviniu sududesguasnu
FauU13311nn11UnA JagUulassadimissalnlulssimalngazinisimuinissal
A1UL57g9A181ATId519M19uu Y Slab Track saewmalulad Chinese Railway Track
Systern (CRTS Type IIl) 91nUszinadu lulpsanissalnaausigs ne-an-du wudndd
voadun1afiliu Transition 589119 Ballasted Track wa Slab Track Falusuifeias
Hienlaseadnannisduaziiioudseinn Under Sleeper Pads (USPs) wag Under Slab
Mat (USMs) arldsusauiu iletheanmsduasiteuiiintu uazdfusamaudeuuas
A1 Track Stiffness TAu1zan a1nn1sAnwIIuidelusin wulaniinisdegni Track
Transition Agdansvainuane widalilafinnsAinwlundvesnsldnunuiululasaasna
Pganmsduaziiiounuunaunaufisnnfisane [Wumnauasiidesinsidoifiugs
Aenfunsannisduasiileu usanszunn (Impact Load) wagmangasitliuinfuiiindy

WarunUsuTR dusuimslunisAnwiaudy Tusdeniimnuieides aely
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# # 6470299421 : MAJOR CIVIL ENGINEERING
KEYWORD:  Track Transition, Dynamic Train-Track-Soil Interactions, Under Sleeper
Pads (USPs), Under Slab Mats (USMs)
Surapan Noppharat : DYNAMIC RESPONSE OF RAILWAY TRACK
TRANSITIONUSING  RESILIENT MATERIALS. Advisor: Asst. Prof. CHAYUT
NGAMKHANONG, Ph.D.

Railway infrastructure development is a growing trend around the globe,
offering numerous benefits. However, one of the significant challenges is the track
transition problem that arises from changing track sections. This leads to abrupt
changes in track stiffness, resulting in substantial damage to the track structure due
to the differential settlement, thereby increasing maintenance costs. In Thailand,
the first phase of Thailand’s high speed rail project has introduced a slab track
system from China combined with traditional ballasted tracks at several sections. It
is important to note that transition area can be critical and. However, the
combined method of using both Under Sleeper Pads (USPs) and Under Slab Mats
(USMs) has not been widely adopted, even though it has the potential to reduce
track vibration, impact load, and differential settlement. This paper presents the 3D
train-track-soil finite element model at railway track transition zone with USPs and
USMs. Numerical results from a train-track-soil model computed using LS-DYNA are
validated with field measurements and previous numerical results. While there are
various ways to address these problems, the mixed method of using USPs and
USMs is found to be an alternative to miticate the problem at railway track

transition.

Field of Study:  Civil Engineering Student's Signature .......ccoecevvieennen

Academic Year: 2022 Advisor's Signature .......ccccccceviennen.
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Tty shiidemsiausuaswatluvainangany  vilslutufonsimuimiesy
lassasnafiuguszuuse (Railway infrastructure system) Wislwwaltufiveimungsudy

pganlugadagdy  dulleswnandedvesnisidnunisuudmies  Hdeasulminaiy

v A

avmnlunifivarnuans wu arwannsalunsiuiminusmnldluladifnfigennniinig
yudslugiuoudu  ugtuuunssudeiianansadvuanailddeudisuiug  desand]
Funansvudeiuiueu Tnsavnzegisbdlulssmaiinisimuinisiuasvgio waedsny
dondmasionsianmsumssyUlnasudunslulsemaduiy TneUsemafitladaly
suanuimilunsiaunszuurudmensusuduedan o Ussnaiu AL
Msfnw 38 Andu wasiauiesdemusifedosiuinde simnssumafiuszuuan
sthwiaidos  dwdefimaufietlagtu  lasamgnmstanifieliiAnauaruininiives
waluladsalwanusigs (High speed train) Mazanidussuuduindeuiidfamadiu
wswgialutagtuluauivowen  Liieliaenndesdaduindounasimunusema  sauluds
duatuassyllaalumsiliuiinUszanTuvesauluyseme

Ussalnglutiagdu Aldtinisnsusu wagyhnsiamundumsaunaumeiiussuy
sufinduntusnou Tefimssuewaluladiniseonuuy wasdeadsanUssmedu Wan
vhnsieasluduveandumsiifuuvaadousoddny 1dud Tassnssaluanuidagalne-
a1-3u lneidefimsldsuuuumsneatne uazanmsgiunisesnuuuanesUszmea yilvidesd]
msthanusuliiludosmesnsiinsest mssenuuy Taludsiisdeamumnzay au
gonAde uazminzausenislinudiiuaningivsznea lagluuvnsdl Aduluszdeding
Usuuss udly itelidnwasiimnzauiudsemelne Tnonisiavusuud vieusuusens
oonuuuLteliAnUsAvBnmiidty darwdudusghannilmnsifenuieitosiussuy
74 azdesdianuinnudilegafisamesevannsililunisesnuuy vongRnssuiiintu
Tunsiedeuiivessuusolnnugeiitdoaioty  lagludvedimnsailasad 7

edpuiumdsiinnuudus Uasade seglinudundn Snvadasamnsatieliianiu

Usendndaniseanuuulalu@aasugeans



1A59a31958UUT N (Railway track system) laevailuagsiosiinsivisunlasguiuy

a

-~ 1% v e vy o & A ' a o 6 YA
Y9954 viveuszimvedlasaasiemanly Wdiuluudasiiun Tuudazgiiuseina vinlvidas
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[

Aldanglunmsgoutgs dapmisduazifiouanmslsiuvesuausalnl wisluiymddny
Aeafulassadamesal Wun Jemiiendestutissessevesssuusa (Track transition)
vidonsilassadniams fmsdsuguuy sudusumglunsiiviilidr Track stiffness Tu
LuRwedlATIEs e HansUAsULUaeE1959E7 (NAMURA & SUZUKI, 2007) vilsd
mmﬁﬂuum?ﬁﬁqﬁu Aausadenamanifiunniunilutinady  lasaiomasie
anudsmneduidesnanamnuannsalunsiuussisnety  lussezendwaliAnfions
ngadvedlassaiionns a Unausessefiliviiu wasilitiaudesnslunisquasnu
vidonsgouthssiinnnilasiaiiemisund

Msuitentne Track transition luedslsiinis@nundelamilintu saudadinig
avwaeuiiontladym  Teluwdvesnssiaedasadduiuusiaes  selusunsufiing
AunaseiBidaiiay (Numerical models) LagilFouifisumildainnisnsrainaaienn
AAau (Field measurements) iovnsusudaudly uagiannlassairsdaedidaniy
gnfesnnBedu (Sanudo et al,, 2016) lévhmssusmemAfoiiieatos wagvhmssuun
fawmamsuAtailiAeaiu Track transition Taganansouvseenlsidu 4 ngumdn Falu
uazLIMEmLAns T LN sUsEanS Amlunsu At Altanelunis
USuUss  wagszeznatlunsliou  feenuuumisiadildimansevulunannvanesy
deliAneumnzauseanmiygmiietusse  fewildnsliouvemnesald a
adesnmsondlassadiams wasdimudaonsusedldnu

nfilsingnn sruumesalineludsemelne Inslianuguuuuvesszuumssala
LU Ballasted track fausofinaudsilagtu uazaedinsimunguuuunissalinnuidagede
sUwuulATeasIamnauUY Slab track megguwuuimnalulad Chinese Railway Track System
¥3o CRTS Type lil fifunanyszmaiu lulassnsasneasrssaln amnuidigs lns-an-3u
Fewuinddndifu Transition 5emine Ballasted track uaw Slab track Lilesanmsdnun
mAdeluein  PTewuindnmsdgmmsduaniion  wezmsmgamiilivindy  Tuuinw
Transition Zone (Shih et al, 2019) fgdsnmsvainvategduuy widsldladinsfinw
{Aendu Track transition luudvesmslinusamiuluiandaveu (Resilient material) Tuau

YaalasaademnaLuy Ballasted Track T Slab Track fsnnuiteane



Tumiasetiavinelasadrsannsduaziiiouussam Under Sleeper Pads (USPs)
way Under Slab Mat (USMs) wnldisaufu ilesanamumunsanlunislden USPs
sUuuvveslaseaine Ballasted Track figamsiimslfaumelulszmadundn wagluilaves
Slab Track flanunsafinds USMs lutuwes Isolation Layers 18 tietaelunisan uay
UFuUssnsilasuuaswesd Track Stiffness Turasues Transition WiARmLIzaL waz
dewawnduwumislunisinulassaisfigaglunisannisduaziiounuunaunany doly
yonwideantiugiensi USPs uaz USMs Jutanindnanneamnssssund d

Juduivssianiivesegialudsemelng  Jsdaduded wasBumgaueisbisesdinig

v
=

AnwndeiiuAuNgINUATaANITAUdsIDUILAATY  SaudenIsanusinseunn  (Impact
Load) waznsngasafilivinduresusnaiiiedy  dmsuduwumslunsfinwiiiugy
wazielidonpasiulsslesuiiazsiiniu  Tunisfinwuiudnlumdendanuneides wie

TnalAeasialy

1.2 InQUszaeAN13IY

[

Tusmidded Hinguszasdvesnifesteluil

1. efinwwansenuannisduasiiou  Ufduiussevineuiusn  uwazlassaienis
50l (Train-Track-Soil Interaction) Tulassasn19m1euses Transition zone i
ﬂwsLﬂﬁauLLangﬂLLUUGanm'mIWmﬂ Ballasted Track System Ju Slab Track
System

2. L‘WIQWGJ,JU’]LLUUﬁTﬂaaﬂiﬂiﬂﬁ%’NMNiﬂIWﬂ’J’lﬂJL%’Jﬁ;]\‘i Turesesrovesmssalluy
Ballasted Track System uag Slab Track System Tulusunsu LS-DYNA

3. iefnwdviwavessalwmmdige  Adnasiolassaiissalilutiswes  Track
Transition 751314 Under Sleeper Pads (USPs) wag Under Slab Mat (USMs)
dmsunsfnwanulululalunisléau suuuu wes yiavedtassadieiitieannns
Fuaziieufivnzay ewdlalagmilugiaves Track Transition Zone

4. LﬁaLﬂuLmeﬂumia%fmwmgwumiaaﬂu:uu nMsU1gesny  wamsEsuia

Tassasnanesaluluang Track Transition asliiedeannIstdauanInyaIlasiasna

1950l



1.3 wauLwalun1sAne
Tunmsideiladinsfmuareuanvesmsinw  WeruaulinaTinszidldliananu
donnds warannsahluiioufisuiuadildanmsvaaeuld feeluid
1. fiRnsannisinass Model aasvuiusalviifunuy Multi-Body Simulations WaznIg
$1aedlutnwes Track Transition 7ilflunissraeaduuuy Fully Coupled Train
Track Models lnad1aes Track System @28 Beam Element, Discrete Element
ey Solid Element
2. #315UIN1391889 Model %a@%guauimaiauﬁw Finite Element Models wuu 3D
Solid Element Models uagi5 Perfectly Matched Layer (PML)
3. ﬁmizmmsLﬂﬁauﬁmawmusai%lmm%aqq Tugaapnansaladiiu 250 ke/hr]
4. frsamaanvuIusali CR 400BF : Fuxing Hao EMU Train S#1 Axle Load 141y
N19e9NLUU = 17 [Tons] (Qi & Zhou, 2020)
5. fi91san Model vosdufuililunissaes Wiilfawavemgfnssuuuy Visco-

Flastic Materials UuugIuN1399883081UsKNTU LS-DYNA

1.4 Usglevinendnazlasu
nanMsfinwanauddeluasell  eienendudslesinensihludnyiiudiy
waziinuogan sluwdvasnsidulasaisglgannisduasiiion loaka USPs wag USMs
Aa i | Y = o < = '
Ninasenisisannisauasiieululassaiimusalnanuiegs  sulviaiainazannse
lUlglunisyasysulse waviiawn Tassadramesalwlugises Track Transition lngtaniy
pg9ds  Twdumeaniflassmssalianudagafinsdinisneasidlulseme Wieviliie
Usganinmasandenisldonu  waganaunsatiglunsiasey  wageenuuun1sldaunisan
1Y) = v v A | ! < Aa X A o w
nsduaiiieumelasaianvanvaiy Tugiseedelumssalanudigeniniu viserds

zinvulusunAnte



1.5 unaulunisaniunisane

[
VA v [ v o

Tun539e fadeladnaisuduney Lazion1s Tunisadunisanudam sl

Y

=

1. Anwndgmiiietulutiwes Track Transition  saudsdnumguiugiuluides
TAssasamne wazenddefiisadastunisuitym Fnviunanumadvinisidiann
Aeadadluiidenaves USPs way USMs fiflnasenisanainuiss uazen Stiffness Tu
9 dEnemsudledgmnsduasndiouresszuuns sszuuneilddulsems
(Ballasted Track System) waglailg#ulsenis (Slab Track System)

2. muuaveuwnueslymluanuidy wezdnriszilouididy

3. Waukuudasdlassadne melusunsaidiasgilaseaine LS-DYNA Tagusznauld
fIEN153N889lATIAS19v8Y Train Models, Track Models kag Ground Models way
WanwUUS asunIdAnuRiimsAnde  USPs  war  USMs  iiiedasnei
nanavUaLesiiintuluLsasnst

a. mwaaummgﬂéfawaqLLU‘UfSwam (Model Validation) Tnevhnsnsiaaeuiiled
NNssaesdaelusunsy LS-DYNA Aunadildainnisnaaeu (Field Measurement)
ﬁy’ﬂuﬂiajsuaq Ballasted Track taig Slab Track

5. $MANTIATIEANAIINAITINEDY  LULIVDINANDUAUBITINAFA AR NN TUTWASY

[
=

LS-DYNA laufi n13n3nsianessis, AsduTL AR Tunely Sleeper, ANUSITIANT
Tududu saneu uazwds Ns¥nMsUSUAN Stiffness wes Track Transition &u
oswnannsTd USPs waz USMs

6. asUnamideild wardelausuusiinify  Tnfuimdunsfaunnddodely

BUIAR



[

Tngaunsadiouasudunaunin wandiiuiuneuidnsfinuild [Wudduduneuld dsil

Literature Reviews and

Research gap Identification

Research Methodology

Train-Track-Soil Modeling

in Software : LS-DYNA

Validation of Model

o Ballasted Track :  with USPs
o Slab Track : with USMs

Analysis of Model in LS-DYNA

Resultant Interpleting & Discussion

Conclusions and Recommendations

for Future Work
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va v

Tuundl Adeldhnsagusunudemifarieates uasnquiiugiuiisniusie
msvhaudlansudtlymeases Track Transition Tulassadnama sauviadevinisasy
foyamnuilide Lonansmeinins wasnuitefifeates sudoiaueomednnsidany
AeataasioFes Track Transition Lilellunsdededmiuauide Tasludwvemqul e
asouaguluitovemamanslassadianssalal (Track Dynamics) saulufsfiugiulassasng

J2UUTN (Railway Track System)

2.1 ngufiieadas
2.1.1 szuulaseasnamssaln (Railway track system)

szuulassainanssalyl (Railway track system) Wuszuumsvudsguuuunils fides
Tlumsvuds anwian waznsldanulumugnamnssd InsiRFULUUNSRUNNWIREN
soifosiudeimaudsiigty  laswgesiddugatiogiu  Alddnswanndidudiuns
9ONUUY  waznsneaivedseiles Tunguussmaniirmasymaasugiage Taseadns
mssalylilefinsanmuvssianvedasais  Tngldlsemadunausilunsuds aunsa
wuseandu 2 Uswm loun Tassasramauuuldfiulsens (Ballasted track system) uag
Tassasreamanuulilagnulsenis (Slab track system)

Tassadamauuuldiulsenns (Ballasted track) o lassadnanssalndisingldiulse

"9 (Ballast) wnlidudaandn  TunisSuimdndwdeswnannisieasunvessaln  Lag

q
I

uwtnussn  JJunfeusnnluyissnvesnsimuilassadenesaln Wesinnsldian
Uszundiulseny  Aludansssunn®  anunsamlddeaingaainnssunisudnvainvaiy

! a A a Y] o A Y] )~ ° Y] a
LLARN LLa%ﬂJi’]ﬁWQﬂ LN@LWSUﬂUIﬂiQﬁi’]QUigLﬂm@u I@ﬂﬂaﬂﬂqﬁﬂﬂqﬁlﬂL@qﬁaﬂﬂiglﬂﬂﬁu b

<

nsunen  Mduturedaseasnglunis  diganenuduasiian  wazansuininasluda

[y

lassaanegluseiuiinnndy  addtuiu  Fdassasiamnauulddiulsens laeniluaed

29AUTENBUVDILATIASNY AanandlunIng 1



ATCA 0T TN NS W T TS

.af.;_‘ : ~ Subgrade

27 1 Ballasted Track Components (Sayeed & Shahin, 2016)

lassasamasuulalgfiulsenng (Ballast-less Track %38 Slab Track) fie suUT198n
sUuuunileililaldiiulsens  Dufasmdnlunisieadhs  Teevhldudazgnosnuuulidy
Srvnuzadlassadiiieglusuiuures uruiuneunimaiuman viiorounindauss 14lunns
Sutds wavietmiinunuluduveddasaiomeusesss sdagludumety fady
susulassadefifimastannfualvel nevdannnstiolasaonuuyldaulsens §
anusngaslunslinuiulaneaemesalwilidosnsliinimasivese vie
fossliAnndeguiitossnn uilundueanisieains UssiamvesTanild uazalddnely
Mgt azmuidmlddeiganitlasiaimuuliiiulsens Tngluvaneyseimaay
fnmsfaunsuuuuvessefislisuuuumihdavedasaieiibivilondy  auwsaziasgu
formun  vidednuwaznisieaisinzaluudassema  Ssgunuvvedasiaiiansiign
fiaudululssmadu Aldtnsiaungiuuuredassadimisssan Slab Track domsld
NuTmiusalnAsgs wusladudanun 4 suwuu dulaun CRTS Type I, CRTS Type I,
CRTS Type lll, wag CRTS Double Block (DB) (Wang et al,, 2016) s?im,wiazgmmwzﬁ
dnwziansfanInd 2

Ntotsios et al. (2019) l@vhmsfnmiBauioudioy nmsduaniouiiintulutuiu
(Ground Vibration) 5¢w314 Ballasted Track wag Slab Track Fswafildainmsdnn wuin
amulsiahiauevasszdunsfudmiinlums  Tunsdfiinisdadosdufuiidauseusg
negiuuy mililassamnesalyiuuy Slab Track TuuSnafuiifirusousigs
AusAngruestUILsaazgendt waglaeluudanisld slab Track shilshAanisideguaes
Tassaesaliidnndn wasfenliidulassairvdnvessalniisinisisneanuidaiigs

WesnndeaiinisShwiatiosainlunisiwesuiusalveylunaeineeusula



(a)
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2400 |
1

b
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(c)

.Reinforced concrete slab (190mm)
Cement asphalt mortar layer with higher A/C (50mm)
Supporting layer with reinforced concrete (300mm)
Subgrade surface layer with graded broken stone

(b)

(d)

| 2500 |

\ L |

| SR

AR\ )
NN
NN

AR TR R TR R Y

AR R A AR TR R TR

T T T HH it
N

Reinforced concrete slab (190mm)

Filling layer with self-<compacting concrete (90mm)
Supporting layer with plain concrete (240mm)
Subgrade surface layer with graded broken stone

3100

2550

N
NN

N \\\\\\\\\\\ \\\\\\\\\\\\\{\\\\\\\\i\\\
N\

N N\ N\ N\
\\\\\\ N

AR NN\

\\\\\\\ N \\\\\\\\\\\\\\i\\\\\\\\\\\\

Reinforced concrete slab (200mm)

| Cement asphalt mortar layer with lower A/C (30mm)
‘ Supporting layer with plain concrete (289mm)
[ Subgrade surface layer with graded broken stone

3200

| 2800 |

R R R i o 2 m o R R

Va4 e e s s o e A A
sl

N T NN A R R RO RNE RN
\\\\\\\\\\\\\\\\\\\\\\ AR R R R RN
R R A R A A R A A A T R T A AR R

\\\\\\\\1 \\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\

Reinforced concrete slab (240mm)
Supporting layer with plain concrete (300mm)
Subgrade surface layer with graded broken stone

2971 2 (@) CRTS Type I, (B) CRTS Type Il, (c) CRTS Type I,
uag (d) CRTS Double Block (DB) (Wang et al., 2016)

2.1.2 93AUTENOUYDLATIAT1NIN (Railway Track Component)

anwarvedlasaimesalivsiiosdusenevgeslumsnieuss  visesutminussnn

yoeruIusall Auanseiu AauauiivesTanfignidontunsinuildauffiausieiu e

AnwazUsesnnueIn1sitau Insludiutazinaussinusenauradlasaasnanng Tuwsasaiu

w8974 Ballasted Track System way Slab Track System safsuszifusideiiineadesiu

N1950ln Falaseadranianuy Ballasted Track AziindUsenauvaslasias1enasoluil

27 3 Sectional of Rails 60 E1 : UIC-60 Rail (Leboeuf, 2018)
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52 (Rail) WulAssadananiniou sumauemlngussanad 15 Wns 01aagding
FousetuiisliAnanudeiiondu Continuous Rail weld Fastener System (Xiao et al.,
2022) Tumstadadndnotu Ssuuvumidnusuuuuiinety aumsliou deldnudy
sUuuudeifimnuawz  Tnssuuuumihdavesssiidedldmuduediann  Iuanthdauuy
Vignole’s Rails #lafinsuansiasuil 3 Gsuenmieandudedinislinumguuudu e
U 51970 (Auxiliary Rail) Wusaasufigaglunistlestunmsansswesuuviusaln uazaeeyih
wihiideulisalnanansdwinuinadulvegasnseld dedldmiluvinaiitamiudes
Tunsiedeuiinuvesuuiusal Tnsanzlugiswes Track Transition UShasaeny Aifinns
Hoaerseiunldanusiume i’Nﬁu%“&hﬁlﬂizﬂENLL'LJ’Jﬂ’1’iL‘U?ilEluLL‘U@WEN%J@I‘I%E)@I;SLULLUTUEN
nsedeud llegnailuunsnsdiensasnuiiiusesnssinlunngudrefiinniiund enaes
ylside Ramsendfinniund audumesldaansanseld wieuenanniuenansdsd
msfnsagunsalifisdsluunessuy oy saliavues feedinsTdssuulnitlunis
waeufl fedesiszuusefiany (Third Rail) Wianhelunsiauvesssuuliin uazenald
Fyanar Fdunistestumsduasitow awnsaldnisinne wusoese (Rail Pad) Aisumis
Rail Seat \fefivsdizannisasiuaruduluds  Substructures  uwasdieteatiunis
Fouanmuadlasadiess (Sol-Sanchez et al,, 2014)

YRYeINTaln (Track Gauge) tUusszaszniagaduianislures Wheelset
fidudafuduuutesy 199919 2 Fu FeazifusivuaguiuurearuIusaIsEY T
Iuiﬁix‘iﬂ’li%ﬂﬂiﬂlWﬂ’J’]&JLg’JQQL%EJ@JG]IEJ 3 auudu agldnisinesddassadramesalnuuy CRTS
Type IIl @sdiein Track Gauge agjﬁ 1.435 [m] Jusguuluy Standard Gauge LUANAIGAN

52UV Gauge Tl Tuumsgululszmelve Miluguiuy Meter Gauge



11

Narrow Gauge

610 mm [T

2ft
Narrow Gauge

762mm [T

2ft6in

Meter Gauge
1000 mm

3ft3%in

Standard Gauge
1435 mm

4 ft 8% in

Broad Gauge
---------- 1676 mm

5ft6in

297 4 Track Gauge (keralarail.com)

NIOUTDI319 (Sleeper) 1Wulpssadravaniunissuunss waztielunisnszaneusewie
N@UVDIN asruluSturaaiulsenie wastunu fvaneguwuy ey 131 pounIeon
w5 mdn Janlndlwes (Ferro et al, 2020) Wudu lnedagfidondunldnuuin fe vueu
TNV UABUNINDALTY (Prestressed Concrete Sleeper) LUBIINAMANUANEIUITOTU
LSITPLAR IUAIUVDIADUNTA LAZNISESUAISIlUNITTULTIASIUTUAIUAIY NISITUANDALT

4 ¥ ::4' 1': ) Y & alln Y [ 4:4' 1 93
wazmesuyuian sibalunfdedldiuannludssmalve . wasenUasuriiuandagusson
1 Aduiansssund Inisidenaninmiunan (Elsayed et al, 2021) (Remennikov &
Kaewunruen, 2014) &asmenisideuaniniaunsaiinduls wagnisaonikuuiiianislaauly
s2a5817 NMSUWI5ED8Uds FEM 1nltlunnsimsneins e uyeaiuausedsne wiatian

a cav v o 1 oav v . I a
MIVATIENALG asdeuiumlaannIsadeuwuy Full Scale Testing Wun1smageui

Heuegraunnluiagiu (Momoya et al,, 2016)
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29 5 Prestressed Concrete Sleeper (agicorailfasteners.com)

Fuitulsenns (Ballast Layer) uduinldianussinviiuunsia Audounran Wun1s

WENARLIUINTMINLAN LazyNIsUASALALSAINNLTsInaunsIdau (Sol-Sanchez et al.,

a

2020)  feulfedaunnlusfndewinduianiausemililosdie 9nunaansnens

o 1 Aa o a

adnounfanwaugyneniivsemadugriiugy aumn edlunistiessuietn uasus

D

TUpaialuaureansiauluszazeny asnundaniuan wlgauuiy Ballasted Track g

3

(=

madevanndulilesunaniiuunsinld Aanisiis (Fouling) suilosnatnussiinszying,
Wunauu

Varandas et al. (2020) ﬁﬂ‘mNﬁﬂ’liLU%iJEiJhi%%&Jﬂ%a Aggregates 2104
wAnssulunistisannsduagiiiouuuu Nonlinear uazuunislunsuiuuss lasnssias
e 3D Finite Element wuitnsngadiadsluszezennves Sleeper ilavnsmnaaoy
U3naUaeved Sleeper NUANLLANGAIIUBIAN Displacement ildlunisindeudideuss
nsThen annduTnaiinans Ahilddmusssriusdinssiedusion fuuseiinssh
$1 dumnudilunsdvessdaeusiiinszings vsnafnans Sleeper amduuinaiid
arandusndign dndlunsdifussnssriufivmiing audulunnfsinuuats Sleeper
aflinnnniuinafines wandiduinsdenannlunsiudhminves Sleeper Tunns

T¥uszaze1 (30000 50U) RazvinlminmUdEseTUUSNANINAN9INAS I UTLANTY
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Fuiu (Subgrade Layer) utudisosutuiulsema evilhiAnedosnimlunssu
hwiinvesmaidondl dusnnaefeuuiuusnuameuudusdluiud delvmngause
thwiinusmniieglinu nensussgndlfitensusuusnmamiu SuanuanssUuuy Wy
Turaswessesseuinnazny fuanduzud 6 Tnsluduinstunsgoonuuulidy Slope
Tusnsduiimngaufusuuuuresnslfan (Kouroussis et al., 2016)

Connolly et al. (2013) lgvinsanwienfunisduasiiouvesiuiu Usnaians
Jriuvessaliemiigs Tnevihmsdiaesine Numerical Models wazauIusalwiuy
Thalys Model (Lyratzakis et al., 2020) wagiUSeusisuaiilaiuamitinainaaauiy wui

nansenuvaINIsauaziauluszeclndifes 1assas1ameily Soft Embankment 2ilnns

'
a

nyadanuIndian 11NN sy Embankment  @sazileniaaddunisiinanudeddunis
N3AfIveItulasIEse uazn1sansNveIrLILIall dullsunanmsduasiieulusseylng
= a v 1Y) A ) = A a cs' dll
LAE9REIINATRINITALYIDUNTUVRIAAUNITAUAIION  LiBfiANTSIAROUNKIUYBIATLAIN
o = v oA W =) o § ¥ a - ] a Y o
finanandls  ludadndinananis  vihliiAensnevausanensazannnitunilusseylndifes
dnlluszervinseanivanlasaiommenuindnisanvesnisauasiion. suillowa1nnis
WasugUvemndsnulunisdwinu lWdainanilnatu waslaenilunisifiaen Stiffness vaq
FU Embankment 3g¥38ann15duagIiaUAaankLITaIlATIETIIMNeTa b

Gallego et al. (2011) latins@nwuy Parametric Study luSesues Vertical
Track Stiffness Wilinasian1seanwuulassasavdlun1siwes salvanudigs wuiinis
USulpsnaunmeesty  Subgrade  fiwaiduegrunnsdenisiuiminlunisiedounivemia
salil lngannns@nun A1 Vertical Stiffness dswalnenssiuan Stress wag Displacement Tu

FUnU

—+>BALLAST
—+SUBBALLAST
—+>FORMATION

—>EMBANKMENT {SOIL)

BRIDGE DECK

ABUTMENT

;. —>GRANULAR MATERIAL
- >MATERIAL TREATED WITH CEMENT

2l 6 Subgrade Transition Wedge Design for High Speed Line (Sanudo et al., 2016)
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Tuduvesszuusaseithiinisldfilsenis (Ballast-Less Track or Slab Track
System)  agilsUuuuveslassaine  wagmseenuuuissiululuudasdorivunluusiay
Ussne  Tngagiimasenuuulnelsuuuuusuiiuvedlasiadsneuniniasuindnluguuund
BaNnUany Wu Floating Slab, Direct Fixed Slab, Embedded Track WD (Ling et al,
2020) (Qu et al, 2019) Fwhetwasgunuumaliladlasaisiigmiannlneussmeiuly
Al 7 Gsenaaziinsliusauduusiuianiidu Resilient Materials vioosdusznoudusam

Wiarglun1sSudImtn TN wazyinlrseuusIAAMEDeTAINUINEITU

WI-8 fastening system

Dummy joint
Track slab

Fastening system
e CA mortar

Support layer Prefabricated slab

Broad joint =
Narrow joint
/
Bollard Hydraulic material layer

(a) (b)

3800 mm

Fastener e S
\ D/ouble-block sleeper f 2800 mm 1

v

Rail —_

Sleeper
‘ __Track slab
Concrete base

PR
Support layer/Base

Subgrade

. S 5 ..(d)
2 7 Types of Slab Tracks in China
(a) CRTS Type | (Prefabricated Slab Track), (b) CRTS Type Il (Prefabricated Slab Track),
(c) CRTS Type | Double Block Slab Track, (d) CRTS Type Il Double Block Slab Track.
(Ren et al., 2021)

2.1.3 msehetminasuulassadranasalyl (Load Transfer on Track Structures)
niildnasludewesnisien  Tuusazdiuveddasiadmssalvuuuanswds Tu

furesnsuimtinveslasadnessuuse dainiiilunissesfunmsindsudivessald was

linsiedeuiiiinnisiiatiosam  (Stability)  Tuusiazesdusznauvediasadnassuus

rAe9liNsasa8InTNla s lumAareIRUsENaUTBILATIAS 19519 LVUTNAlUNITaNe
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(%
v Y A

wwtin visenseaeanuiy adludilassaiaegiinit Tudswuausuans Tnelunwi 2.8
LLANIFIDY1INTANBUIMLNINMNET (Axle Load) Mfu1m 200 [kN] 38 a8 (Wheel
Load) 100 [kN] lU&9lAs9a319009579 Lashanan1snseatowsy visatmin asludsdunu

ANUAY

Axle: P =200 kN
Wheel: Q = 100 kN

Mean stress
area level (under rail 50 %)

A= 19 \Vheelirail o = 100000 Nicm?

Ars =200 cm? Rail/rail pad G,s = 250 N/cm?
/baseplate

Aps = 750 cm? Baseplate Gps = 70 N/cm?

/sleeper
A, =1 -
_ s» = 1500 cm Sleeper og = 30 N/cm?
"\— /ballastbed
10000 cm?* Bg|jastbed o =5 N/cm?

[substructure

mwﬁ 8 Loaded Distribution in Stress Term (Modern Railway Track, 2011)

Tuustazturedasasiomasiinsnssnousaitelffnan maunavesnisiedoud
vassalw Tnsdlulassaiameidesiiddsiansesnuuy vizensliandislognsdrin azidu
FoainsAdedsmnuanmnsalumsiuuss  viseanenudulusewinansduusdududiu
Tn59a579 Sadri and Steenbergen (2018) lévn1s@nuwwuy Parametric Study LAgafu
NANTENUVDINISEONAN MY Lavaussanmuesnsldavluszesen Tngldnavesnis
AINTUNEIU é’mﬁaammﬂmiﬁmawmmﬁﬂfdET&IﬂNﬁ%fNﬁ@QG?WﬂdW iednwinansznu
mﬂﬂ'wﬁhLLﬂiﬁQﬂiﬁﬁﬂumiaame warfenuiviteselassadrimesald  ddluusiay
Fuadruariinsdauvemdany  luusaslassaiwessyuuse (Sadi & Steenbergen,
2018) wuimdsnulunisdaiuazuystumuauElunsiwesald @ Stiffness veadu
Ballast wazdu Substructures frasthannsdensimuansdmussmdnuluduves
Tssadns uazmsvilsid Subgrade fmnusey wiadmuaninsalunsliifiundedy e

sil¢dsnanasalnidedmeanugalugag 100 — 200 [kem/hr] wnnin
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Tucho et al. (2022) ¥MATIATIER  Stress  Analysis LLazmsLﬂ?{augﬂmaq
Substructure  Suilpsramnanmsiadeuiiiuresaliauigs  TnevhnsAnwins
iAo ﬁaeﬂuﬁi’mmmﬁa 60 - 450 [km/hr] B9¥nMTIATIZH UALTIADITTUUTIIULY
Ballast Track System #glusunsu Finite Elemnent Analysis wudn levuiusaisse
audafities vidednd1 120 km/hrl azdsaliinmsnszaiedvesanandudusuuuues
Cardioid Shaped Path waziileruIusnindeuiisneanuEIiInndt 300 [km/hrl pl/R0)
manszeamdulusnfwesiuasivdsundas idusunuuresarnduifarndsuu
Oblique Lﬁﬂ%u wUsFumuauSHTisalnds Fuinainnssiunaves Shear Failure SLqu’fu
Substructure  ludiuwesnsAnwIA1  Stress  Amplification  Factor, SAF Y09t
Substructures wui wusulnemsatuAlupdavasiufu (Subgrade Stiffness) waswesy
muanuesdu Suberade warluideswes Critical Speed iieuitazliAmatiosnwlunis
\nAeuivesuuInse WU’iwmﬁ’ﬁmmﬂ%’mmﬁaagﬁ 60 [9] va4 Critical Speed 1831910
Fuwes Ballasted Layers auiinAdsdevedag Shear Failure waepsiinisnsiadeutite
Uiuussnmuniwlunisieadnanis ilelannsalinuldedainuszansam
2.1.4 %5089DUBITEUUTN (Track Transition Zone)

0MBYRITFUUTN (Track Transition) anansanuldlaedialu iuA nisdeutiees
51930 bLUU Open Track S¥#i19 Ballasted Track wag Slab Track, 91959UnBY8INIAU
Tnsead1eaeniu (Bridge), asfifimsdsuduniasns (Tumnout Zone), UShianssauss
seyinsneudn uazeenglued (Tunnel) Wi Tullymiwes Track Transition Aiwulunnsld
o wazsunsisesnm lusuneammuindledinistian nsdsiuvessaly dosils
Lﬁﬂmiwq@ﬁaﬁ@mﬁ’uﬁuaw'%l,amﬁﬁmwmhwmm Stiffness Tisnafu (Pourzeynali et al.,
2021) Fadegensngadvesayniu fanwd 2.9 delutlagiuldiinnsdiasdlasaine Track
Transition ﬁaagﬂuwmuﬁﬂw’lﬁﬁi’mﬁ’u Inge1dun139na0laTsasenalUsinTy

(Punetha et al., 2021) Lﬁaazmﬂﬁiamimmaﬁwﬂugﬂ%ﬁ Numerical Solution
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a

S1iad Ballasted Track wag lasiasNay Wiy

(National Academics of Sciences, 2006)

Safiudo et al. (2016) lavms@nw)  wazsuTInOWIdeieIdesiu  Track
Transition Zone IagnuinUssiiunantunisiiaisaziarsandedaymnsduasiiiouniuinnin
UnAluusnal fie 1. msdsunuategasiniizes Track Stiffness waz 2. NMINgARIvEN
& PN | a = v v & v 0o 9 Y a ¢ ' a =
FULWINNANINNIUNR Bedruudwadusumsyihlniausamamamansiuinninung el

'
aaa 1

VensEintiesneasERUsIsinn a19nanldiusiiiatudu ussnssunn (Impact
Load) flazAsliAneudevnefisnnnining Sanudo et al. (2016) lsvinmsaguwdnnis
uilaleyyniAensuusnm Track Transition I8y 4 sde Faagnanidunuidenifedes
Tuade 2.2.2 ns@nufiAefunisuitymiluuiia Track Transition Zone saly
Tudruvedlaseasnasevuselumewuuung nsinaeslioAuLuUTIanIwa
adnenanfiieanunsataildlunsduan Winmsdaeadu  Analytical Model 1§
vaMMaNBgULUU Setua et al. (2015) TfvimsAnwiiiensieuiioy mssiassguiuuves
Track feluman1IAGRFERITNaIELUY HWevN1sAAAINMAIUeY Receptance waz Decay
Rate wiotdunwamsunisiasaunlumaildluwsaznsd dolu (Setua et al, 2015) lng
Wud Ansideguresnsinaedagly Timoshenko Beam on Single Layer Continuous
Support ﬁmmilﬁagﬂﬁmm’h N1591889978 Euler Beam on Single Layer Continuous
Support Lilasanmseeuliiinaves Shear Deflection ld wazn15s1aesse Euler Beam
on Double Layer Continuous Support aglvuafiflausaenndesfiuinninnissiassse

Single Layer wazaglvinavasn Resonance Tunay Mode unna
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2.1.5 NMSAUALIDUVDILATIATI95EUUI (Vibrations of Track Structures)

¥ '
a = (% S

N1598AINTUNDINAVIINITAUASLDUMAATY  dULTBINIINNN5ARDUNVDITA LK

TASIASIIN HAZTUAL FLADIUSUAWIATITILUIANDIN NAANERSUBINITLAFDUN NILTINI
¢ ~ o a A .

NaMEANSNEUBNTININTEYN  TegannIsiAdauUNKIUTRIvUINSal  (Kouroussisa et al.,

2014)  FaleIAFIATIEdiugIuINIINSTUUNSAUasiieulaenaly  (General  Dynamic

v A o

Excitations)  fidnwasidunsduasiiieuiiiiliiAnnisnevavesuudangss  (Transient
Response) 91nnsduiiiinainuuiuse Afidnwazdua1u (Periodic Excitation) muAanmis
vassalluvaezdy InefisUuuuvesaunislunisldeduiessuuvestgwiduaunisnis
\ndeuiilnevily

ssvumsduaniteulaeiill  nsl¥aumsmeadinmanslunisesue  wnfnssuves
Tasaade iannsnesuslilagliaunsaunasionisiadoud Wuaunismun lussuuves
Mesendanamansedfulsiddny uasfender Wun wa (Mass), AN
(Damping) way AaRWiua (Stiffness) YaIszUU Palilunseduienisindeuiivesszuuly
Pranaiisiuld  lnsaunsadeulieglusuvesaunsvessiedouit  (Equation  of
Motion)

Farooq et al. (2021) lgvin1s@ineuientu Tire Derived Aggresates (TDA) Tusy
Tns9a319v04 Ballasted Track uag Slab Track iievinisiSsuiflsuuszansnimludunis
Tduluszazen Mun1591899eNITIATIZR 3D Finite Element Models Wui1n15I4eu
TDA fnasenistieand Peak Acceleration Tusfilassadrevnauuu Ballasted Track was
Slab Track wenantudmuinnslan TDA Tu Slab Track 9aelun1sanen Vertical Stress
AN Horizontal Stress dauluile Ballasted Track thessludnuvesnisand Vertical
way Horizontal Stress L‘ﬁaﬁmmﬁmaqumﬁﬂmmﬂmﬂé’a wazAsIluNTies
yusall  ludiwresnsimuiuuudiaesannsaiuenariven sminmvedlasaiidy
dnmy Cyclic Loaded Wifisnuauseunmsnssnandives wilumensifouaiesioind
SnuseUTeIsWinIEE s wIuInn msdesdinisAne wavUsadiuan syl
svozgnegweiiles uazdimudn msliaru TDA lunsdisannisnevauasdanisnyadily
wufdly Slab Track fiuszansanm unnndnstdenlussuusiawuy Ballasted Track

Tunsalvean1sduaz o uNtinaNNISLARDUNVBIVUIUSD N PilpeAUsEnauan

(% (%
a ! a

I ) d' o YV @ ) a I3
JuarunenanateTIual  n1sanassiitlunisinasssalWlidunuuInasmentinanans
OULAMUTUTDOUNINTUANY  ABIDIAYNANVDINITHYNNINTUITUFIULIA  YIONAITAUN

LONUARYBIAUSENBUANLARY Degree of Freedom, DOFs sgrafusyuulunisdnass
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lassasne  Fuludsignldlunisiiansaniieliifnanudedensiiin  uiazdeafiansan

N13UUs DOFs wiialiaanadasiunisindaudl Mienginssun1snaouivedssuuasy delu
= dl o = a o U = 129/ 1 d‘ a ¥

nstlvesrvIusalUAiAsAne lunwidy  agnantemisueniudiuioiarsan DOFs 14

wingay Tuiite 3.2.1 nmsiesdlassasisveslumanissaln (Track Modelling)

2.1.6 NM138UND9 (Resonance)

Jymddgueinsiinssiidanamansvadlasadne lauwn Usingnisainisduneswss
1598579 (Resonance  Phenomenon)  Lluusngnisalinisduaziiiouainnieuen
(External  Excitation) — fu1nsgyinduseuy  dAudlun1sdunssiuanudsssufves
lassaine hiAnnsnevauesiunnndund 019vzeglusveimaafouil vieanussly
nsdunuINNIIWUNG (Shih et al, 2018) laenginssuaziinISiuTUTDINANITNOUAUDS
MnnTuegsoiies wilpenluudr wanevaussfinsziinelasias9inInnIUnfazasns
AnudemslussAununniufulaminaansavesiaaiasiuls  wazasAinnsidemeves

3 ¥ z.s' U dl' a U o w .Y d‘
asrUseneulassaddlufian sulisanaindaanuaunsatunissumainieluan anani
10 uanwegvensdemevesussmeosiu Tusalianusigs MAnainn1sin Wheel
Set Mid1uve Wheel Flange \inauideme vinlilassassdsliaunsansaiiosanaenis

A Ay v o § ¥ a . a = v = aAa £
waeunld wagyilminnisnns1e (Derailment) Tuvian Faduwnlupnudemeninuly
diuvedlasiainede tAnannsilassasiell Fatisue Minnsazan lnedidwmalaansain
ndandld  swdvanmnsifnunensssmsduasiiouninnniiung  Felunsdilidana

Tnensanu Wheel-Rail Contact Force Interaction

y, <

A7 10 Accident on Hanover-Hamburg Railway Line. (2019)

(mx-schroeder.medium.com)
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a

Tnanisdsassalnluanudingdu svdwalaenssdiuiymnesfetuluuiensd 9
a ] aal ) = Y A a Y )
InsnevauaInAANNdNRSIIY  F9luniseanwuulaseas1endianuneIteatunesa
Tnevaly aginnsaniannudfglunansenuilogane wiluneujuRndnisaiuauems,
yo330M lnvazanszaummudildnulidesninund ewdndes A1rusTings (Critical
Speed)  MIN1T19veITANUALYNIALARNaRBUAUOUTINAFERSINNLAUATIUNR  (Norén-
Coseriff et al., 2018) yllaseasnamie wislassasswuiusalviinaudemels

Wugfuiulunisesnuuulassaiamnansguuuulaseaiauuy  Ballasted  Track
Wy Slab  Track nisipdeuiktuvessaliAudgy  dendinnnudsaunnninfiluui
ANIEIVRIVLINTD Frdsnalagnsaiunsduasiaulnesauredlasiasna 11nninNsIeng
AINIFINEINTT HaNSEVUBINamansTAnTuaIgasilmAnUsngmsalnisduies Juldlu
syUU Yhilasaas1afineuderie viseenvazlianuisaltaulamuund Tunsinsigving

a o = a o < a 4 a a 1 & A [
999n15398 F9TANUTNTUNEABINITUNAUDINITIIRILVBIVUINSa biluANSRnaniu
A o v ) = A a £ | & a a a a
WavlilanaveansauaziounnTulugeamss  MeeanusaIATIEMluaveInINun

ASAUNANINY

2.2 BTeTiietes
Tuduvesiddeiiiedes fideldhnsudshideladu 3 ngu fie nsuitym

mMsduaviteusuilesnannisedoudiiuwessuiusali,  msFnwinisudilgmfidetu
939089 Track Transition, way miﬁm:ﬂmiLLﬁ‘f]iymmiguazLﬁmﬂ@ﬂ% Under Sleeper
Pads  adlumeuineasdinsasuilevnvesnuidedilédnm Tudwmesmisudtygm Track
Transition wismuusazide tieliierenisinaudla sustensouansdetosiialy
NTeTreiiunld wasiioduwunmslunsineidiuddluiiteridauioades sely
2.2.1 maufidymnisduasiieusuiiewnainmsiadouiitinuvesuuiusaly

Galvin et al. (2010) ¥n1sdiaesmeiTideiies Weussdiunanssnuannisindeud
Wuvessalil  AarensdsinuvesnsduasiiouluSiuiuusnuduans  Woldlunis
ATIFOUIINNTIRBILLUAALUY  Euler-Bernulli’s  Beams  1N3ANUABAARDIFBNNT
asuTikuvessalianmsegeusgsls Fawan1sAneanudl Mssiasinisindeuiiniues
salviauuu 3D Model way 2.5D Approach :ﬁﬂ'wLL'emWagWummaﬁuﬁiﬂé’lﬁmﬁwaﬁlﬁmﬂ

A1SNAADU LA8ANLAINNITNAADUILLAINININ
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Nie et al. (2021) vin1sAnwAeaiu Dynamics Load Mdinananginssuluszezen?
¥93 Ballasted Track luesufjimnis leevinnisnegauluu Full Scale Testing tiveinen
HanpUaUBIUBIlATIEsslutufg 9 NleannsasuAInmEvUIUTa (100 [km/hr] wag
300 [km/hr]) LLﬁBﬁ’]ﬁ’]MﬁﬂUﬁiﬁQﬂﬁﬂi%ﬁ’l (17 [Tons] wag 22 [Tons]) WU ANUslunis
QI = 1 1 1 Q‘
NUVOVVIUTOLNALAIATIADNANBUAUDIUDY Sleeper (3 — 4 1) ANANNSIANTOY Load
nsgyin Nliladamanenisduasiiousss Sleeper wntn (1.25 1) Stress TutiuAuiliin
nMsduasifiounieuen liAnagluaumvinuIINUewsinssi wazaansluns
Javesuiuse lladuasien Stress Iagmsa ¥eA1 Maximum Stress 30gnTai UMM

B . a0 Y N A a = ! =
WIS ¥38 Rall Seat wazdAdesiignniusiafana1aves Sleeper diuluizoswes
Permanent Deformation Sulfleauna1nusingsyingy wuduwiliufisalwildanusags v
TiAnnsdeguanaslutu Ballasted Layers figsninsalniildaudanidindt suiewnain
A13LNNYDY Dynamic Loads

Mishra et al. (2014) ¥MANSANBUTIATIZMALINU Transition Behavior UaIUNI4
Tulassadesalvanudigs  legyhmsfassgunsalifiensialn  waslSeudisuanlanu
LU0 19T uveslATasmeTaliuuy Ballasted Track 1mevinn1s9IungRnssuYes
Janluusazduiielfiduwumslunsaiuaunisniafmansissfatuluusasdu  laewui
Tngdunnnisdnaedasiasnmiuuy Ballasted Track lillddnflsisnavesnisiueuniea
g089039UlTEN1S IINAUBINGANTTUTAATY 917U AL TULWIAS M‘%@ﬂ'wmiwqmﬁa
] | av oy ° P ' Ao v a Aa &£ a ) 2
Juailaainnisdnasssie Element goe@ild dslumangAnssuiliiniuase n1sduaziiiou
luwsiazaunialutuves Ballasted Layers #Amuaneneiy wUskumusiuvue wagns
duaziiiounawu Sleepers F39INN1TIATIZRAIY Discrete Element Method (DEM) w&
dunun  Msduasiiouasifinuannludmunianumtdnussyn  ngaaeveavuIusal

o QIJ = & 1 1 r.:l' o vV ¥ -d' a 1 1 v} v
N5EYin warnIsEuATIaN YSeAIANUINATIaTRlnartraaiie dnisdsrnuludalasaasis
a o Ao |
Meglusyiunaingd

Connolly et al. (2015) wudnanedndadagdu mMsimuaumaluladdenisuuds
MesruUsNdulduigdy  wuiusalwaunsaihenudildunniuegiswiaies  Fald
MNSANY Wz TIuTIdeyailifediu  nsduaziiouduiloanannmsadeuninIuYes

< ) a a I v Y 1 cl' 1 [y [ d' c{' 4 v} v
usalnauEia huSeuSsaluidedns 9 Ndwadudieiineitesiulaseasi
syuUs1e sulaun Track, Vehicle, Ground, wag Building Wunan lagladinsnaisunum
mihvedwsiazasrusznoy  Tukdvesnisduasitow  uazdalaaguuuimialunisussim

PN a i v v ' i dl A
Naﬂi%‘WU‘V]@qf\]‘ﬂgll’]ﬂLﬂuvLUGLULL@azﬂqu IWEJSU@a?U‘W‘U’N IULLQQ'J']NQSU@QSZJU'JT.Jiﬂ NEING
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lngnsssiasyiuAuianUaenievesglagans anudaeglugag 0.25 - 0.32 [Hz] a@wnse

Y

dawasiliiAn Motion Sickness sioglagansld uazaudiidmanssnudonisenu Wou of
e 4.00 [Hz) Fldihauenmsanleniaiiasiinanuddnadlae  ansiuiuaiafidu
Unspring Mass Tuszuu Tudiuvesnsesnuuudildnisiuingie Finite Element Method,
FEM aaugfiuiu Boundary Element Method, BEM A359¢#315041015LlAaA38n15ALI0
Faavseanungasluusasdym vieaniunisel war msddeiernanusiingnd
srAsliAnnsdufiinnniundsiulunsesnwuy  dedealildendisnnit  Rayleish Wave
Velocity M%@iﬁé?ﬂ"]mmL%ﬁﬂqmqqqmiumsaaﬂLLUUL%‘;Ju 0.70 wwes Rayleigh Wave
Velocity  uazaslifinsuiuusslasiadndlanseudieWianuaresnisduasiouiiindusis
TuneUfih Geflealfidunsun Trench Deployment wioufuuseen Stiffness westu
Subgrade AuLWIVSHIUNITALN

Sayeed and Shahin (2016) lsvihns@nwienfunanevausadsnamansvassaly
Ausigs sesyuusawuuliiulseve (Ballasted Track System) LiiewiArmui3aingn
diwasio Dynamic Response Wu31 Tuwagwes Critical Speed Waw8InITIATIZAUUY
Nonlinear Materials Tutu Subgrade lilgflrnuumnsnasnnfunsimsisiuuy Linear
Analysis Wan15ALATIEALUUITLEUYDY Substructure Iﬁmaﬁuaamim?iaugﬂﬁmﬂﬂiwmi
Anesiuuuidady Taodlegransuausadmaraniiildainan Sleeper Deflections wuin
AsinsstarvesruSalif 75 (%] vesen Critical Speed dndunisldnulassadnamis
salwwuu Ballasted Track System @1 Subgrade Stiffness LLazm’mwuwm%u Subgrade il
HAlPEATIROMIAMUEEAINAAIEAT (Dynamic Amplification Factor, DAF) Faeen
Subgrade Stiffness LLazmmwwmmaﬂ%’ju Subgrade Lﬁus'?gjlu ANV ANERDUAUD TS
waransiidanas Tnslurmuisiingauesuiuse lusfunssiuridhminveswuausedi

AOUT WALUIAUAA Train Loading Geometry
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2.2.2 msfnwiisatiunsudtamiluuiian Track Transition Zone

Ramos et al. (2022) lFvinsAnwiientu Track Transition vedlAssadiamanuy
Slab Track UshusegsievemIndaiigalusd (Tunnel) wuitluwdvesdiuveslasaasnam
aeluglusdiduddifien Stiffness figsndineueniin yhlslusadndiAssneufiomaty
glaad Ava Vertical Accelerations fAfigeninnfunn wazainmsdiassing Numerical
Models dwmsunmsldnulussezeny wudnfamsdeguansedianniulasaiiswes Slab
Track Bslums@nw Tiuuzirfsuumsunslifaniifirudoneu (Resilient Materials) 1
Prelunisnszaeanuduluiudiuvedlaseain fudefunsUiuUsamnnsestu
Subgrade TnevhnsiUSeuifisunavesnsldnufesanidaudanguy wadldld elsin
anmnslionilussereniin wesdleliinadosamiliisnnty mnmsannisduazitou
yosmsndouiiurestuiusalluuinatssessety

Sakhare et al. (2022) lﬁﬁﬂmiﬁﬂmﬁmﬁ’quﬁﬂﬁm LAZNANDUAUDUTINAFIANS
Tuta Track Transition Inefiansau3iags Abutment Bridge lngldfinnssiusiueddei
Aedearuaines Transition Sections luiSewes Integral Abutment Bridge, IAB fiazfu
N13390@UVBe Transition Section 91nnakuadu 2 d@ulein @auves Broken Stone wag
druves Filler Milludrumdndouazidusiumis Bridee Seat vesazwiu isufinsandu
Section Wiga3aiy Fslun1s@nwiléviinisuts nswasuulaseduysiisades Wukde
WUU Parametric Study %ﬂ%WU’j’l 1um5aﬁmaamnﬂ§wuﬂawzamaq Transition Zone N3
dszepiliAnnmyasiitesas nsdluesnsudsuuuasmnumines Transition Zone
maifiuduresnumuvhlfiAensmsaiiitosaatuty  lunsdvesnisfeuutasa
wuiues Back Fill Soil mstdenlduifimmmunuiugs vieundaminliAnammuiugs
wtwan Vertical Displacement & muszduenudnuastuiu lunsdlvesszeyaniugs
Integral Abutment Wuiﬂaai%'izazﬂ’m@ﬂmm%u QzvilyiAn Track Displacement Tudau
vodlassadtegetuna warlunsdvesninudsuutasdaudeses Transiion Zone Wy
Track Displacement 3ganain1u Inclination Fall vesAnuBseTiinty enuludiuues
avnuitldlfinnudsvesmangadoy  Inclination Fall uenvndudedinisieszsiua
994 Cyclic Loading Lﬁaamamaqﬂw3‘1/1§®<§1";6uaﬂmqa%’wmﬂuiwzan NUININIARILAA
Mﬂiu%’jmad Ballasted Layers wag Embankment wazn15d Track Transition aglinig
nydaluunniisneld fanuadianouniy

Shahraki et al. (2015) vin1sAneaeIBileiavaIen1snandlassasanesalnmne

TUsunsu ANSYS ey Track Transition Zone luusSiansyning Ballasted Track wag Slab
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Track Tmemuinnsidsuntasvesan Vertical Stiffness Tulassadisludissessde finadu
sgrannlunsfvuanamsedlulasiainees 2 UTnuiuand ey dawalagasisionisiin
Degradation 183511 wagsilrieafialdanelunisgua vrsdnuiigs Suidlesnantami
Antu Feldinsinuuuamdunisudtawidu 3 nsdl ldun mafiuauenves Sleeper,
mslaneiu (Auxilary Rail), way nsUSuUzInmnmvestu Subgrade lapfinamm
Namauauaat,%qwamam%ﬁLﬁmsﬁwaasw, Ballast &y  Subgrade dulawn  Vertical
Displacement, Vertical Acceleration, uwag Vertical Stress Namﬁmﬂmﬁ’maﬂﬁw
TUsunsu Finite Element Analysis wui1 nsU3uUssRanmues Subgrade LuisTivasan
Mg wasanuissluuunfeiiAeduuinn Track Transition finnilgn  usnisld
Auxiliary Rail ﬁﬂﬁmslﬂﬁ'auLLanaq Displacement, Acceleration, usg Stress Ay
aiamomnign danluudvesnmsenesimmduiiastuluty Ballast msld Auxiliary
Rail shlasdulunindsiauaiianomnnimsfivvuinves Sleeper lngagunisld
setufiedlfosnannluusnadinaiasuuames Stiffness feANTINGT

Ngamkhanong et al. (2020) Igvhnsdneuieatunsly Baseplate Fastening
Systerns lun1stasannsduasiiou luudom Transition Zone 3slafinsnsiaaounaiils
fukaiil#ainauisedusisludiures Ballasted Track way Slab Track Tngldutsynnisdn
A1UAT Baseplate Stiffness wag Baseplate Weight LLﬁﬂﬁ%ﬂﬁ@Uﬂﬁﬁﬂm Base Plate
Tuthssesse isliAnauaiiauevean1siUaeunuas lu Rail Displacement wae Track
Stiffness  fiundedu  laenud1  Baseplates fdATuBanguiiganinazdiglunisannis
Fuavifioufinnnnit wazdetelunisan Slab Displacement @slpevialuuuziinisldom
Tutswes Track Transition agllusn 400 IMN/m/m?) waglunsaivesnsld Baseplate #ifien
511/1‘1%@& wagA Stiffness ﬁqq wilinsasuulames Rail Displacement A1y
dianenndt luduvemavesnisidsunlamiminues Baseplate Tlldvilinnis
Wasuwawnludiuwes Slab Track wigesiansannaienaasintuannisldey wasns
Joides msldoures Baseplate liinsanawnu Span wuiiBsllszeymsdugasiiinniu
awhliiinswasuulasifienuadianemndulugwes Track Transition

Galvin et al. (2010) YINSANYINITIAATIVNANDUAUDUTINAFNENTVDY VUIUTA
s¥UUT Tuiu warlaswadiamesalal vossalnmiIgs lumsfinwldfimsuSeuiiouns
#il#nn Numerical Models funafildainnsiasinsduasiteuninaeauiy vessalul
ANGEIEY Cordoba — Malaga HST Line Tuduueenisfinwids Numerical Models #n1s

daenluluwmawuu Fully Three Dimensional Analysis lnglassasiafiegmileniudu 3D



25

Solid Finite Element Model (FEM) uazlnsearaituidiu Boundary Element Model (BEM)
Faluauiifinssasafiofnwnavasnisduaadiowdily Tudiwes Track Transiton 910
Ballasted Track U Slab Track Tnennsiasuiuysves Rail Pad wazdsznnvasiuiiu
wui Tuiuresnmsasuwlasnsldanussnnves Rail Pads ludveinisduazsidiouly
579 wATMNBUTBIT NS Stiff Rail Pads qeviliAnnsduasiteuiiadosnin uilviua
asafutufunsduadiouvestuivluszeglng  #in1sld Soft Rail Pads axtawannis
Fuasiteuusnalaeseuiiaziiatuldinnni Tuduwesmswasuussnmvesduiy Sufud
fienugaunit  wwlinavesnsduasiieusudounainnsisiuvessuisalifiuninniily
nuinn warludiugavhefifimsanmunaseansduasiiiousamindinnisiasuuUases
yasal wud mavesnsduasdieudAunnludiuves Transiion Zone idudiuves
Ballasted Track Bsfinsduasitounassny uaziuinlndides fddgefian Tunsdidofinng
$raeatuiu Wuwuu Medium Soil uasususessafuuuy Medium Rail Pad @wnis
Fuanieuluvuousessy  nuhdnafilndidesty  luflewes Ballasted Track  fifnns
Fuaziiteufiunnninilaves Slab Track

Sanudo et al. (2016) Iivihms@nwdauminaintssessoves Track Transition T
sUuuUsefy salufsnusnASmsuddam madsuuasesen Vertical Stiffness Tu
usiaznsaliisnedu Taglsihmsaguuuamalunsudlatiam Track Transition sonidu 4 ngu
lauA 1. nsUSuUge Substructure (Infrastructure) 2. MMsUSUUFe Superstructure 3.
Combined Solutions wag 4. miﬁmummmgmmiaaﬂLLUUﬁIﬂumiaame waENRA3I9
TagnU Nﬁ%@ﬂﬁ’mﬁ'ﬂUiinﬂﬁLﬁ@f\]’mﬂ’]’iLﬂ?ﬂi@uﬁﬂJaWUDHmIW JrdsmanIsduazifioustng
inselassadranesa iy Ballasted Track sisludnuwes Stress waz Displacement 39
Fosfinsuiuussludiuvesily Ballasted Track TiuszAvSamnsldawid sanudo et al.
(2016) lefinsausin uazagulnnaigniandlunissiassiaseaina Track Transitions
ddnionsusuUsnunmlassaiis Tnedwunay Snvasamzvodunaiigniaun way
Fosrinveusarnsine sudaldinnsuusiuumadunmsfinunieasudlymitaantas
Track Transition Tusuian

Park et al. (2020) lé’ﬁﬂmﬁﬁﬂmmiLﬂﬁaugﬂﬁﬁwﬂu@qwamam%suaﬂmqa%’wmq
salvifleglutas Track Transition WA¥BINIANWIFIE Numerical Model fimsiUSsuiiisudy
U3 Bridee Transition Zone wasazwiuiiawla wazladnishaiaedesiiefivhnsiae
wuiniwiinnsgyivesde desundsiiinsan ddmamgadiisenadesiulunsindaie

guUnsalinen warn1sAINAIY Numerical Models Tudvasnisnsiaaeudivasnuauly
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Flassaths wuth Amuduluu Track Concrete Layer, TCL Sidngsndisuros Hydraulic
Stabilized Base fiogjnd1 usrosnuuilintulinanouauesiigeiunuauiives
quruseliidein wavdwes Maximum Stress Tiintuluusazdulasiadne Senlsdifuen
Allowable Stress fituualy feuuztlunsdifiusansevinielussuu viefisumiaans
U Wheelset fannniauly awnsauiulsdldlaenmsivdsumanudaveuves Spring 74
Tunsdnds
2.2.3 madnwnsuidgmiliAadesiuusiutandameu

Paixao et al. (2018) lavinsAnwInI1sinaedlaseasnemae Numerical Simulation
USnmsesso Track Transiion sewindufu  waslassadivaswiu  lunisusuugans
fuanieuluuinasesovemmssaliivasnn tegld Under Sleeper Pads ifietine
wadnslalUlilunsuiulsdlusumsesnuuuiiedesiumsduasiiioulution Track
Transition Tunsdldu (Sol-Sanchez et al, 2014) wagiilofnuAuaNTRlUBMgAnTTUYES
Under Sleeper Pads, USPs fiiasiansidfanlulassaiianssalsl esannuantlunis
FhannsduaziieuiAngy 114%14@43‘14‘3’&91 (Paixdo et al, 2015) wuin lugrsvesszesdia
nswasuulamiidavedasiaiimiesalnl vhadfineuasfinnsisuulamemida 7
dmariliAnnisdsunlasen  Stiffness aedidvesnanavaussiiunnniung tesannly
nsdifnwazldun neuuinafivsdinisiuasuuuames Embankment U1 UGM wazrouil
IziAnnsasuwlanin UGM wJu CBM flazwudnen Rail Displacement uazen Sleeper
Accelerations 910 2 v3vail fefuinniung Sadulddnilisiduiiessendusesse
Uinalndifssagny fasiiiAnavesnisildeunlasiininninund Tnewlewdasaneani
uwsdluwnfafivdsiunumidauds Meinsuusdineasnsld Under Sleeper Pads Lite
anmsduaziou uazUSouiiouan Rail Displacement Yosnsalfildld USPs, nsdinisldau
Unfn uagnsaliifinnsuiulss USPs wudnlunsdlfifimsufudganisldas usps T
seliiesuasrn Stiffness Mfnau viliAwes Rail Displacement Samnuseidadindifeds
/& (Paixdo et al, 2018) azdawaviiliy Wheel-Rail Force wavAvasmnussluluinus
Fumnlumihdaiisefudmudediesiinngau

Kaewunruen et al. (2018) ¥hmsAnundvdna waznginssuvesnslitagiifiaany
Bavieju un USPs uay UBMs Tuanmgiifinnutu wavanmzuis Ssvhmaveaeuly 3
sULULLSe LA Statics Load, Dynamics Load uag Impact Load iefiagfnnuman
ananATvIzautunsTinuvestanusazUssiamdely  Tngldiidoasy msuusinsld

NUFURUUYRY USPs usiazUsziamn lunsdifisnaiu fannsned 1
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M1319% 1 a3Uusznneag USPs wagdawuriilun1sldauain UIC (International Union of

Railways) (Ngamkhanong & Kaewunruen, 2020)

Type of USPs

Very Soft Medium Stiff Very
Soft Stiff

Statics Bedding Modulus, Cs 010<C, 015<(C; 0.25<C; Cs
<010 <0.15 <0.25 <0.35 > 0.35

C, [IN/mm?]

USPs Characteristics and

Applications in Practice

Improve Track Quality O.K. O.K.

(Reduce Ballast Breakage

and Track/Turnout

Pressure)

Transition Zones O.K. O.K.

On Existing Structures with O.K. O.K.

Reduced Ballast Thickness

Reduction of Long-Pitch O.K. O.K.

low Rail Corrugation in

Tight Curves

Reduction of Ground- O.K. O.K.

Borne Vibration

Esmaeili et al. (2022) lovinmsnaaeuanuudausevasdiuludu Ballast Layer sionis

numulunmsideuanin Wedussnsevhdnduszeznaiuiu Iagld Under Sleeper Pads 7l

A1 Stiffness MRN9AU NANIINAGOUNUIN Soft Under Sleeper Pads fwavinlniuiinnis

\HouaNN UagnINInaIvesty Ballast ey Wawieuiun1sly Under Sleeper Pads 1

AU SHff AUnNIT TUwdvDINISERNANNUDITY Ballast @u15a3nlaanUSUuYeIAUN

AAAITUAN %39AT Ballast Breakage Index, BBI Wuinskd Soft USPs fagannsidonanin

YIRYU LarN1IVAdoULNenIA1 Damping Ratio 983tu Ballast weldlunisiluimszilu
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wivosmsnusely wuudn nsld Soft USPs trewfiadn Damping Ratio lutu Ballasted
Layer finnnin Ssasuinluudvesnstinuidsasioniaidiosanmues filudy Ballast n13
¥ Soft UsPs Wlumadeniifiuszansaim unnndn Stiff USPs

Witt (2008) lavinn1sAnwinaween1slyd Under Sleeper Pads, USPs Tuszuusnawuuld
Fulsoms Tngldvhnisdnunsld Under Sleeper Pads, USPs v 3 wuusuldun Stiff
USPs, Medium USPs, waz Soft USPs wW3suwieununshilyd USPs Tunsdlves Track
Transition T390 Soft Track AifivrauAsusiudu Stiff Track Turaemils lnenaildnuin
Tuudues Wheel/Rail Contact Force msld Soft USPs atheanussléunndign wsidlen
TndlAesiu Asld Medium USPs @quluudvesBallasted Contact Force nsly Soft USPs
awthoaausslénniign uay Soft USPs tneliinisnszateusslu Sleeper Aunnninnsdlld
USPs UszLamnau
2.2.4 asuusziiunsudtlaymn Track Transition :1nauAsefAgITes

Tudruvesn1sundamuesszuuTIauy Ballasted Track Tuwagwes Track Transition
wulh  Ssdimsuitamnlaonslitagifianudandu  (Resilient Materials) 3o ¥ani

ANNENTA UM TYIEAANaRBUAUBIIATY TugUuuuresmslinisiafe Under Sleeper

Pads Ndsluilasuamutisuunn wazdililadnmsfinwinisundgmnuiniiieawe

o
av a A

druheresnsAnwnuidemneitesiulymuves Track Transition §3383alavinng
asU  warnuTmnsuidgmifedtestu  Track  Transion  fisnnslénnsdiassine
Nurnerical Models lusfiafinefinn warlirnufeidostunmsuitymnisannisduasiiiou
fe USPs uaz USMs viensiilassaiiedu daldvanaguaausiasidersuanslunsisi
2.2 WishuSeudisvumanmsudtaym faudsfisnaiu Snuazanizves Numerical

Models Nvinns@Enw av1iafinu Tunisanw



A13197 2 agusziunsuitymnddglueideinesdesiu Transition Zones

K338 Usziam anwaziannz  awiuluniside dadniin
vaslnafi  v83 Model Tunsdnen
Talunns
ATIZA
A. Ramos 3D Half Tunnel - yhnsidssuiisunaveanslgeu
A. Gomes Plane Transition 5185’8@%%’31@@‘1/«&414 wazlaly
Correia Models of Wielidiudsanimanudens uaz
R. Calcada Track and wgAnssuidntulunsldnusses
D.P. Connolly | Ground by 817
ANSYS
A. Sakhare 2D Bridee - Integral Abutment Bridge, IAB 2D FEM
H. Farooq Loaded Transition (Broken Stone + Filler)
S. Nimbalkar | Train on (Abutment - Parametric Study
G R. 2D FEM Zone)
Dodagoudar Track and
Ground
A. Paixao 3D Bridee -1 Under Sleeper Pads e 3D
J. Nuno Simulation  Transition Jastunsduaitewluudnm Track  Unsymmetr
Varandas MATLAB Transition ical FE
E. Fortunato - Tunsdifinuagléun deuudmdi Models
R. Calcuda Jziinnsasunlaves
Embankment LUgfs UGM wazrouil
JzifnnsUisunasmin UGM 1
CBM
M. Shahraki 3D Half Ballasted WIBUBUTE NI NN DUAUD AT
C. Plane Track wamanifldannisiudeuuas
Warnakulasoo | Models of  to Slab Track  jUluuve9
riya Track and - Auxiliary Rails
Karl J. Witt Ground by - Different Sleeper Length
ANSYS - Improved Subgrade
N. Chayut 3D Ballasted Baseplate Fastening System
Ming Q. Yan Multibody — Track to
Li Ting Simulation  Concrete Slab
K. Sakdirat and 3D Track




P. Galvin
R. Romero

J. Dominguez

S. Park

Ja'Y. Kim

J. Kim

S. Lee

Kook H. Cho

M157199 3 aguusziunsuitym

Solid FEM
Multibody
FEM and
Boundary
Element
Models
(BEMs).

3D
Multibody
Simulation
and 3D
Solid FEM

Ballasted
Track
to Slab Track

Open Track
for Ballasted
Track to
Concrete Slab

Track

Hydraulic Subbase Layer

for Transition Zone

= = =~ Y
UASUTIULN EJ‘UNa‘vamnﬂ

Numerical Models AUn15053970

ANLAIINUSRINAALNY

Multibody
Models for
an Axle
and Track
Models.
Boundary
Element
Models for
the

Ground.

PaeluauIteMAeIT89NU Transition Zones (58)

o

30

A3y HaN1sANE AMAE
dula
[km/hr]

A. Ramos - iansideguandsegennlulasasiaves Slab Track Falu 220

A. Gomes nsfne Tdlugihdauumdunmslianiidanudangu (Resilient

Correia Materials) 1nrelunisnszagenundulutiudvedlasadng sau

R. Calcada ﬁwﬁumiﬂ%’wqmmmwmm%u Subgrade

D.P. Connolly

A. Sakhare - Maifinszey Transition Zone viliAnn1mIafiiteyas 60

H. Farooq - msLﬁuﬁumaamﬂwmﬁﬂﬁﬁmmawqméfﬁﬁaaaq 100

S. Nimbalkar | - nsiUasuudasmanumunuiuees Back Fill Soil 150

GR. s msl,ﬁaﬂi‘ﬁﬁuﬁﬁmmmmuﬂuqﬂ vsauadavilvilinAauLugs 98 200

Dodagoudar | %3gan Vertical Displacement ¢ anusssiuenidnvestuiu 220

- nsldssazAugas Integral Abutment 1Ny Agvinlvian Track

Displacement Tudiuvadlasiasiageaiuniy

- Track Displacement 9zanasnial Inclination Fall ¥83A1ALLEYY

i snduludiuvesasmunlilafianuiesnimsaiinig



A. Paixao

J. Nuno
Varandas

E. Fortunato

R. Calcuda

M. Shahraki

C.
Warnakulasoo
riya

Karl J. Witt

N. Chayut
Ming Q. Yan
Li Ting

K. Sakdirat

P. Galvin
R. Romero

J. Dominguez

S. Park

JaY. Kim

J. Kim

S. Lee

Kook H. Cho

Inclination Fall

- A1 Rail Displacement Lagr Sleeper Accelerations a1nAoU
Uhnifiardinisiudsunuawes Embankment T8 UGM waznouil
auifinnsiAsunuasmin UGM fu CBM fefiunnninund

- lunsdliifinisuduussmsldau usps dimnuseiilaswesen
Stiffness 7isiatu vildewes Rail Displacement faasioiilos
TnalAsagady azdanayinl Wheel-Rail Force lagauasaiaigsluy
wansUSnaduivlunthdnfisniu faruseidesiiunng

- M3UFuUTIRAINMYRS Subgrade WLABTITIBaANMIAM LAt
AruisslunAsiiinduuiig Track Transition l¢unnig

- sl Auxiliary Rail ilwnnswasuulases Displacement,
Acceleration, Way Stress ﬁmmaﬁ%ammmﬁqm

- sl Auxiliary Rail vilannuuluswasdinnuasinaueunni
MERTHIVARIER Sleeper

- Baseplates MflmuBavduiganitazdislunisanmsduasiiioud
1N wazdsrielunisan Slab Displacement

- nadlvasnisld Baseplate fifiamimmiings uazen Stiffness figs v
vilsinsiUdsuulasues Rail Displacement finauasinatesnnniy
- M53ni3e4 Baseplate Willn1sanasmu Span nuiiBadflszeznisiiu
Fasfiinniu azsilrinswasuuasiiiinruatiavenndetuly
d@11v03 Track Transition

- maduazitoures uagiuinlndifes elengeiian lunsdlided
nssaetuAu Wuwuu Medium Soil wazususesaduwuy
Medium Rail Pad

- mMsduaziteulunueusess nuindinailndiesiuiulunsdidu
msduaziiieuludiuvesile Ballasted Track Aifinisduazifioud
1nnIlaves Slab Track

- pnanduluda Track Concrete Layer, TCL ﬁﬁwqaﬂdw%uﬁuaq
Hydraulic Stabilized Base Tlog#ini1 uvasA AL AT
mamauauaaﬁqﬁumummL%Tuaasummdw%qmu

_ fwee Maximum Stress 7iintuluusazdulaseadns daqlaliuen

Allowable Stress fifvunly

220

300

200

298

100
200
300

31
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unil 3

a (%

= aa
TLUYUIFIY

Tuunilagnands suloudslun1side  (Research methodology) K338 laltlu

nsAnwlunuITeassll GaagUsenoulume JUkuUTeIN1sINaedlasEine anvuATedlle

1
(% =

Adlunsuidom  dureunsinw  wagdinislunisdudunis@nulamiiiedestu
Track Transition $%319 Ballasted Track way Slab Track sUwuy CRTS Type Il Faluns
W Adelililusunsudaedasiains  LS-DYNA ileaunuvudaedlassaiions lag
swnsuladinsAuan waglinsgilassaindlagondendnnisves  Finite  Element
Methods (FEM) wlfiduia3asiislunisiessiinansvauesdanamanifiliannisindeud
yoavuusal nlunsdneaeuiisniu asldvinnisudessSeuidasuladu 3 de sl

1. nsaedlasasiamesalnlugiswes Track Transition

2. mMsdasdlassasramesalnlnelalusunsuy LS-DYNA

3. NMSwUINSalAnwIN1sannsauasiiaulagly USPs way USMs

3.1 MsInaedlassadiamnesalluaaewas Track Transition

419999 Track Transition Tulassasimidaenaly fgduvunvanvaigwansianiu
ualunsalnfosn1TaginnsAnelulTeluassll  8IN1TRNTUNITINTERBTDILATIAS
e ludiuvedlaseadianmauuy Ballasted Track System way Slab Track System @aifu
sunuunuldlaenily  Teganvgmideniiansantudissesseiiiesnn  nslilassasmie
WUy Ballasted Track System Fagfspslasuanuileunisiinuey wazanunsanulaemluly
lassasimndlunnidunne - saudsmsthanfiansanmsldnuiuiulasadioauu - Slab
Track System nanwazdeRvesgULuuvadlassaiamsUssnnil anfiviu Ysednsamluy

v < = Y  ada i v o § va 1Y) !

sl Anuwlasmuniy, msleguvedasiaienianies  vilvidinisgniaiuiegig
1 Al % = 1 o v A a d? I < =
soiledludigty swddluwdvesnisthuldeuidunntulunduressalianusias vise

nqusalu City Line slueunane1avggnldnusiuiuiussuusmiilegia

Y
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27 11 Transition Zone Between Soft Track and Stiff Track

dofinnsandnuvazvesnsidsuulasguuuuvestassairnasalwlusing  Track
Transition Ingo1dendnvesnsiesgilasadisludamamans asnuiiluils Slab Track 9
Wuduvesdlassainsiiinsdesudos  dwalufafesnmmyndfidesninilaes  Ballasted
Track Liosnauanifveslassaiunounniadumin ffusUuuuveansdaeddasaaiing
avannsaesunglaiivnaileues Slab Track awilen Stiffness igenin He Ballasted Track
(Indraratna et al, 2019) (Gallego et al, 2011) Faguil 3.1 szuandldiufalassainioms
WUy Ballasted Track idlmnuunnsinsese Track Stiffness Tudu Substructure fiumnsing
fu dwailiAnussiifintunnlugisesse  feelhiataymlnswadsldsumnudens
LazLAn Track Degradation

mslden UsPs lumsuidamenausiisvesen Stiffness Sernsasisuynisinesd
mau??uqmmaawia Transition 11199uilawes Ballasted Track wazazsinsiudeume
svarn1e ielien Stiffness 1Aansanasegesiailos 31 Models Tun1ssiaesmatleves
Tnssasafidu Slab Track azfin1ss1aesdinnes Under Slab Mat (USMs) Tugumtiagaadi
In&ruusnmsesse evilien Stiffness liiinnsdsuulasegsmndunnauiuly 3
dlovhnsdiaesuiulassadetuauiusalnfisiaeswuy Multi-Body Simulation w&3 avld
sULUUYRIM5T1AB399wBe Track Transition éfaninil 12 1WugUuuumsiasauuy Fully
coupled models @dlumsllnneiazgransuauosmmamansiild anmsldam USPs

way USMs 9iian Stiffness wanananululmazuseany
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T

mwﬁ 12 2D Analytical Models and
3D Simplified Models on Track Transition (Sariudo et al., 2016)

3.2 nMsanasdlassadrmesalnlagldlusunsy LS-DYNA

TudduasimsesunennAammnul] wasvdnnis FEM fgades dennsld
TUsunsu LS-DYNA uazazeSurenssraeslasiadsvosszuunisiaaoudl suldun vuausalw
(Vehicle model), masaln (Track model), dag @ (Ground model) T3udsrAAaN TR TR
Plalun1ssraes

TUsunsu LS-DYNA Software Juldsunsunisiiasisinanavaues suiesnain
nMsduazdiou insyhelpefunaieiimsdeiaee Snswiuuuddutune (Time
step) wazldnaveaniFiasziidu Numerical results Snsldauiivarnanedauinives
mMInTvdeuioldinuese  wasmAefienisine WHNEABENITIATIERFULUUVBINTT
Wasuwlandanarmansvedasiains Tlunanvateguuuy enfiwu Jyminisvuvedasiaiig
MsAsERnsRevausioNSauasTiou uar nsdsiuvesrudeulufitudiulassaiig
Hudy

serdoudsluluiedud (Finite Element Method, FEM) 1Ju353msnenilaseasna
sUuuunidsifenlunshanliinsesitgmidamnsadudegdy  ulBmsussnands
Fuar  Aflenuddafuegnanndenisinsgilasadieiidesnisiinisdunadisesnis
ANNATLBLAEN Tneiudnnastunseualaenisvihnisulsudiuvedaseedradudu
dugosruindn  Fond Element  uagyinisdieossuuuurestudumnadniiy  fe

sULvumMasnadintanunsaldaunis Differential Equations ffumiuauiievinaansle
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Ingusiazdudiuvuadnizlonsaiuiiegase Sondn Node Tslunislfiuinfedesiu
nafans uwaznseaeudl  agldlunisussananieniainisiadousn  (Displacement) 9

wWaesuly w el

Discrete Elements

f b9 Spring

Beam and Truss Elements

— Hughes—Liu with cross section integration
— Belytschko—Schwer resultant beam

- truss (resultant)

— discrete beam/cable

— spotweld beam

Shell Elements

g -~ Hughes-Liu
e = Belytschko-Tsay
4 Y = CO0 triangular shell
— Belytschko—Tsay membrane
o A / — S/R Hughes—Liu
— Fully integrated shell

Solid Elements

— constant stress solid element
s = [A]
— fully integrated S/R solid

I 2 — 1 point tetrahedron

27 13 Typical Elements used in the Analysis

(dynasupport.com/tutorial/elements)

Tunmsiseaviinstensadevis FEM anldluduneuvesnissiassnisiswessuiy
salydelusiunsy LS-DYNA dshulusunsy g3deagyins Model Tagliusziamves Element
$ur 1D Beam Elements fiusias Element Usznaulume 2 Node Tuduilidulasadiass
waz 3D Solid Elements fiusiaz Element Usznoude 8 Node Twesduszneudiiu

1AT9ET 9N Laztunu InvaziWendanunie Discrete Elements 38 Suspension System
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mydaedlasiaine  uazAMnANaRUaLRITmamansTly  Fauuudiaesiign

Wy meluldsunsulduudimeailidlunssiasteondu 3 dwmdn 1dud n1sluea
YUIUsa (Train Modeling) #emdnnns Multi-Body Simulation fiaxiinnssrasdlassadiaves
yrusalmdu 3 dwdos ldud suausaldl (Car Body), aluil (Bogies), uwae wnde
(Wheelset) soundunislunalassadiessuusie visenmssaldl (Track Modeling) f7e
&N Finite Element Method wagvneanléun nsluaatuiu (Ground Modeling) fae
#ann1s Finite Element Method (FEM) wag Perfectly Mesh Element (PML) lagazagune
msiaedassaidlulsiazdu wazauaniRvosTanild mudu
3.2.1 msdnaedlassasisvedlunavuiusalv (Train Modeling)

lunsdraedlassasramasmuiusaldl agldnssrasadunuy Multi-Body Simulations
(Huang et al,, 2014) Tnsuuadu 3 serUsznauman loun 1. vuIuse (Vehicle) srapadu
Rigid Car Bodly LiesanlsifiosnisliiAnnisideguvessuiusaild uaziilesilsinisiesens
Filsfmansenuselnnaimdnyndu 2. galufisol (Bogies) S1aslngld Shell Element
dofinnsaniwmasuiionnanmsda (Bending) Tutudmvadlaseadns way 3. gaiwande
(Wheelset) S1aaadiu Beams Element tlesanmsdflsdamsidesululasaing 2 wwuny
THunuwafs  wasmuwunisedeuiivesuiusall  Inglunsdeuseveusaresdusenay
voswuiusaln finsdesiefudie  Suspension System fiusznauludne Spring  uwaw
Damper fivzdnanide Discrete Element 987982 1 Yo

Tngludruvesnsirasssuiusalil danuantfvesiagiifeides Wudeyaveswuiu
solwl CR 400BF : Fuxing Hao EMU Train sfauanslumsisi 3.1 39 Vehicle Models
domwinnsiinginisduasfionasaulafinnsannmsindeuiiluuiiadundn vilfanse
WU4 Degree of Freedom (DOFs) fiaulaléidu 10 DOFs léu Vertical Displacement and
Rotation of 1 Rigid Car Body, Vertical Displacement and Rotation of 2 Bogies ag

Vertical Displacement of 4 Wheelset Fawanslunmd 14
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(a)

27 14 Vehicle Models (a) Multibody Simulation (Li et al., 2020)
(b) wyuTraesvyIusalnlulysiunss LS-DYNA

Dumitriu and Dihoru (2021) ¥i1A13@nwLAITUBNENE NAYBIN13AA (Bending
Effect) vasvuiusali \Wuwaunain Flexibility ldwindululassasisvviuse lnsaulani
uanAsURINanIsauasiiauly  Vertical Vibration Wazkamauausdly Modal Analysis

SEWINVVIUTOWUU Rigid Car Body Wazwuu Flexible Car Body lmgyinnnsitAsigsinuy

!
1

Analytical Study uwagyinswssuiisurlanunanouaussan Numerical Simulation

[
=

wuin msduaziiiouves Car Body agflengsumumiuiivesuuiusall Turuiusaidy
Rigid Car Body 9¢fidvEnavesaduiiosunanmsduasiteuiiunnludinues Boges usilu
MsiAReUTisEANEIgs MswABuLasuIssil Car Body Center axilAngamuana
YIVUIUTD

Tnoguuuuvessaliiiazdinshanldaueis lulasamssalianudagdulne azlun
U7usa CR 300 : Fuxing Hao EMU Train 6’?@LﬂummuﬁgﬂﬁmmmﬂluﬂizLwﬂﬁu el
FUMUULN9INTUIY CR 400 : Fuxing Hao EMU Train #ilésumaluladnisesnwuu fiunuu
YOIVUIUTANIINUsEMALEDITY (QF & Zhou, 2020) walugu CR 300 azdsulimunialu
msisilflunisesnuuy eelutisenuiifianaun Tasvuiu CR 300 a@ansaviiauisy

geanldfegi 300 [ken/hr] (Zhai et al., 2015)



ms’mﬁ 4 Properties of the Vehicle (Qi & Zhou, 2020)
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Properties Values Unit
CR 400 BF : Fuxing Hao EMU Train

Mass of Car Body 68,000 (ke]
Mass of Bogies 3,200 (ke]
Mass of Wheelset 2,400 (ke]
Inertia of Pitch Motion of the Car Body 547 x 10°  [kg.m?]
Inertia of Pitch Motion of the Bogies 6,800 [ke.m?]
Primary Suspension Stiffness 1.04 x 10°  [N/m]
Primary Suspension Damping 5x 10° [N.s/m]
Secondary Suspension Stiffness 4x10° [N/m]
Secondary Suspension Damping 6 x 10° [N.s/m]

Tngluguuuuveanisldnudulasansludssmalvne  szgnavauausldnuliey

Tugqeladiiu 250 km/hr] satiulun1s@nwiasltnisdiasunauaavulusasie CR 400 W

9gUSuAves Car Body Mass Tilumia Static Axle Load ¥@swuiu CR 300 TsiAnmany

WLNTAURBNITINADY TUAIUVBY Wheel-Rail Contact Force S¥#31988 Ha¥s1d 2@1U150

AnalaNNaneUaueweadUsknsy  LS-DYNA  dWugiunisAmnaeinnge)) Hertz's

contact theory @aglaunisiiieives Asaun1sn 3.1

F =Ky X (z, —z—6)

1y Ky = Vertical Stiffness of Wheel-Rail Contact Spring

Failen 1.325 x 10°

Zy = Vertical displacement of wheel
Zy = Vertical displacement of rail
1) = Track irregularity or roughness of rail surface

3.2.2 Msnasdlassaiteslumanissalu (Track Modelling)

(3.1)

Tudruveslassadiamiesaln d@iuves Superstructure Usznaulunae Rail d1ae96e

Beam Element \Wausiariu Sleeper aag Rail Pads 7gndnaedsie Discrete Element laln
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Spring ey Damper Falunssraeweinnsandanaves Irregularity of Track 910 Germany
High Speed Rail (Sheng et al., 2004) LﬁaqmﬂmsﬁwmgﬂLLUUTmaa%ﬁqmwaq CRTS Tu
Uselan CRTS Type | wag Il 9Susuuuunmsimuninaindsemagesiu wazdiu lngas
N150U18MBNav89 Irregularity Tu Rail 91nn15AUIUAT Power Spectrum Density (PSD)
Function fauansauduius Tuaunisil 3.2 vieaansowdasailegluzuves Vertical

roughness laRanIni 15

Ap Q2

S,(Q) = (0P ro2) (02102 (3.2)

g A, = Roughness Constant #if1 4.032 x 10-7 [m?.Rad/m]
Zy, = Spatial Frequency of the Roughness

Q. = Cutoff Frequency 31A1 0.8246 [Rad/m]

Q. = Cutoff Frequency #if1 0.0206 [Rad/m]

PSD (mm®/(1/m))

Amplitude (mm)

o 20 40 60 80 100 120 00 100 m |
Distance (m) Wavelength (m)

27 15 Roughness with Distance and PSD with Wave Length (Li et al., 2020)

Tuduvadlaseainesy waludu Ballasted Track 7ildun Sleeper, USPs, Ballast
Layer, Sub Ballast Layer waslassadrenisils Slab Track fiuszneulusne Reinforced
Concrete Slab, Filling Layer with Self-Compacting Concrete, Supporting Layer with
Plain Concrete wagludiuaes Substructure %sa Subgrade ayltnisirasaduuwuu 3D
Finite Element Models #3afinsdasdlasiainasny Solid Element §s3ufl 3.6 way 3.7
W UANIBIAUTENDUVOIATIAT NI ﬁgﬂu?huéum Ballasted Track wag Slab Track : CRTS

Type Il puasiu
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Rail UIC-60

14875 . (@)
11217.5

Rail - pad

Concrete sleeper

2l 16 Ballasted Track (with Dimensional Modlfied)
(a) Galvin et al. (2010) (b) Ballasted Track Section in LS-DYNA

Tnseadrevnaileves Ballasted Track 1#fnsusus1 Dimension luuidiuwes
Tassasalidmnumngay  uavdenndesonsiruildluuuusiaest  Tagluduves
Sleeper 74y Model fszazanuning x ALY x AU 18U 0.30 x 1.25 x 0.25
[m3] Ju Concrete Sleeper LLaS%ﬁm@mauﬁai’aqﬁﬁLLﬁﬂﬁMW’iNﬁl 3.2 Properties of
the Ballasted Track (Galvin et al., 2010) d@lumsedl 3.3 Properties of the CRTS Type

Il : Slab Track (Wang et al,, 2016) azuansnuanifvesiagiltlulasiaiisils Slab Track
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3100
— W—
2700
[ = 2500 —‘
e I e T g Yy e Ty e e S A N L e e P e
A T AT

Reinforced concrete slab (190mm)

Filling layer with self-compacting concrete (90mm)
Supporting layer with plain concrete (240mm)

(a) Subgrade surface layer with graded broken stone

(b)

23 17 Slab Track (a) CRTS Type Il (An et al., 2017)
(b) Slab Track Section in LS-DYNA

A15197 5 Properties of the Ballasted Track (Galvin et al., 2010)

Properties Values Unit :

Ballasted Track :

Mass Density of the Ballast 1500 [kg/m’]
Poisson’s Ratio of the Ballast 0.2 [mm/mm]
Modulus of Elasticity of the Ballast 280 x 10° IN/m?]
Mass Density of the Sub-Ballast 1500 lke/m’]
Poisson’s Ratio of the Sub-Ballast 0.2 [mm/mm]
Modulus of Elasticity of the Sub-Ballast 140 x 10° IN/m?]
Stiffness of the Rails Pads 5.0 x 10 [IN/m]
Damping of the Rail Pads 7.5 x 10* [N.s/m]

Mass Density of the Ballast 1500 [kg/m’]
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a5197 6 Properties of the CRTS Type Il : Slab Track (Wang et al., 2016)

Properties Values Unit :
CRTS Type lll :

Mass Density of the Rail 7830 [kg/m’]
Modulus of Elasticity of the Rail 2.059 x 10" [ke/m?]
Poisson’s Ratio of the Rail 0.3 [mm/mm]
Stiffness of the Rails Pads * 5.0 x 10’ IN/m]
Damping of the Rail Pads 7.5 x 10 [N.s/m]
Thickness of Concrete Slab 0.20 [m]

Mass Density of the Concrete Slab 2500 lke/m’]
Modulus of Elasticity of the Concrete Slab ** 3.6 x 10" [kg/m?]
Poisson’s Ratio of the Concrete Slab 0.2 [mm/mm]
Thickness of Self Compacting Concrete 0.09 [m]

Mass Density of the Self Compacting Concrete 2500 [kg/m’]
Modulus of Elasticity of Self Compacting Concrete ** 3.4 x 10 [kg/m?]
Poisson’s Ratio of Self Compacting Concrete 0.2 [mm/mm]
Thickness of Concrete Base 0.2 [m]

Mass Density of the Concrete Base 2500 [kg/m’]
Modulus of Elasticity of the Concrete Base ** 3.2 x 10" [kg/m?]
Poisson’s Ratio of the Concrete Base 0.2 [mm/mm]

Noted : * is Dynamics Stiffness.

** is Reference Static Value, Strain Rate Dependent.

3.2.3 N1591004lAT9a319veslunaTuAY (Ground Modelling)
Tudresnsdiaestuiu eswinlassadenie CRTS Type NIl WWuguuuulaseadie
IasunisiamnananUsenadu. wasgnindiuldidulassadrmasalnludsemelne Fale

MM ITaedasEiadunie nFURULYRItuRuTvIngay auwuuvestunlulsswmelng

=

Wa A NAAINLEDAAADY LALIaNANTAUIRIULUNEUNI9T N F9RunlnatusineaznuIn
N o [ S a A ! Y A . o 1% S a

NaNWULUUTUAUNLAIUDDUMEY 130 Bangkok Clay Soil N15971894lATIATNTUALY
a I3 v a a [ 1 d! 1 35 a v} 5 35 % 1
Asaunlulaseasieiu Tuusnunanan F9azUsenaulumetufuraniaun 4 9u bk

Soft Clay, Medium Stiff Clay, Hard Stiff Clay wazdu Sand Iegiitinissasslassadety
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Aulpensld 3D Finite Element Modelling Tuduwastuuidu Clay Soil Tnefviusls

JungAnssuwuu Visco-Elastic Materials uazld3s Perfectly Matched Method (PML) lu

a 4a &

nMssaestuRuiIueUAvBILUUT a0 S9iaTidentd PML ([uisfiteumdustiann se
nssraedunaiidvunalidin orfwulinavesiuiu Tngvinissiassdienissiiaveuswn
Uinaldpeseuvesluma  Wiolinisdiaeedils  fuszAvsnnlunisudninanouaueseInis
Fuanifiou suilewnannisuaniavesnisazTounduvesnauiidiuuindnves Element 4

o w 1

ldsmasgnafivedddonisduanitoulunnine  Prwannisasiuvesadudilifauddy
HioRNTUNaTEINTAIRILVEINNTAUARTIounan G’h8M5ﬂﬂﬁiﬂﬂi@®%’ﬂﬂ§umaaﬂauszm PIa
Al 18 Absorbing Boundary of PML (Li et al., 2020) %LLamwﬁﬂﬂ’maqmi@WFm?{u
1udaumaq%uﬁuﬁgﬂisﬁuﬂwsaaﬂqumwssmﬂ%u anWALIININEIUYRY  Beijing-
Shanghai High Speed Line FaazUsznavludretunusianun 5 u laun Top Clay, Bottom
Clay, Completely Weathered Amphibolite, Highly Weathered Amphibolite ez Weekly
Weathered Amphibolite (Li et al., 2020) 6‘3@%‘&’1Lmsﬁagamm%’uﬁumﬂ%uﬁLﬁué’umeaa
n3d1aes mﬂﬁu%umammmimimaaummgﬂﬁawmLL‘U‘U'«iWaaa (Model Validation)

PNWARDUAUBITIA NEUFIIINVINNITIATIEH Fiolu

Outgoing Wave ” Attenuated Wave
FEM | pML W
Reflected Wave |-~ -
5 ,

27 18 Absorbing Boundary of PML (Li et al., 2020)

Tuduvedasededuiu - blaunsomnnumhsiigndeddlaonss  ifesnd
aududerlunisasefameiaraming (Damping  Ratio)  luduiulumeneauy
(Connolly et al., 2013) n1sdnaedlassasslulusinsy Jsodun1suszunuaAInIg Rayleigh
Damping of Soil Tneaglinsuszanmumidsnsnageu Wieanannuuansnaseninemitliann

NSNAABY LASNARDUAUDUTINAAIANSYBITUAY AN 3.3
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C = aM + BK (3.3)
oy M = Mass Matrix of the System
K = Stiffness Matrix of the System

a o

Tunsised Amuerwosdulsyans a = 0 waz B = 00002 wiolhiesenis
UszantuA Rayleigh Damping #s0913zna11617 Avpsrumisluuiy finnsanainua
036 Stiffness MAnNNsEosaiuvastuiuiundn (L et al, 2019) Taogudl 19 2y
wanaidnvestuRu Aviinns Model Tngludauuss Element iivhnsmumdu Boundary

Tunsivualndutures PML 9egUsnalngsouswiuyniuvesduiu

LS-DYNA Keyword Deck by LS-PrePost (Modified by SNR)

7 Assembly 1
<112 FEM Parts
Keyword Entity
< Houndary
< Constrained
<1 Contact

A9 19 wihdgnveslueatuiiu (Cross-Section of Ground Models)

ag1edl 7 Properties of the Soil for Validation (Wang et al., 2016)

Properties Values Unit :
Soil

Depth of Surface Layer of the Subgrade 0.4 [m]
Density of Surface Layer of the Subgrade 2300 [kg.m’]

Modulus of Elasticity of Surface Layer of the Subgrade  5.47 x 10° [Pa]



Poisson’s Ratio of Surface Layer of the Subgrade
Depth of Bottom Layer of the Subgrade
Density of Bottom Layer of the Subgrade

Modulus of Elasticity of Bottom Layer of the Subgrade

Poisson’s Ratio of Bottom Layer of the Subgrade
Depth of the Subgrade

Density of Subgrade

Modulus of Elasticity of the Subgrade

Poisson’s Ratio of Subgrade

Depth of 1*" Layer of Ground

Density of 1° Layer of Ground

Modulus of Elasticity of the 1°' Layer of Ground
Poisson’s Ratio of 1°' Layer of Ground

Depth of 2™ Layer of Ground

Density of 2" Layer of Ground

Modulus of Elasticity of the 2" Layer of Ground

Poisson’s Ratio of 2" Layer of Ground

0.25
2.3

1950
1.50 x 10°
0.35

2.00
2100

1.10 x 10°
0.3

2.4

1900

4.2 x 10’
0.3

13.1

2010
8.3 x 10’
0.36

[mm/mm]

mwﬁ 20 Transition Models in LS-DYNA
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3.3 msudsnsaidnenisannisduaziioulagld USPs uaz USMs
Tunsdifnuazsinsiesesinaiild anmsana USPs Taglden Stiffness v

UsPs fisnsfulunisudtiymdiewes Transition Zone 21nusnaumssalwuuy Ballasted

Track lUSsesalsiuuy Slab Track tieRnmuvnnavesnmsannsduaziioudililusuves

HARRUALDLIMMAMAnS warA1vensnadinaeiuluudazsUbuy Fdlunsinsieiagih
a

) !

n391803lAaved USPs waz USMs Tidu Solid Element NflAnaauiAvesianmnisnad

3.5 Properties of the 3 Types of Under Sleeper Pads ey AN91971 3.6 Properties of the
3 Types of Under Slab Mat, USMs

A5199 8 Properties of the 3 Types of Under Sleeper Pads, USPs
(Ngamkhanong et al., 2020)

Properties Values Unit :

Under Sleeper Pads, USPs

Thickness of USPs 0.01 [m]

Width of USPs 0.30 [m]
Length of USPs 1.25 [m]
Density of USPs 700 [kg/m’]
Poisson’s Ratio of USPs 0.35 [mm/mm]
Bedding Modulus of the Medium Stiff USPs 0.15  [N/mm?]
Bedding Modulus of the Stiff USPs 0.25  [N/mm?]
Bedding Modulus of the Very Stiff USPs 0.35 IN/mm?®]

[

44' v ! o a ¢ Ay v ° ' ) o, 1 =
LW@IVTQWUW@ﬂqﬁ"\]@I?Q@'ﬂLﬂﬁqgwma‘mi@"ﬂ’]ﬂﬂqiﬁﬂa@\ﬁ AZUUINTUANWUTULNALNT A3

(%
Y

5199 3.7 Tnsasudensdifiaule {u 4 nsdldos l8un 1. nsallaifnds USPs 2. nsdlfinga
Soft USPs 3. nsdiAnds Medium USPs 4. nsdifinda Stiff USPs @sluusiaznsdldosaziinng
M’G USMs 17?% 3 Usglawm \ioane Stiffness yoeails Slab Track Wazaz9IN159180IANT
Arusevuiusoliiitasenandmn 50 km/hrd Tagagasaaeuiinislieu USPs uway
UBMs IugﬂLLUUSLmﬁﬂiwammamauaumﬁLﬁm%ulﬁaéﬂaﬁﬂizﬁwﬁﬂww wavazih Ul du

wUIMSlUNISAN®E kaznisi bty fald
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A5197 9 Properties of the 3 Types of Under Slab Mat, USMs

(Kaewunruen et al., 2018)

Properties Values Unit :

Under Slab Mat, USMs

Thickness of USMs 0.03 [m]

Width of USMs 2.55 [m]
Length of USMs 6.45 [m]
Density of USMs 700 [ke/m”]
Poisson’s Ratio of USMs 0.35 [mm/mm]
Bedding Modulus of the Typical USMs 0.05  [N/mm?]
Bedding Modulus of the Medium Stiff USMs 0.15 IN/mm?]
Bedding Modulus of the Stiff USMs 025  [N/mm?]

Tunsdifnwvesnisduasifiouiiesmsaznsisaeulnensiusunsy  sraulalunis
fasa UsPs 157llaTaseadnaves Sleeper luflwwes Ballasted Track Tuusnaiidu Zone B
LazazimsAnge UsMs Tluduwes Isolation Layers (Zheng & Zhu, 2019) Tuilewea Slab
Track Tu Zone C ﬁ'ﬂgﬂﬁ 3.10 wiefiazynisusuan Track Stiffness lidinalndife iy
Tugasuessessiau3inn Track Transition TagesdUsznauuasiia USPs way USMs aggnldidu
Tassatravdnlunistisannisdaniu Stress Tudues Ballast Layers wag Substructures

slevinssnandlaseadns FEM Models ludrumssyuausalyl Taswadimne uazdu
fufelusunsy  LS-DYNA  uagvihmsldiiananditan  ileliilauaonadesmuusdas
asfUsTnouvedlaTaiabeusosudy fnmil 19 9vnsinTsinaresnsdeuiii
voszalnl  Tuthswesmudidilsifu 250 km/hrl TngazviinsAinymniaseasinswes
AMIEY 50 [km/hr] wé’qmﬂﬁ?uazﬁﬁayjamﬁmeﬁmﬂiﬂmmm NIOHANDUAUD T
warmansild  TusUuuuveswanevauesiisnsty  wWisuisunalusuuuureans @
namouauasfiaulaluniside laun

1. Track Stiffness along Location of Track Transition Zone

2. Vertical Displacement of Rail

3. Vertical Stress due on Ballast Layer
4. Vertical Stress on Slab Base Layer
5

Acceleration of Ground at Critical Location



a4l 10 Study Case for the Analysis in LS-DYNA

a8

Study Case Transition Zone
Zone Zone A | Zone B Zone C Zone D | Velocity
Track Ballaste | Ballasted Slab Slab Considered
System d Track | Track Track Track [km/hr]
Location along the Track Transition ﬂqwﬁ 20
Ballasted Track Slab Track
PML Zone A T Zone B Zone C T‘ Zone D PML

ansition (Side View)

Track Tr.

Characteristics | N/A USPs USMs N/A
Case 0 : w/o USPs w/0o USPs 50, 100,
Controlled 150, 200,
Case 250
Case 1: Medium Stiff Typical 50, 100,
Medium Stiff 150, 200,
Case 2 : Stiff Typical 50, 100,
Medium Stiff 150, 200,
250
Case 3: Typical 50, 100,
Medium Stiff 150, 200,

250




Track Transition (Side View) Track Transition (Top View)
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mwﬁ 21 Transition Models with Under S

leeper Pads in LS-DYNA.
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un 4

NANDUAUILTINAAENTIINNTITIATIZATUSINTY LS-DYNA

Tuunil Frusnaviauen1snsiaaesuaugniesadlumailainnisusulsaiial
aonpneaiulgviiaula  IawasyinisSeuiisuiunansuaueadanamansniognauwd?
luddeedn  sgazdeamsiUTeudisuAmaneauausaznanisduiden 4.1 uaznis

= a v & ! ! & a' A = v v A
LWUIHULNYUNIANT 1uLLma$mmmLﬂﬂ’ﬁmaauw 578a3L@8®Q3LLaﬂﬂﬁLuMT{J@W 4.2

4.1 ﬂﬂi@li’)ﬁ]ﬁ@Uﬂ?ﬂﬁJQﬂﬁﬁ\‘i‘UaﬂLL‘U‘U'*S’]E!EN (Model Validation)

JUADUNDULNLD AN DUAUDUTINAAIANTN LA LUYIINITIATIET ADINTINFDUAY

]
=

gndesasuuUsaesildvhmsususamnwestuiy - Inliauauniitanfiaonndesiuiu
NIUNNY UagN5aAIUIY Element YoiuAy MnAITuesiudy 15 [m] Wi 5 [m)
Tngagvhnsiisuiieunansiinnginlsandiusinssyiusnudo-ss (Wheel-Rail
Contact Force) Tauluflsa1veen1snsydnuessne (Rail Displacement) AinTulunssiaes
funafildarnnsveaeudilidegnoundnain Cal et al. (2017) 913197 11 LaUONAYDINTS

Wsueuluilavae Ballasted Track hagm15199 12 L@usNavasild Slab Track auasu

M131991 11 N1IATIHOUANYNABIYDY Train-Track Interaction vedRla Ballasted Track

(Wang et al., 2016)

NANBUAUBDITINAAENS NANISIASIZHIIN | HARINAISANEINLE | wuqe

Cai et al. (2017)

LLiqﬁﬂﬁxﬁm%nmﬁwiN a49-519 | 100 115 [kN]
NM9n3ESR09519 (FlFuuIT19) 2.606 2.292 [mm]
ANSNTLINVBITN (ﬁ?’immqw) 2.604 2.396 [mm]

wafilsnmaSsuiiisunuididussinssiiuinasewin de-919  uaznInseda
¥o9319 AlndiAssiu Tnedrannsinmilseziingenin Suilesnanpuantfvesiuily
1‘14m3aﬁaaqLﬂuﬁuﬁ:ﬁmméauﬁaqa (Soft Clay) LLGiE"J’amaQ"IuﬁziNﬁﬁﬁﬂﬂé’Lﬁmﬁ’u Iumaﬁgﬂ
Usuugstunll Fadielddn demsfirnuindetio wansausumstanldlunsiesed uas

anunsatlulewausele
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M13199 12 N1IRTIFOUAINYNABIYDY Train-Track Interaction a4l Slab Track.

NaﬂaUﬁuaﬂL‘TNWﬁﬂ']ﬁﬂ% Naﬂ'ﬁalﬂi']zﬁfﬂ']ﬂ Naﬂqﬂﬂqﬁﬁﬂiﬂ'}mﬁ ‘Wi«hﬁl
Cai et al. (2017)

LSTNSEYUSMSERING dD-519 | 987 93.36 [kN]
LSITINTEY UL LS 09519 37.648 35.53 [kN]
ANSNILINVBITIY 0.827 1.198 [mm]

4.2 NanaUaUDdTINaA1dn3 (Dynamic Responses)
TushdelioziiauanadndilaainnissiassdneTusunsy  LS-DYNA ﬁa%ﬂugﬂmaq
NANDUANDITINAFIERS A1USEEENe (Distance domain) Way 11a (Time domain) lngay
wadwhdedes munanevaussiiauls luusaztuvedasad efanamufduius
sewine salv-ma-tudu (Train-Track-Soil Interaction) Tneuvaduvihdedos loun 1. ns
N3z4Av9319 (Displacement of Rail) 2. A mAUTBIlATIAFIINNS TuuSuseess (Stress

of Track Transition) kag 3. AMUSIVBINURIAUIAESaU (Ground Accelerations)

C1L30E-03 8.00E+06

T T.B0E+06
-L25E-03

~of T.60EH06

-1.20E-03
7.40E+06

g -L1SE03

050 [knvhr]

= = =030 [km/hr] Stiffness -1 10E-03 7.00E 06

ement of Rail [mm]

K Stiffness [Nm]

nest | 1003 Ly 680E06 &

T

6.60E+06

-LOOE-03 N,
6.10E+06

-9.50E-04

6.20E+06

N N
26100 At i 300 46,00 56,00 66.00 76.00
=9.00E-04 6.00E+06

DINT] 22 NI5ATLIATIMANS NAY AADALUITOYNDIATIAT NN

Wiguiiguniua Track Stiffness lunsaliilsiinsanasusiuiandnven
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4.2.1 N13N5£AAY934 (Rail Displacement)

Tunsdifilalldvinisaeuy USPs uaz USMs adalidu nsdmuay (Controlled
Case) tiglflunmsisuifieutulunsdiifinisfadousiutandavey wounadlunsdeiu d
AW 23-27 azuansiaraiavedAInInIEinTesTe nasawTesselaTaIam Wiuy

A1 Track stiffness TunsaiNvuIusaLARa UM UAIBAMUIEMATU Aau6 50 — 250 [km/hr]

Location along Track Transition [m]

-1.35E-03 8.00E+06

7.80E+H06
-1.25E-03 7.60E+H06

-1.20E-03 ~
7.40E+06

-1.15E-03
7.20E+06
-1.10E-03
< 7.00E+06
-1.05E-03

Track Stiffness [N/m]

-1.00E-03 6.80E106

Displacement of Rail [m]

-9.50F-0 =F : 6.60E+H)6
9-50E-04, o 3600 46.00 56,00 66.00 76.00

-9.00E-04 6.40E+06
Typical USMs with Very Suff USPs Medium Sufl USMs with Very Suff USPs

— Stff USMs with Very Stiff USPs ——No USMs and No USPs

- Stiffness No USMsand No USPs = Stiffness Sulf USMs with Very Suff USPs

- Stiffness Medium Stiff USMs with Very Stuff USPs Stiffness Typical USMs with Very Suff USPs

Location along Track Transition [m]

-1.35E-03 8.00E+06
-1.30E-03 7.80E+06
F -1.25E-03 7.60E406
Z -1.20E-03 z
3 3 740E+06 &
T -1.15E-03 4
E 7.20E+06 &
E -1.10E-03 N @
£ .1.055-03 TOOEI06 2
gz H06 =
2 -1.005-03 6.80E+06 ©
9 50E-04 i e 6.60E+06
26,00 36.00 7 46.00 36.00 66.00 76.00
-9.00E-04 6. 40E+H06
—— Typical USMs with Stiff USPs Medium Stiff USMs with Stiff USPs — Stiff USMs with Stuff USPs
(b) ——No USMs and No USPs sweens Stiffmess No USMs and No USPs - Stiffness SUITUSMs with Suff USPs
Stiffncss Medium Stiff USMs with Stiff USPs - Stiffness Typical USMs with Stiff USPs
135E.03 Location along Track Transition [m] S 00E+06
-1.30E-03 7.80E+06
E -1.25E-03 7.60E+06 F
‘= -1.20E-03 ~ z
o 7.40E+06
3 .1.15E-03 |
™ 720E+06 &
2 _110E-03 Z
-] . )
E L0SE-03 7.00E+06 fg
= =
Z -1.00E-03 L. 6.80E+06 &
-9.50E- B 6.60E+06
9.30E (Hlﬁ, 46.00 56,00 66.00 76.00
-9.00E-04 6. 40E+06
—— Typical USMs with Medium Suff USPs ——Medium Stff USMs with Medium Stiff USPs
— Stiff USMSs with Medium Stiff USPs ——No USMs and No USPs
(C) Stiffness No USMs and No USPs e Stiffness SUT USMs with Medium Suff USPs
Stiffness Medium Stiff USMs with Medium Stiff USPs - Stiffness Typical USMs with Medium Stiff USPs

27 23 n1TnTEsRYeNTINS uULieus U Track Stiffness saenuwa Transition
50 [km/hr] (a) Very Stiff USPs, (b) Stiff USPs, #ag (c) Medium Stiff USPs



Location along Track Transition [m]

-1.35E-03 7.90E+06
-1.30E-03 T.70E+06
E -1.25E-03 7.50E+006
T -1.205-03
& ' 7.30E+06
S -1.15E-03
= T.10E+06
g _1.10E-03
g 105 6 90E+06
2 -1.05E-03
=
2 -1.00E-03 : 0.70E106
.9.50E- 6.50E+06
%.30E 04_’6.00 36.00 46.00 56.00 66.00 76.00
-9.00E-04 6.30E+06
Typical USMs with Very Stilf USPs ——Medium Stfl USMs with Very Stiff USPs
— Stiff USMs with Very Stiff USPs ——No USMs and No USPs

- Stiffness No USMs and No USPs - Stiffness Suff USMs with Very Suff USPs
--------- Stiffness Medium Stiff USMs with Very Stiff USPs Stiffness Typical USMs with Very Stiff USPs

(@)

135803 Location along Track Transition [m] 7 GOE406
-135E-03 7 5

-1.30E-03 7.70E+06

-1.25E-03
1.25E-03 7.50E+06
-1.20E-03 .

7 30E+06
L15E-03
7.10E+06
110E-03

1.05E-03 6.90E+06
-1.05E-03

6.70E+H06

Displacement of Rail [m]

-1.00E-03
-9.50E-04 = 6.50E+06
26,00 36.00 46.00 56.00 66.00 76.00
-9.00E-04 6.30E+06
—— Typical USMs with Stiff USPs Medium Stiff USMs with Stiff USPs — Suff USMs with Stuff USPs
(b) ——No USMs and No USPs s Stiffmess No USMs and No USPs -+ Stiffness Stff USMs with Stiff USPs
Stiffness Medium Stiff USMs with Stiff USPs - Stiffness Typical USMs with Stiff USPs

135503 Location along Track Transition [m] 7 Q0E+06

7 70E+06
1.25E-03 7 50E+06
-1.20E-03 7.30E+06
-1-“13'0: 7 10E+06
111:izx 6 90E+06

6.70E+06

Displacement of Rail [m]

-1.00E-03

-9.501:-04,6'00 6.50E+06

36.00 46.00 56.00 66.00 76.00
-9.00E-04 6.30E+06
rpical USMs with Medium Sulf USPs —— Medium Stiff USMs with Medium Stiff USPs
— Suff USMs with Medium Stiff USPs ——No USMs and No USPs
(C) - Stiffness No USMs and No USPs — Stiffness SUlf USMs with Medium Stff USPs
o Stiffness Medium Stiff USMs with Medium Stiff USPs - Stiffness Typical USMs with Medium Stiff USPs
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Track Stiffness [N/m]

Track Stiffness [N/m]

Track Stiffness [N/m]

27 24 n13nTESaTesTINSeuLisusuA Track Stiffness paanua Transition
100 [km/hr] (a) Very Stiff USPs, (b) Stiff USPs, iag (c) Medium Stiff USPs



Location along Track Transition [m]

-1.35E-03
-1.30E-03

7.80E+00

7.60E+06
-1.25E-03 7 40E+06
-1.2 -03

1. 20505 7.20E+06
-1.1SE-03
7.00E+06
-1.10E-03
) 6.80E+06
-1.05E-03

6.60EH06

Displacement of Rail [m]

-1.00E-03

9.50E-04, | 6.40F-+06

36.00 46.00 56.00 66.00 76.00
-9.00E-04 6.20E+06
Typical USMs with Very Stilf USPs ——Medium Stfl USMs with Very Stiff USPs
— Stiff USMs with Very Stiff USPs ——No USMs and No USPs

- Stiffness No USMs and No USPs - Stiffness Suff USMs with Very Suff USPs
--------- Stiffness Medium Stiff USMs with Very Stiff USPs Stiffness Typical USMs with Very Stiff USPs

(@)

Location along Track Transition [m]

-1.35E-03 7.80E+06

-1.30E-03 7.60E+06

-1 2SE03 7A40E+H06
120703 -
7205406
L1SE03
7.00F106
110E03
1.0SE-03 6 80E406
-1LOSE-U>

6.60EH06

Displacement of Rail [m]

-1.00E-03
-9.50E-04 g : = < 6.40E+06
26,00 : 36.00 46.00 56.00 66.00 76.00
-9.00E-04 6.20E+06
—— Typical USMs with Stiff USPs Medium Stiff USMs with Stiff USPs — Suff USMs with Stuff USPs
(b) ——No USMs and No USPs s Stiffmess No USMs and No USPs -+ Stiffness Stff USMs with Stiff USPs
Stiffness Medium Stiff USMs with Stiff USPs - Stiffness Typical USMs with Stiff USPs

135603 Location along Track Transition [m]

-1.30E-03

7.80E+H06

7.60E+H06
-1.25E-03

E) 740E+06
‘Z -1.20E-03
E 1.20E-03 7.20E+06
© -1.15E-03
= T.00E+H06
g -1.10E-03
£ o5 6 80E+06
2 -1.05E03
B :
£ -1.00E-03 6.60E+06
-9.50F-04 . : 6.40F+06
9305 0416_ I = 46.00 56.00 66.00
-9.00E-04 6.20E+06
rpical USMs with Medium Suff USPs —— Medium Stiff USMs with Medium Stiff USPs
— Suff USMs with Medium Stiff USPs ——No USMs and No USPs
(C) - Stiffness No USMs and No USPs ~ Stiffness SUIT USMs with Medium Stff USPs

o Stiffness Medium Stiff USMs with Medium Stiff USPs - Stiffness Typical USMs with Medium Stiff USPs
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Track Stiffness [N/m]

Track Stiffness [N/m]

Track Stiffness [N/m]

1
) 1 1
11 1

27 25 n1snTesavesTIuSeulisusua Track Stiffness maanua Transition
150 [km/hr] (a) Very Stiff USPs, (b) Stiff USPs, iag (c) Medium Stiff USPs



-1.35E-03
-1.30E-03
-1.25E-03
-1.20E-03
-1.15E-03
-1.10E-03
-1.05E-03

Displacement of Rail [m]

-1.00E-03

9.50E-04,

-9.00E-04

(@)

-1.35E-03
-1.30E-03
-1.25E-03
-1.20E-03
-1.15E-03
-1.10E-03

-1.05E-03

Displacement of Rail [m]

-1.00E-03

Location along Track Transition [m]

36.00 46.00 56.00 66.00 76.00
Typical USMs with Very Stilf USPs ——Medium Stfl USMs with Very Stiff USPs
— Stiff USMs with Very Stiff USPs ——No USMs and No USPs

- Stiffness No USMs and No USPs - Stiffness Suff USMs with Very Suff USPs
--------- Stiffness Medium Stiff USMs with Very Stiff USPs Stiffness Typical USMs with Very Stiff USPs

Location along Track Transition [m]

s

7.60E+06
7.40E+06
7.20E+06
7.00E+06
6.80E+06
6.60E+06
6.40E+06
6.20E+06

6.00E+06

7.60E+06

7 40E+06

7.20E+06

7.00E+06

6.80E+H06

6.60E+06

6.40EH06

6.20E+06

6.00E+06

-9.50E-04 S g
26,00 36.00 46.00 56.00 66.00 76.00
-9.00E-04
—— Typical USMs with Stiff USPs Medium Stiff USMs with Stiff USPs — Suff USMs with Stuff USPs
(b) ——No USMs and No USPs e Stiffmess No USMs and No USPs - Stiffness Suff USMs with Suff USPs
Stiffness Medium Stiff USMs with Stiff USPs - Stiffness Typical USMs with Stiff USPs
135503 Location along Track Transition [m]

-1.30E-03
-1.25E-03
-1.20E-03
-1.15E-03
-1.10E-03
-1.05E-03

Displacement of Rail [m]

-1.00E-03

-9.50E-04, -

-9.00E-04

(@

46.00 56.00 66.00
rpical USMs with Medium Suff USPs —— Medium Stiff USMs with Medium Stiff USPs
— Suff USMs with Medium Stiff USPs ——No USMs and No USPs
- Stiffness No USMs and No USPs ~ Stiffness SUIT USMs with Medium Stff USPs

o Stiffness Medium Stiff USMs with Medium Stiff USPs - Stiffness Typical USMs with Medium Stiff USPs

7.60E+H06

7 40E+H06

7.20E+06

7.00E+H06

6 80E+06

6.60E+06

6.40E+06

6.20E+06

6.00E+06
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Track Stiffness [N/m]

Track Stiffness [N/m]

Track Stiffness [N/m]

29 26 N13NTEINVITINIUTHUIEUAUAT Track Stiffness sasaiiia Transition

200 [km/hr] (a) Very Stiff USPs, (b) Stiff USPs, iag (c) Medium Stiff USPs
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Location along Track Transition [m]

-1.35E-03 7.40E+06

1.30E-03 L 7.20£+06
E -1.25E-03 wm T.O0E+06 T
= 1.20E-03 1 Z
i 6.80E+06
3 .1.15E-03 g
= 6.60E+06 &
2 -1.10E-03 2
bt 6 40E+06
£ -1.0SE-03 g E
= =
A -1.00E-03 6.20E1H06 &=
a

-9.50E-0 : 6.00F-+06
0046100 00 46.00 56,00 66.00 76,00

-9.00E-04 5 B0E+06
Typical USMs with Very Stilf USPs ——Medium Stfl USMs with Very Stifl USPs
— Stiff USMs with Very Stiff USPs ——No USMs and No USPs
(a) --------- Stiffness No USMs and No USPs o Stiffness SUff USMs with Very Suff USPs
Stiffness Medium Stiff USMs with Very Stiff USPs Stiffness Typical USMs with Very Stiff USPs

Location along Track Transition [m]

-1.35E-03 740E+06

-1.30E-03 1 7.20E+06

.
1.25E-03 - 7.00E+06
-1.20E-03 )

6.80E+06
-115E-03
6.60E+06
J1.10E-03

1.0SE-03 6.40E+06
-1LOSE-U>

Track Stiffness [N/m]

6.20EH06

Displacement of Rail [m]

-1.00E-03

950604 | : : 6.00E+06
26,00 ) 36700 = 46.00 56.00 66.00 76.00
-9.00E-04 5.80E+06
—— Typical USMs with Stiff USPs Medium Stiff USMs with Stiff USPs — Stiff USMs with Stiff USPs
(b) ——No USMs and No USPs stiffness No USMs and No USPs - Stiffness ST USMs with Stff USPs
Stiffness Medium Stiff USMs with Stiff USPs Stiffness Typical USMs with Stiff USPs
135503 Location along Track Transition [m] 7 40406
-130E-03 " 7208406

125503 4 T.00E06
-1.20E-03 ]

3 + 6.80E106
-1L1SE-03
6.60E+06
-1.10E-03

< 6 40E+06
-1.05E-03

Track Stiffness [N/m]

-1.00E-03 6.20E+06

Displacement of Rail [m]

som04 6.00E+06
950504, 1%

46.00 56.00 66.00

-9.00E-04 5.80E+06
—— Typical USMs with Medium Stiff USPs ——Medium Stiff USMs with Medium Stfl USPs
— Suff USMs with Medium Stiff USPs ——No USMs and No USPs
(C) - Stiffness No USMs and No USPs — Stiffness SUlf USMs with Medium Stff USPs
o Stiffness Medium Stiff USMs with Medium Stiff USPs - Stiffness Typical USMs with Medium Stff USPs

DM 27 MInTESAYeNTIUSIUTTBUSUAT Track Stiffness maaauwa Transition
250 [km/hr] (a) Very Stiff USPs, (b) Stiff USPs, iae (c) Medium Stiff USPs

Wisdnemaansannsiaeitld Tunsalinslieuusuiangavguiunnsneiu wvi

[y |

nsilSeuieuldudosazues  N15AEUSUAINITNTEIAVDI51Y  WIEUAUAIAIILAIUDINT

n383nueds1e Tunsdlmuau viislulalinisinAsunuianisannisduasiiow Ingaziiei

' (%
Y |

YDINITNTLINVDITI NHWIAUININANTINLNITAANT USPs haz USMs NUIusaenalawn

< 1

FNNTEeE 46 [m] wag 66 [m] sndusdinissnsdslunisilSeuiisuna tnensaniduen

AUATUERIDINITNAT Track Stiffness dA1a%a3 %39 Rail Displacement HAMANTU FIazNU
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Tullsvaensly USPs Alaliinnsusuvee Track Stiffness agnamunyay lnenasasazlnay

wanaUTousuTunT NG AININT 28 AULAarAIANUSINRNAY faTl

Medium Stiff USMs
Stiff USMs with Stiff USMs with Stiff USMswith ~ Medium Stiff USMs Medium Stiff USMs with Medium Stiff  Typical USMs with Typical USMs with  Typical USMs with

—~
(oY)
~

Very Stiff USPs Stiff USPs. Medium Stiff USPs with Very Stiff USPs  with Stiff USPs USPs Very Stiff USPs Stiff USPs Medium Stiff USPs
100.0
5 =
g E 50.0
a8 7.9
= 2.9
ol e B m L B
£2
S Z .83 6.4 26
-50.0

[ wsatested Trackm siabTrack |

Medium Stiff USMs
Stiff USMs with Stiff USMs with Stiff USMswith ~ Medium Stiff USMs Medium Stiff USMs with Medium Stiff Typical USMs with  Typical USMs with Typical USMs with

S

Very Stiff USPs Stiff USPs Medium Stiff USPs with Very Stiff USPs  with Stiff USPs USPs Very Stiff USPs Stiff USPs Medium Stiff USPs
100.0
“~
Q —
£ L
=
8 E 50.0
€
S o
—_ <
T=
TZ o0 . . - l .
£2 £
ow
o
-
-50.0
| M Ballasted Track W Slab Track |
Medium Stiff USMs
(C) Stiff USMs with Stiff USMs with Stiff USMs with  Medium Stiff USMs Medium Stiff USMs with Medium Stiff  Typical USMs with  Typical USMs with  Typical USMs with
Very Stiff USPs Stiff USPs Medium Stiff USPs with Very Stiff USPs  with Stiff USPs USPs Very Stiff USPs Stiff USPs. Medium Stiff USPs
100.0
-
6 =
gL
=
8§ 500
= E
Qe
—_ e
TS
E g oo .
=2
o®
e
-
-50.0

[ =Ballasted Track msiab Track |

Medium Stiff USMs
Stiff USMs with Stiff USMs with Stiff USMswith  Medium Stiff USMs Medium Stiff USMs with Medium Stiff  Typical USMs with Typical USMs with Typical USMs with
Very Stiff USPs Stiff USPs Medium Stiff USPs with Very Stiff USPs  with Stiff USPs USPs Very Stiff USPs Stiff USPs Medium Stiff USPs

mBallasted Track W Slab Track

g

100.0

50.0

Rail Displacement [%]
o
S

200 [km/hr] Different of

-50.0

Medium Stiff Medium Stiff Medium Stiff
(e) Stiff USMs with Stiff USMs with Stiff USMs with USMs with Very USMs with Stiff USMs with Medium Typical USMs with Typical USMs with Typical USMs with
Very Stiff USPs Stiff USPs Medium Stiff USPs Stiff USPs. UsPs Stiff USPs Very Stiff USPs Stiff USPs Medium Stiff USPs
100.0
“~
° =
£s
=
& & 500
b
5§
—_c
T=
T2 o0
£5
o'®
R4
N
-50.0

[ mselasted Trck m slap Track |

NINTT 28 $oeazHarNnIsNsESAUSIIoEs e 1in15ARRT USPs uay USMs
(a) 50 [km/hr], (b) 100 [km/hr], (c) 150 [km/hr], (d) 200 [km/hr], bag (e) 250 [km/hr]



-1.35E-03

-1.30E-03

Displacement of Rail [m]

-1.15E-03
-1.10E-03
-1.05E-03
LOOE03 e,

9.50E-04, | o

-1.25E-03

-1.20E-03

—

36.00

46.00

-9.00E-04

(a)

-1.35E-03

Location along Track Transition [m]

8.00E+06

‘- 7.80E+H00

1.G0E+0G
7.40E+06
720E+06
7.00E+06

6.80EH06

—— -

56.00 66.00

G0E+06

78.0@0{”;;]

40E+06

Typical USMs with Very Stilf USPs
— Stiff USMs with Very Stiff USPs
vvvvvvvvv Stiffness No USMs and No USPs
-------- Stiffness Medium Stuff USMs with Very Stiff USPs

——Medium Stiff USMs with Very Stff USPs
——No USMs and No USPs
- Stiffness SUff USMs with Very Suff USPs
Stiffness Typical USMs with Very Stiff USPs

-1.30E-03

Displacement of Rail [m]

-1.25E-03
-1.20E-03
-1.15E-03
-1.10E-03
-1.05E-03
-LOOE-03 .,

9.50E-04, | o

36.00

46,00

-9.00E-04

(b)

Location along Track Transition [m]

56,00 66.00

7.40E+06
L 7.20E+06
7.00E+06
1 6805106
_6.60FH06

6.40E+06

85.92 [meL 06

6.00E+06
76,00

5.80E+06

Typical USMs with Very Stifl USPs
— Stiff USMs with Very Stiff USPs
vvvvvvvvv Stiffness No USMs and No USPs
- Stiffness Medium Stiff USMs with Very Stiff USPs

——Medium Stiff USMs with Very St USPs
——No USM:s and No USPs
- Stiffness SUf USMs with Very Suff USPs
Stiffness Typical USMs with Very Stiff USPs

27 29 ualthmsiaruutaddunismsuaudaslunisians USPs uas USMs
nsal Stiff USMs (a) 50 [km/hr] (b) 250 [km/hr]
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Track Stiffness [N/m]

ack Stiffness [N/m]

Tuilsveslaseadnamaiuu Slab Track Wul1 HANLANAIIUDINITNTLIAVBITI 21N

A51%91u USMs agramiulads 1aedl USMs #13lAn Stiffness Aiunnninastiewiiy A1 Track

Stiffness Taaunnan wazaziiuaununltun1snszanainnsul 1aan USMs 7isian Stiffness 1

ganinazylglviszeeneilld viednuiuyisveimsiane Weviinsusuan Track Stiffness ay

finshnseiidszasiitosninnsdliilden Medium Stiff USMs w3 Typical USMs

19A1UR9Y89 Ballasted Track n15AnRa USPs widlunseinwanmany d@enavinlean

nsnsedavessiinanndy  Tuynnsdl  wisgludienldladirianuuandrsveansnsedad

wansnsiunnawAuly Ineagegyas 20 (%) Tuanusalaiiu 100 km/hr] dauanuEanas

n9regluyae 20 - 40 [%] Faflauslinisly USPs fidlen Stiffness muiiviinisdnaes lild

YrevinliAn Track Stiffness Tutlaiidu Ballasted Track LWNLNNTU WAAEINITOUIDAANTS

duaziiion waENITBLTINARTLIN Sleeper adlUdtuves Ballast lid Feagtinausly

Pdadnall
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4.2.2 ANUAUYDILATIATIIN (Track Stress)
Tudruilsiansandwanevauswedlasadromdudiwwossns e 2 Ussan loud

USPs il Sleeper Tulpssadronnile Ballasted Track way USMs #ldludu Isolation

Layers vasilalnsaadraniawuy Slab Track (CRTS Type 1) Tnglunmil 30 way 31 9zudns

NAANGUDY Z Stress 91NtATIA519 Ballast wag Slab Base #1k9a1nn1s3nasInudisu hu

' v
a A o o v

USRI MInUeaanseyin (Wheel Loaded) wandliiiudinisanasvasainnummulu

a a = = o aaa a & oA 1 aNay 1 a
LLUININARN AN L‘Ui?fuLVIEJUﬂUIUﬂiﬂJVI@JﬂﬁMﬂmLLNmaQEJﬂMEgu LLﬁSﬂiﬁu‘Vthllﬂ']i@@mﬂ

209 30 1I15ATLDIEHIAIAIIUAUIULYIAIYDITY Ballast

TS hingensevilunsalnaiana 250 [km/hr]
(a) n3ellsiiinysanea USPs (b) nsed Typical USPs taz Medium Stiff USMs
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AMULAUTINTZABAIIULUIAY  (Vertical Stress) liAnTuuututulsen1e  (Ballast
Layer) Tulpssasnannsile Ballasted Track 1ievi1n15U5uAT Contour Scaling Wuan nselyv
fnsAeRauEy USPs agvibvimauaulunwineigelusiumiausnnld Rail Seat dfanas

LaLiin1sNTTANYM N LE@LDTOUNUN L ANLDUTDIIN

LS-DYNA Keyword Deck by LS-PrePost (Modified by SNR)

Time= 0.78899 Z-stress
Contours of Z-stress 8.000e403
max IP. value

min=-95212.6, at node# 2332817 1.200e+03
max=26903, at node# 2331474

et

(@)

LS-DYNA Keyword Deck by LS-PrePost (Modified by SNR)

Time= 0.78899 Z-stress
Contours of Z-stress 8.000e403
max IP. value

min=-35081.1, at node# 670511 1.200e+03
max=15471.9, at node# 672418
- P

AT 31 N715032271889AIA AU LLYIANYENTY Concrete Base N3aiAI157

250 [km/hr] (@) nsedlaifinsinsa UsMs (b) el Typical USMs uas Medium Stiff USPs
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v
a = 1

NavBIN1INIEEveIiAALluLUR T AN TU LW UAoUNSR  (Concrete
Base) Tulassadnameils Slab Track CRTS Type IIl iiavin1susudn Contour Scaling wuin
nsdififimsfindausuy USMs azdesiliiminvessuausoliiinssyindinisnssaesagtu
Trssadamaldedadinanemndsdy  fuzdrelilasiasaomsldifamsudhminuiin

wmgantunniiuly wazazheiudluzewessveznanlumsldiuilasaiilussezen

4.2.2.1 Mot uitulsen (Stress of Ballast)

TuduusnaneUaua®esty Ballast luiliwedlnsiadiamauuy Ballasted Track a¢
¥msiosanAmduvesuiiulsems  (Stress on  Ballast) lunsdiflésvinnisinda
TAssadaurussivaeusesss USPs Alddasannisduaziiteuiiistuuuduiiulsoms o
Wisuidteueglugunsausiumisves Element fiuu Sleeper tiouandliifiudisangegalu
MsnsEaEiveIAImILAY  Tinaessursiitinisinne USPs  Tasudadunsdivesnis

ADUTENUYBII VIS INTIT A IS un 1T R un Nenafiu

7.0E+04

6.5E+04 = = = No USMs and No USPs

6.0E+04 Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

5.5E+04

5.0E+04 Stiff USMs with Medium Stiff USPs

4 5E+04 Medium Stiff USMs with Very Stiff USPs

4.0E+04 Medium Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

3.5E+04

Maximum Stress Distribution of Ballast [Pa]

% 3.0E+04 — Typical USMs with Very Stiff USPs
25E+04 —— Typical USMs with Stiff USPs
2.0E+04 — Typical USMs with Medium Stiff USPs

-1.5 -1.0 -0.5 0.0 0.5 1.0 15

(a) Location under Sleeper [m]



7.0E+04

6.5E+04

6.0E+04

5.5E+04

5.0E+04

4.5E+04

4.0E+04

3.5E+04

3.0E+04

Maximum Stress Distribution of Ballast [Pa]

2.5E+04

2.0E+04
(b) -1.5 -1.0
7.0E+04
6.5E+04
6.0E+04
5.5E+04
5.0E+04
4.5E+04
4.0E+04
3.5E+04

3.0E+04

Maximum Stress Distribution of Ballast [Pa]

2.5E+04

2.0E+04
-1.5 -1.0

—~
n
~

-0.5 0.0 0.5
Location under Sleeper [m]

-0.5 0.0 0.5
Location under Sleeper [m]

1.0

1.0
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= = = No USMs and No USPs

Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs

Medium Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs
— Typical USMs with Stiff USPs

— Typical USMs with Medium Stiff USPs

— — —No USMs and No USPs

Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs

Mediumn Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs
— Typical USMs with Stiff USPs

—— Typical USMs with Medium Stiff USPs
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7.0E+04
6.5E+04 = = = No USMs and No USPs
=
=3 6.0E+04 Stiff USMs with Very Stiff USPs
z
E 556404 Stff USMs with Stiff USPs
s
2 50E+04 Stiff USMs with Medium Stiff USPs
% 4 5E+04 Medium Stiff USMs with Very Stiff USPs
a .
@ 4. 0E+04 Medium Stiff USMs with Stiff USPs
@
2 35E+04 Medium Stiff USMs with Medium Stiff
E USPs
2 3.0E+04 —— Typical USMs with Very Stiff USPs
5
2.5E+04 —— Typical USMs with Stiff USPs
2.0E+04 — Typical USMs with Medium Stiff USPs
-1.5 -1.0 -0.5 0.0 0.5 1.0 15
(d) Location under Sleeper [m]
7.0E+04
6.5E+04 — — —No USMs and No USPs
= )
& 6.0E+04 Stiff USMs with Very Stiff USPs
z
E 5.5E+04 Stiff USMs with Stiff USPs
s
2 5.0E+04 Stiff USMs with Medium Stiff USPs
'E 45E+04 Medium Stiff USMs with Very Stiff USPs
2 _—
@ 4. 0E+04 Medium Stiff USMs with Stiff USPs
@
2 35E+04 Medium Stiff USMs with Medium Stiff
= USPs
E 3.0E+04 —— Typical USMs with Very Stiff USPs
=
2.5E+04 —— Typical USMs with Stiff USPs
2.0E+04 —— Typical USMs with Medium Stiff USPs
-1.5 -1.0 -0.5 0.0 0.5 1.0 15
(e) Location under Sleeper [m]

DM 32 0150520788 ve9R IR AL IULLIE T Ballast N3aiAIAI5
(a) 50 [km/hr], (b) 100 [km/hr], (c) 150 [km/hr], (d) 200 [km/hr], uag (e) 250 [km/hr]

M3nszanefvesmAEUluLLR (Vertical Stress Distribution) RIABALLAITE
Sleeper fiUSARIvEY Ballast Min Contact AukdusEMNEUTI USPs Tunsdifivihinng
fads USPs way USMs lunsdideuiadisnedy WU’J"]ﬁﬂ"}WJ’]iJLﬁu@ﬂﬁﬂﬁﬁm%ﬂm’]ﬂ
Anusinsiedeuiivesvuiusalil  uazdlevimsaenudilunuifisgean  (Maximum
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= = = No USMs and No USPs

Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs

Medium Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs
— Typical USMs with Stiff USPs

— Typical USMs with Medium Stiff USPs

— — —No USMs and No USPs

Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs

Mediumn Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs
— Typical USMs with Stiff USPs

—— Typical USMs with Medium Stiff USPs

— — —No USMs and No USPs

Stff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs

Medium Stiff USMs with Stiff USPs

Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs
— Typical USMs with Stiff USPs

—— Typical USMs with Medium Stiff USPs
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Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs
Medium Stiff USMs with Stiff USPs
Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs

—— Typical USMs with Stiff USPs

— Typical USMs with Medium Stiff USPs

— — —No USMs and No USPs

Stiff USMs with Very Stiff USPs

Stiff USMs with Stiff USPs

Stiff USMs with Medium Stiff USPs

Medium Stiff USMs with Very Stiff USPs
Mediumn Stiff USMs with Stiff USPs
Medium Stiff USMs with Medium Stiff
USPs

— Typical USMs with Very Stiff USPs

—— Typical USMs with Stiff USPs

— Typical USMs with Medium Stiff USPs
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E 34E+04 —e— Typical USMs with Very Stiff USPs
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il 35 mrpunauluwsafegige 1usu Concrete Base usiazA1AI353 50-250 [km/hr]

4.2.3 ANL39YRIHUAU (Ground Acceleration)
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297 36 Ground Dynamic Response of Transition Zone, 250 km/hr.



68

Amil 37 asuanmRalUIouTisuresnsTesruiiiany USnamtsnlasaing
e fidusessovaslasiad1aons menmssiassnisedeufivessuiusalniinnufisediu
Tunsalfilaifinns@inds USPs uay USMs Tunstasanmisduasiiiouveddasiadisis feasmy
160 A swesiuUs s tnanouaue ity murnudlunsiedoudiinures

YuaNsa AN NTUlUTIUS NS D

o

30

6 250 [km/hr]
2.5 E
20 = —200 [km/hr]
1.5 % —150 [km/hr]

7]
o T —100 [km/hr]
05 &
0.0 Surface Location [m] A —050 [km/hr]

-40 -30 -20 -10 0 10 20 30 )

i 37 Dynamic Response in the term of Acceleration of Ground

in Criticl Section without USMs and USPs.
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i 38 Dynamic Response in the term of Acceleration of Ground
in Criticl Section by using (a) Stiff USMs with Very Stiff USPs
(b) Stiff USMs with Stiff USPs and (c) Stiff USMs with Medium USPs
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i 39 Dynamic Response in the term of Acceleration of Ground
in Criticl Section by using (a) Medium Stiff USMs with Very Stiff USPs
(b) Medium Stiff USMs with Stiff USPs and (c) Medium Stiff USMs with Medium USPs
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7 40 Dynamic Response in the term of Acceleration of Ground

in Criticl Section by using (a) Typical USMs with Very Stiff USPs
(b) Typical USMs with Stiff USPs and (c) Typical USMs with Medium USPs
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—e— Stiff USMs fery Stiff USPs

—e— Stiff USMs with Stiff USPs
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AULANAI9TBY Rail Displacement TuUSMTOYAD UALULINITAINIULTY Y3913
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