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Modern railways must address increased capacity, reduced environmental
impact, and improved safety measures. Railways nexstlop innovative
solutions to address these constraints as populations grow and urbanization
continues. Engineering structure optimization is critical for resource
efficiency and infrastructure longevity. Techniques such as optimizing
bridge design and liding construction can result costeffective, resilient,
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Robust Optimization of the Steel Single $ry
Frame

3D ZBahojszczda 8 UV ]XO [ BiBuGRuzowski®

1 LHOFH 8QLYHUVLW\ RI 7THFKQRORJ\ )DRXWWEWXWEHYLO |
DO 7\VL FOHFLD 3D 26W Z DL3HROG-WAN L3HRIRD Q G
SDZH@WE NLHOFH SO

2 LHOFH 8QLYHUVLW\ RI 7THFKQRORJ\ )DRXWWEWXBHYLO |
DO 7\VL FOHFLD 3D VWZDL3HOFHNBHRIRD QG JPEXU#WX NLF

S, QVWLWXWH RI )XQGDPHQWDROILMRKIFRGRIPAFDIO6EHN QB Y Y
'"HSDUWPHQW RI ,QIRUPDWLRQ DQG &RPS%W-DWLRQDO 6F
:DUVDZ 3ROMMPGRZ#LSSW SDQ SO

Abstract:In contemporary design practices, building structures are expected ¢mlyaheet
safety requirementsut also be optimized. However, optimal designs can be highly sensitive
to random variations in model parameters and external actions. Solutions that appear
effective under nominal conditions may prove inadequate when parameter ransasnes
considered. To address this challenge, the concept of robust optimization has been
introduced, which extends deterministic optimization formulations to incorpohaste t
random variability of parameter valuek this study, we demonstrate the applicability of
robust optimization in the design of building structures using a simple orthofyanad as

an example. The statgtrength analysis is conducted based on the displacement method,
utilizing seconebrder theory. To assess the safety level of the steel frame, aipaglim
evaluation is performed by determining the reliability index and failure proibabsing the
Monte Carlo Method. Robust optimization is then employed, leveraging the sedend
response surface. Experimental designs are generated followingiarabpatin hypeicube

plan. The proposal of a mathematicaimerical algorithm for solving the optimization
problem while considering the random nature of design parameters constihges t
innovative aspect of this research.

Keywords: reliability robust ogimization second order theoryisplacement method

1 Introduction

7KH GHVLJQ RI FRPSOH[ VWUXFWXUHVY SOBRNWXDL@3IDO Ul
EXLOGLQJ VDIHW\ ZKLOH VLPXOWD QHRX& OAWRILCAVP X ULBRO
ZHLIJKW 7KLV WUHQG KDV OHG WR DQ RMWKROVLWR LQV
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DFKLHIYHLHQW PDWHULDO XWLOL]DWLRQ WRROQRBSWLP
UDWLRQDO VWUXFWXUDO GHVLJQ :KLOMFRBWREDMIMGERQ
LQ GHVLJQ DSSURDFKHV EDVHG RQ WKH )LGQQWH (OHP}
HPSOR\HG LQLBVEHWRHLUPQBU ,Q WKLV WUDGLWLRQDO DS
Rl GHVLJQ SDUDPHWHUV LV FRQVLGHIDHG EY VY QRORWRS RUKD
RSWLPL]DWLRQ IRUPXODWLRQ 7KHVH |DFFQVRIVGVGHILQ]
FRGHV1 ®@ DUH RUWW®O GD\CR EXLW D EURDG UDQJH RI GH"
WKLV DSSURDFK IUHTXHQWO\ \LHOGV RYWWUDO PR MMV Y D
IDFWRUV GR QRW GLUHFWO\ DFFRXQW YPW LWE®DHW QGF
&RQVHTXHQWO\ RSWLRNYOD ¥ WIUHKYFHW WUKHVGRDALQHG OHY HC
,l HQVXULQJ VWUXFWXUDO VDIHWLW M D SRIUW B UR REHALIGIH)!
D UHOLBDEL®WEWAHVLIQ RSWLPLIDWLR@ 5%ED VIRRGPXODW L
GHVLJQ FRQVWUDLQWYV D UG WRLLHPVX R D WDH G XX\WH. QZKS B R BLDHE
OLNHOLKRRG RI H[FHHGLQJ VSHFLILF SWEPELW\ERH VW
DOORZDEOH GLVSODFHPHQW 7KHVH SHUPLWYHEOH VW
IRUPXODWLRQ WKURXJK UHOHYDQW @NRMVM ARPFRQRDV
NQRZQ DV SHUIRUPDQFH IXQFWLRQV

5DQGRP IOXFWXDWLRQV LQ VWU XFWXIUPIOWR GSR QB W IGRQ
IURP LQWHQGHG IXQFWLRQDOLW\ DQG ISHHFWHIRWHG PDL
PDLQWHQDQFH DQG UMS®HUNIQHG HEXHOWLYH VKRXOG P
FRVWY HQVXUH SURSHU IXQFWLRQLQJ QDWX EH RIHVV \
GHVLJQ SDUDPHWHUV 7R PHHW WKH UMKRGWHBQGHYHO
SURFHGXUHV KDYH EHHQ GHYHORSHG FRO@HFWLYHO\
> @ 7KLV PHWKRGRORJ\ DLPV WR GHVLJ®QVWUXFWXL
SURFHVVHVY WKDW PDLQWDLQ KLJK |XQFMIHR Q\D QIRVNL DIGN
VROXWLRQV WKDW DUH DV UHVLV® BQ WDIPH WRRFMNEQH WR
RU HOLPLQDWLQJ WKH YDULDELO L W.\DRIFIHQISQX W XOQNMDIP\M M
FKDUDFWHUL]LQJ WKH VWUXFWXUDO VWHREHYWNWYFK DV

LPSOHPHQWLQJ VXFK SURFHGXUHV RIWHQHRWWIXUYV XQDF
DSSURDFK LV WR UHGXFH SDUDPHWHUDQBHLRE MKMW\ Zl1
VWUXFWXUH V LQSXW SDUDPHWHUV T7KDWDSSURDFK LV

5REXVW RSWLPL]DWLRQ SURYLGHV VROXWURBPNWHUDMW D
WKDW DUH FKDOOHQJLQJ WR FRQWURO 7KLRADMSHU IRF
DVSHFW RI RSWLPDO GHVLJQ IRU EDU ¥KHURBDW ®UHW X VL
FHQWHUV RQ DQ RUWKRJRQDO VWHHOXIR®W IV XEIMMHKEWEBF
WR KLJK D[LDO IRUFHV 7KH DQPRVUGIHU LWKRRE SR UDWH W
SUHOLPLQDU\ DVVHVVPHQW RI WK HHVWGHHOH UPDLRH. ¥ J WD Kt
UHOLDEHQIDMGLOAOXUH SUREDELOLW\ XVLQJ WKH ORQ\
RSWLPL]DWLRQ LV SHURUGPHEG UHAMLRIQD N WRIQBFH ZKLF ¥
PLWLJDWHV WKH LPSDFW RI XQFRQW WBGRO G B EORHRK®RIEO S
DFFRXQWOULRHMEA@QAWHUDFWLRQV EHWZHHQ YDULDEOHYV
WKH LGHQWLILFDWLRQ RI RSWLPDO VROXWWHD®V ZLWK
DQDO\VLV 5HOLDEOH UHVXOWYVY DUHF3HBWUDWHG IRVLQ
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FRQGXFWLQJ H[SHULPHQW\ODHFEWGCULQ P FONHI RQGVEH S|
VSDFH 7KLV DSSURDFK DFFHOHUDWHYV W KM \DQDWO\VLV
UHOLDELOLW\ 7KH SURS®XPWUR F DO PDAHADIWKIPF DROU RS
WKDW DFFRXQWV IRU WKH UDQGRP QBXMXMW \WR GHWH J
LQQRYDWLYH QDWXUH RI WKLV UHVHDUFK

2 Materials and M ethods

2.1 Displacement Method and Secon®rder Beam Theory

7R UHGXFH FRPSXWDWLRQ WLPH ZH HPSORWG H[SOLF
IXQFWLRQ DQG FRQVWUDLQWYV WHKKH FFID\FKLFDWL 8 QWS DD F
PHWKRG DQG-RUKGHWYHFRIPBU\ 7KLV PHWKRG LQYROYHYV
DVVXPSWLRQV LQFOXGLQJ DVVXPLQJ VRIXGIOFRKKXUWDWX U I
FRQILIJXUDWLRQ DVVNPWQRQWODWQRURVBYPHWKHUBRXOOL
K\SRWKHVLV DVVXP LGIH RRIPILEALOG MQ D G HIZR®/MQLF D OL!
SK\WLFDO ODZ DQG DVVXPLQJ PDWHULDMRWRRINLQXLW
+RZHYHU WRMGHIFRQGIRU\ GRHVY QRW DFFRXQW IRU WK
VPDOM®@IGANWBHQWY DQG VXSHUSRVLWLRQ 7KH GHJUHF
WUDQVODWLRQDO DQG URWDWLRQDO G LIVISOW ¥ HP@ QW V
XQNQRZQ GLVSODFHPHQWY WKH OHYHO BPLUGIREBHWULF
UHVXOWLQJ LQ WKH GHULYDWLRQ RI DGER@RE®QEDIIOHT XL
HTXDWLRQW LGKHH YHBWWU LQ WKH V\VWHP Rl FDQRQLFDO
UHDFWLRQV Rl FRQVWUDLQWY GHWHUPLQHG E\ WKH H[W

7KHVH IRUPXODV HVWDEOLVK D UHODWIRDNKRISQEHW ZH
DVVRFLDWHG ZLWK WKH ORFDO VA\VWHRMRIVBVIIRH® PHF
SHUIHFWO\ HODVWLF SULVPDWLFQUIRWGWAL WK DVORIQ JW K W
J)LIXUH 7KLYV URG VHUYHV DV DQ LEGOXYOVOWLRAHRI
IUDPH ZKHUH VLJQLILFDQW D[LDO IRUFH LV FRQVL
7TUDQVIRUPDWLRQ IRUPXODV DUH GHU LKH ® HNOKHIYROXQAW D C
ERXQGDU\ SUREOHP

7R SHUIRUP WKH FRPSXWDWLRQV LWWLVDQHHHNVWUR QN
UHSUHVHQWLQJ WKH HTXLOLEULXP RI IRRHFHDVLRQ WZR

ORFDWHG DWDGQDY V@R WKH RULJLQ RI WKH FRRUGL
J)LIXUH GHSLFWV D FXW VHFWLRQ@RLI QN B HG A HRPUEERHHUG Z L W
FRQILIQUDWERHFWHG WR H[WHUQDO\WOHRMWA RPQBOWRR FHV
WKDW UHSUHVHQW WKH LOWHUDFWLHRREBAUWK WKH UHPDI
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2.2 The Reliability Assesment using Monte Carlo Method

$FFRUGLQJ WR WKH FRGHV >1 @ WKELEBVREWKHHHQOW RI1 V
FRQFHSW RI OLPLW VWDWHYV DQG WHKRHEFURBDHEIQOEVBDWLRQ
PHWKRG ZLWK WKH XVH RISBVHWLD® KWHDVIHH WD AW R
HQVXUH WKH GHVLUHG OHYHO RI VWWKRWXWDXFKIHOLDE
)250 >- @ DQG 6250@> DV ZHOO DV VLPXODWLRQ WHFKQLT
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&DUOR ® DQG ,PSRUWDQFH@6DIPWID LW HQVLRQV RI WKI
SUREDELOLVWLF OLPLW VWDWH PHWKR® DODKMHRSBHREDEL
DFFXUDWH DQG UHDOLVWLF PRGHOLQIDRHWWUXFWEGDO
ORDGV ,Q WKH SUHVHQW VWXG\ WKH OWRRQWRL @ B UWDKRHP H \
SUREDELOLW\ RI IDLOXUH

7KH FODVVLF ORQWH &DUOR VLPXODWIORQDMWH\N KRR CR L QWKRH
UDQGRPWHROFFRUGLQJ WR WKH MRLQW SUREDELOLW\ GL
R ,Q WKH QH[W VWHS IRU HDFK UH WNXH SWURRURIDW RKH
IXQFWLRQ LV FRPSXWHG 7KH UDWIKXRJRIDWKB @/RPWHKH RIR
QXPEHRI VLPXODWLRQV SURYLGHV DQ HVWLHEDWRU RI

VHH )LIXUH 7KH DERYH LGHD FDQ EH HUBWWYFHG E\
IXQFWLRQ RI WKH IDLOXUH DUHD VHW DV

_ 1if XDf
X{0= it xm,

x5/

0 Y

YJLIXUH
,GHD RI @BQ@WR PHWKRG

;¥ LV WKHUHDRUERP Y DU LDEROLH WL &/IKV B WIZERK W L R Q
2B (X)=1GP; PEK (X)=0 G1-P,
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,Q WKH ORQWH &DUOR PHWKRG DQ HVWKBPDWRWHRIL VW HF
IXQFWLRQ RI WKH VHW RI WKH IRUP

#, = 2 BLX () =R

ZKHXH LQGHSHQGHQW UDQGRP YHFWRUV ZLWK D SUREDE
WKH GHQVLi\KXWRWLRPEHU RI VLPXODWLRQV

7KH PHDQ YDOXH DQG YDULDQFH RI WKH HVWLPDWRU DU
B=Ede , AL X’,(X) = K Pr=P
L =Var &g - A VarlX (XJ]= zKPK-Po=—Pk-Po

7KH FRHIILFLHQW RI YDULDWLRQ RI WKH HVWLPDWRU LV

_k_ 1A
e =B Sy

7KH IRUPXOD DERYH LQGLFDWHYV WKROW DQLPWILRAD WR I
HVYWLPDWRORQJJ ZLWK WKH H[SHFWHG SUREDELOLW\ RI
UDQJHV ITWR* IRU UHDO VWUXFWXUHV. LW-UHTXLUHV FR
VREXODWLRQV

2.3 The RobustOptimization

SREXVW RSWLPL]BWWR®@PL\QIDVWRA RSWLPLIDWLRQ PHWK
DFFRXQW WKH UDQGRP QDWXUH RI SRUDPKHNVBHWS R Y AK
W W\SLFDOO\ HQKDQFHV WKH ,QHORBEV®/L WS WL PWKHMHWYWR
REMHFWLYH IXQFWLRQ FRPPRQO\ LQFOXBHWXWESB YDUL
UHVSRQVH TXDQWLW\ &RQVWUDLQWYV FKDQWEHVGM W HEPQ ¢
PRPHQWY 7KH RSWLPDO VWUXFWXUH DFKPLRIWHHG WKUR!:
UHVLOLHQW WR IOXFWXDWLRQV LQ SDRSWHWH]D W DRX H \
HJ UHOLDELOLW\ RSWLPL]DWLRQ EMDKNVS GHF WU EXWL
WV\SHV LV QRW FUXFLDO 7KH YDOXHM RIKW KAV LLXIFAWX V I/
UHVSRQVH SULPDULO\ GHSHQG RQ W K HQI MUKVHN DFER/RHHOF\N V
RI DGHTXDWH GDWD D XQLIRUP RU RIRWUH® O \GLVPMHLEL E X W

7KH JRDO Rl UREXVW RSWLPL]DWLRQ LWWWRPRQRWL]H ER
VWDQGDUG GHYLDWLRQ RI WKH WDUJHWEXWWWLROQ
RSWLPLIDWLRQ FDQ EH IRUPXODWHG DV IROORZV

JLQG YDOXHV KRU YDULDEOHV
OLQLPLIEG @y X, P @F(Xg, X,P @"

6 XEMHFWHG WR

E g(X,X P)@€1y(X, X P) @ L kg
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Plec (X, X, PI "%, N «N
Xaf "Xa; " X! Mo g
xlr T x:], U ng,

ZKHUHREMH FX\QLFWBLRYH FWRU RI GHWHUPLQX\WPWLF GHVLJQ
YHFWRUV RI UDQGRP YDULDEOBYGZALAWKS HEGHFWBGE YDO:
FRQVWUDLQI- IXQFWLRQV ZKRVH VWDQGDUG GHYLDWLR
SHUPLVVLEDHYDOWKN FRHIILFLHQWYV FRRQMVISRIQGLQJ \
g+ UHSUWVKWDIHW\ PDUJLQ

7KH YHFWRUV Rl UDQGRPGYDWILDERHVYKKDBY 8 XEHHW® WKHI
QDWXUH 5DQGCHFDYEHLCHOHMAG DV UDQGRP GHVLJQ YDUI
H[SHFWHG FKOIDXHV GXULQJ WKH RZBRAHLPHE FOMA V@ \§ ¥V RIFKIN V
GHVLJIQ YDKILWYBGHHD GV W DREBIEIMNO LY \WEKHEAQ 2IOW\ I XQFWLI
WKH RWKHU KDQG WKH SUREDER OQIHRKD IGQ VYV WKIQLIFHKOOVQLIRIG
GXULQJ RSWLPLIDWLRQ PDNLQJ WKHVH YDULDEOHV SXU

7KH FRQFHSW RI UREXV)WRBNK B E M.OOXMHI DW WER H® V X L
DW WKH RSWLPDO SRLQW WKH PHBQ=MIPOKHMRI WKH FR
JUHDWHU WKDQ RU HTXDO WR WKHLU FRODWXWIRQGLQ.
FRQVHTXHQFH RI UREXVW RSWLFALBEWLIRQ RV W@ H ¢ UKD

f

g | Bola(X,X. P)]
<«

E[ 8(X,, X, P)] g

YLIXUH
7KH FRQFRE®R/SIVLWPL]DWLRQ OLPLWDWLRQV

,Q WKH DERYH IRUPXODWLRQ ZRIERMHHRARWGMHB OR W LPLLWKW

SUREOHP WKH PHEBQ; XDRO®H DRRG WKH VWDQGDUG GHY
¥, X,P @

$ ZLGHO\ XVHG DSSURDFK IRU LGHQWVYRDQ D (SIRDOW R Q @®
WKH REMMEWLYH RSWLPL]DWLRQ SUREOHP ZKHUH D
REMHFWLYHV LV XVHG DV WKH REMHFWQWN | X8EMWRY %
DVVLIJQHG WR HDFK FRPSRQHQW RI WKHDWHAWRVHWQH F
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7KH YDOXHV RI WKHVH SRLQWYV DUH MHOUWHR ERQYO XKQFK G |
IRFXV RQ PLQLPL]JLQJ ERWK WKH DYHUDJMDWINOKBIQDQG Y
EH UHIRURXWRW HREOMRZLQJ VFDODU RSWLPL]DWLRQ SUR|

)LQG YDOXHV LRUs YDULDEOHYV
OLQLPLE=QIEf(,s X, Pl +5 1(, s X,P @
VXEMHFWHG WR

Eg(.sXP)@Ff1y(,5s X P) @ L kg
T (.5 X Pl " I N «N
Xaj "Xaj " Xa} Mo g
X:, " Xr i X?: U n)(i
7KH ZHLIJKWL®Y IDRAVRQ WKH IRUPXOD GHWHUPLQHV WK
FULWHULRQ ZKLOH DQG 1 DUH QRUPDOWHKIKJI FRQV
RSWLPL]IDWLRQ SUREOHP LV WUDQVIRUPW&HLR®WRQD VLP
YDOXH ZKLOH IRU WR WKH WD WX HR IWALWQILHPW. | LXQQ FWVK

LQ WKH RWKHU ZRUGYV LQFUHDVLQJ VWUXFWXUDO UREXYV
,Q WKH DOJRURBKWRRUIDWERQYWZH FDQ GLVWLQJXLVK V\
'"HILQLWLRQ RI WKH SHUPLVVLEOH DQG FKRLFH RI Z

*HQHUDWLQJ 1 LPSOHPHQWDWLRQ RI WHKWHUNHFWRU
HYHQO\ GLVWULEXWHG LQ WKH FXUUSQWQSRIURE W\ IPEDH
I DWHNGHUFXEHV

"HWHUPLQMWDRQL\VRWLFDO PRP HQVQF VRLRQK B QRGE MHKFV
FRQVWUDLQW IXQFWLRQ IRU HDFK Rl WKH 1 UHDOL]DWLF

BWUXFWXUH RI WKH UHVSRQVH VXUIDEGBXBQ E\ NLU
VWDWLVWLR;D@)(J?%PIH;IQWV

6ROYLQJ WKH WDVN RI GHWHUPLQLVWLF RSWLPL]DW
JLQG WKH YDOXHV, &Ik WKH YDULDEOHYV

OLQLPLFLG Uk,s o7 Pks 0

6XEMHFWHG WR

gk,,g <O Ieyl kK. ,0°0, L &g,

g ks 0"k ke N o«
sl s

>Qij >Qij ﬂdju Ny, M «
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VI ) u a,

T T T?

s u
ZKHw-),ﬂdj, §, - WKH FXUUHQW ERXQGDULHVRQGVKH SHUF
1-WKH QRUPIDFMBWYRZHWHUPLQHG RQ WKH EDVLV RI W
UHOHYDQW PRPHQWYV REWDLQHG LQ SRLQW

&KHFNWMKIREQQWHMUJIJHQFH FRQGLWLRQ

ORYLQJ WKH SHUPLVVLEOH DUHD RYHU WKH RSWLPI
SHGXFWLRQ RI WKH SHUPLVVLEOH DUHD DQG UHWXUQ W

2.3.1 Determination of the ResponseSurface by Polynomial
Approximation

$ FUXFLDO FRPSRQHQW RI WKH DOJRULWKPQHPSOR\HG
HIILFIPHHQWKRG IRU HVWLPDWLQJ WKH PHDQ YDOXHV DQ
IXQFWLRQV DQG FRQVWUDLQWYV 7R DFRLXWHOWKHE WP U
DSSUR[LPDWH LPSOLFLW IXQFWLRQV RIDONRLBQRZDULDE
DV UHVSRQVH VXUIDFHV 7KHVH VXUIDFMADEDWH FRQ\
DSSUR[LPDWLQJ IXQFWLRQV WR D VHWDRO H[S@®ULIPKIW D
X > @ 9LQLQJ O0\HUV > @ <HQLD\ HW DO > @

7R DSSUR[LPDWH WKH UHVSRQVH IXQFWLRQDD FRPPRQ(
ORGHJUHH SRO\QRPLDO 7KH SXUSRVH RIGWKHUSEG\QRPL
WKH HOQWLUH UHVSRQVH VXUIDFH RWWHK H ¢ RNJEKVFW SR VE
DSSUR[LPDWLRQ QHDU WKH OLPLW VWDWH

, I WKH UHVSRQVH RI WKH I¥VQUDXRVMRZUBHUIY RER QUWQ H\G SARF
DSSUR[LPDWH WKH UHVSRQVH VXUIDFH XVDQ&GE®POLQHD!I
YDULDEOHYV ZKLFK FRUUHVSRQGWHWRHKD $RBKQMR PIRDXH A |
UHIHUUHG \WR @HWUDP RGN W DSAGCH VB Q VEHG DV

YX) = Bo+ ALy Bix + 0

ZKHBHi =0,1, .., n- GLPHQVLRQ RI WKH ERX@DMUVYWDWH
YDULDPOHYURU WDNLQJ V€ DWRWDHRIRMDMW WKH

,Q FDVHV ZKHUH WKHUH LV LQWH U PWIGRP EHDWZ B H Q HVK
WKH-RIUGBMU PRGHO FDQ EH H[WRQGHG WRWHYDFX\AKR ¥ M
ZKLFK WDNH LQWR DFFRXQW W WHD NFLXQUJY R YW B HD R F RAKKQHA
FXUYDWXUH RI WKH VXW@DFH %R[ :LOVRQ >

W) =B+ ALy Bix+ AL Bix?+ AL AR, Bjxx + 0
j

,Q WKH VWUDWHJI\ GHVFULEHG LQ WK NFSDIG ) RWH VSR QWK
W D UJHWf R FWKIHR BR Q V WHURDEL GW UIBK W @/\L REQXWY IRU WKHLU
PRPHQWYV 7KH DSSUR[LPDWH VXU ID FI&DRIGWKHY P BV Q RYX
RI WKHVH UHVSHFWLYH IXQFWLRQ\F DQG\ WW K HQHLQXWR OFR
DUH UHSUHVHQWHG LQ SRO\QRPLDO IRUP
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Y2) = by + Az + A2+ ALY %jzx,jﬂ bjzz
WD) =bg+ AYb'z + Abiz+ A RS bz
ZKHWH DSSUR[LPDWLRQ Rl WKH PHO,Q@ RBOMH RI WKH X

DSSUR[LPDWLRQ RI WKH VWD QGIWERE HY EDWLRQ RI WKH
nix— GHVLJQ YRWDIDE®GMa+n— QXPEHU RI GHVLJQ YDULDEO

3 Numerical Example

,Q RUGHU WR LOOXVWUDWRS W KML [IDGWLORGRAMIN FWWHRH QJ VE R
IUDPH ZLWK GLPHR\DER®Q VP )XUH ZDV DQDO\]JHG %RWK W
EROW DQG WKH FROXPQV RI WKH IUDPH VHAIWKRRGHOH!
GLPHQULRQNP DRRG FP <RXQJ VEPRGX®MH 3RLVVRQ
FRHIILWLHQWLHOG fYWWBQJMKI VWUXFWXUH ZDV ORDGHG
IRUFHVY ZLWK YDNOIXBPQG N1

Static Analysis

$FFRUGLQJ WR WKH PHWRRG RR WGLRYOVDFH BHPB/ODFHP H Q
LV SRVVLEOH 7KHUHIRUH DGRSWLQJIJQWKPAHBDMLE VOFKHF
DGGLWLRQDO ERQG EORFNLQJ WKH PRYHWHKAWRQG LQWL
ZDV GHWHUPLQHG IURP WKHAXTRIRMLERILWKH TYDRHRQ

YLXUH
AX =0
P+R-W,-W,=0
R=W,+W, - P=0

S | }S
@

= d{%

®

\
s
=

®

YLXUH
*HRPHWU\ D\QHF WURQVR| WKW RN HODWPLHD JOH
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S| 1S

P PR
wp D @ W,
1) Q— Ad—s
Dy, Q) —W,
Al w, Blw,
®s Dy
)LXUH

%DVLF VFKHPH RI WKH IUDPH DFFRUGLQJ WR WKH PHWKRG R

7KH YDOXHV RI WKH SD U D PH\W HWKH Q?(é))FEm\AxAKKHRmprQV
RI D XQLW GliVSWKDHEF BRHQWY RI URWIDSV IDRAIG RO UMKH FRO X
HT XD Ry= 1B=% 8VLQJ WKH WUDQVIRUPDWLRQ IRUPXODV W
FDQ EHHQULWW

. p)3
2/'(3’“:?
7KH KRUL]RQWDO GLVSODFHPHQW RI WKH IUDPH EROW L\
_ P
T 2B (Y

pL3 PL

_El _
M_F k(1 G—ZEI,J|(1) =-—1tg 1

1
Reliability Analysis

7KH UHOLDELOLW\ DQDO\VLV RI WKHHVOWIQXWWXADH @RV F
PHWKRG UDQGRP VDPSIWHHRAHWULFDO FKDUDFWHULVW
VHFWLRQV RI WKH PHPEHUV ZHUH DGWEWHGWHUQDQGHF
GLPHQVLRQ RVHWWHRAKRY VQWHUQDO GLPHHFPWLIRRQ RI WK F
7KH UDQGRP YDULDEOHV DUH GHVFULIEARW FRDEBE D WHX
7KH LQLWLDO PDVV Rl WKH PRGHOHG VOWKHXRW XMKH LV 0
FRHIILFLHQW RI YBWLD\WRURWKZDM[WHW @DO GLPHQVLRQ
LQWHUQDO GLPHQVHR®IGRRI WKH FURVYV

7KH H[DPSOH DVVXPHV WZR ERXQGMHUYILFHDELRQ W \GGILVH
VWDWH 6*&X 0y VWDWH 6*1 UHVSHFWLYHO\
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7DEOH
'"HVFULSWLRQ RI UDQGRP YDULDEOHYV

5DQGRBYHULD 6WDQGD&RHIILFL
YDULDEUWBOXHVGHYLDWLRQULDWLRQ

Xi >FP@ >FP@ > @
D 39 2
G 33 1

fSGU: l,‘}nax'l’:I

ZKHUHKRUL]J]RQWDO GLVSODFHRKHQPD [RP WK HKRUDPFRQ BPDOW
GLVSODFHPHQW HIPXDO WR /

fson= 0.87WA, - M

ZKHWH WRHFWLRQ PRGXOXV

7KH UHOLDEBEHRWWS\*8 DQG 6*18ZHUH DQG
UHVSHFWLYHO\

Deterministic Optimization

,Q WKH QH[W VWHS ZH -ORRWLURQ BBERHE®DIOROVRWYWLQJ
GHWHUPLQLVWLF RSWLPL]DWLRQ DOJRULWKP

7KREMHRPN LAWK A PDVV RI WKH VWUXFWXUH
fo=minimum(!A A, L, = min(Mass

ZKHUHOHQJWK'RH RAEWHF URMIFWLR QDYXROMPABWULF GHQVLW
Rl VWHHO

6LPSERX@&W GHVFULEHG LQ 7DEOH 7KH\ DMUKHHWKH XSS
VHDUFKHG GHVLJQ YDULDEOHYV

7DEOH
6LPSOH RRXHMAMQ YDULDEOHYV

. U Ol 8SSHU Ol
HVLJIQ YDULD‘;%%P@ SFP@

D
G

6LPSEORXZEVUHRSRROGWKH EDVLVIIRIR OLWHU EW XK)IRAU >
FDVHWROHUDQFH-RHPWLHR FUARVZLPHQVLRQV RI WKH SLS
,QHTXDOLW\ OLPLWDWLRQV DUH IRUPXODWK®E DV FRC
SHUPLVVLEOH GLVSODFHPH@WHRIUWDKRH IORWGLIRFOWEQOFERGY
RI WKH ORDG FDSDFLW\ IRU EHQGLQJ
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fogu= Unax 0= 4- 0

fson= 0.-87-WA - M

7KH UHVXOWHRW LRRDW GLPHQVLRQ YDEWDH VXPRB UWDBEH
WKH RENMNHFPMWLRD ZDNJ

7DEOH
9DOXHV RI GHVLJQ YDULDEOHV REMRMLOQHG LQ GHWHUPLQLV)

'"HVLJIQ YDULDEE)'\DM@;PDO Ypo

D
G

7KH SUREDELOLW\ Rl IDLOXUH DQG IWIKHJGU HO& MEL® LW\ LG
6*1 IXQFWLRQV p&HVSHFWALYHOp®&'? 6°1

Robust Optimization

TKRREMHFXWQFWMWPRDYYV RI WKH VWUXFWXUH EXW DVVXPLQ
DFFRXQW WKH ZHLIJKWLQJ IDFWRU G MWKHUPWL QW@ U VDK H
'"HVLJQ YDULDEOHY DUH WKH H[SHFWBGYPBRWVRRIVWKH
WKH -WHEWL. RQ7KH YWIOWKH FRHIILFLHQW RI YDULDWLRQ :

7KH WDVN REWREXWWLRQ WDNHV WKH IRUP RI
J)LQG WKH YDOXHVpRY WKH YDULDEOHYV

OLQLPLALGIE Mass@ - 1 Mass@

6XEMHFWHG WR

E[4- 1 - SCUH4- ]R v

' ©.87-W 1, -MC ﬁgN,,lB.S?-w-fy-Mc-o (
f,”
B

ZKHUW> -@HLJKWLQJ IDFWRU GHWHUPHDQHFAK RIKWKLHP SR
FULWHULDRRUPDOL]LQJ FRQVWDQWYV

S5REXRBWV/LPL]DWESRQI RBVH&KH VREB®®YSRQVH VXUIDFH
(ISHULPHQWY DUH JHQHUDWHG DFFRUGLQJV WR WKH S
7KH SDUDBHWHUa2.0, 84¢=3.0

7KH YDOXHV RI WKH GHVLJQ YDULDEOHYDREWRDLDQWIKE DV
VXPPDUW)H®EOH 7KH ZHLJKW RI WKH VWUXFWXUH LQ V
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7DEOH
OHDQ YDOXHV RI UDQGRPUREERSMHPHYDRHEHWDRDLQHG LQ

5DQGRP YDQEI&P&% YDOXh

D
G

7KH SUREDELOLW\ RI IDLOXUH DQG WHOEMDEL® W1 LQGH]
IXQFWLRQV pHVSHFWEYHO\ pb't 61

,PSDFW RWeWHint Factor on Optimization Results

7TKH ZHLIKWLE») IDE@VWRHWHUPLQHY WKH LPSRUWDQFH RI F
WKH REMHFAWLLYRIQ WKH RSWLPL]IDWLRQ SUREOHP LV WL
UHJXODU DYHUDJH YDOXH PLQLPLULQWBRQ WOBWN ZKLOH
PLQLPLIDWLRQ WDVN 7KH LQIOXHQFH XRHVWKRH WHKHJKWL
RSWLPL]HG GHVLJQ YIRWLPBEGHY LV SUHVHQWHG

7KH KLIKHU WKH ZHLJKW RI WKH DYHXBWXUY B O/XHR X\W IKH
EH $QG ZKHQ ZWMWERQY&DRIGWEHYLDWLRQ LV LQFUHDVHG
VWUXFWXUH EXW QRERUMHIDPOLQUWY LV UHGXFHG

5510,82

5422.98 5429,48
X,

\Qés,ss

50
=)
g
=
5189,63 5184,32
15032 514075 ><\5154.72/><i70’;)<3
} %2/// X
Weight coefficient [-]
YL X @OH
ODVV RI RSWLPDO VWUXFWXUH GHSHQRBDOXRQ WKH ZHLJKW RI
Conclusions

$Q LQGLVSHQVDEOH HOHPHQW RI UDWLRQDO VWUXFW
GHWHUPLQLVWLF RSWLPL]DWLRQ DQG SWERVW\WRSRQPL]L
ZH REWDLQ GHVLJQV WKDW DUH VOLEKWOYLIQVVLRBQWPOD
VDIHU DV LQGLFDWHG E\ WKH UHOLDEHOWLMQ VILQVALYAH W F
LPSHUIHFWLRQV LQ GHVLJQ SDUDPHB/W WK H SWP P OV WG
VXUIDFH FDQ HDVLO\ EHFRPH LQIHDVLE OKWIO\SDBRBPHWH
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WKH DVVXPHG QRPLQDO YDOXHV ,QFRUSRWHWNVQLUQWKH
WKH IRUPXODWLRQ RI UREXVW RSWL?PYXIHWH\RQURN HE WQ ¥
WKH GHVLIJQHU ZLWK FRQWURO RYHRQVWKUIHROBYRO WKMWL
Rl WKH ZHLJKWLQJ IDFWRU ZH REDWRFRQVRURWY{H BHFL/L
WKH DYHUDJH YDOXH RU WKH YDULDQFH RI WKH WDUJHW

JXUWKHUPRUH LW LV UHFRPPHQGHG WB MWDHIGWMDWH U
SUDFWLFH LQ VWUXFWXUDO GHVLJQLUBRRENVWIRVD FKRX QY
IRU WBREGGRP QDWXUH RI GHVLJQ SDUDPHWHUY DQG SU
DFFXUDWH UHSUHVHQWDWLRQ RI WK RMWLXNWFVRQWH %\EH
FRQVLGHULQJ ERWK WKH PHDQ YDOXH DQGHWDWEDQFH R
DFKLHYH GHWH @QRW KROQMMD\ HITLFLHQW EXW DOVR UHVLOLLE

JXWXUH UHVHDUFK HITRUWY VKRXOG IRMHFRQLUMHMLQJ
XVHG LQ UREXVW RSWLPL]IDWLRQ VXFK IXWMHMFHRYLQJ
PRGHOV DQG H[SORULQJ DGYDQFHG RSWLPL]DWLRQ
LOQOYHVWLIDWLRQV LQWR WKH LPSDFWWXPGIWLHRUHQWQ&U R
WKH GHYHORSPHQW RI WHFKQLTXHV IRU KRRRG®LQJ FRI
IXUWKHU HQKDQFH WKH UREXVWQHVY DQG UHOLDELOLW

,Q FRQFOXVLRQ LQFRUSRUDWLQJ UREXVW RWWLPL]DWL|
WKH RYHUDOO VDIHW\ DQG SHUIRURRQFW LRRIQWW U Wk VIDXQUL
PLQLPL]LQJ WKH ULVNV DVVRFLDWHGC EUWRUKREXNYMHW H U
RSWLPL]IDWLRQ DV D VWDQGDUG DSSURDKMK VWQILINGHB UV
EDODQFH EHWZHHQ HIILFLHQF\ DQG UHVLOQRHQFH PHH
VWUXFWXUDO HQJLQHHULQJ
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Dynamic Analysis of Geosynthetic-reinforced
Pile-supported Embankment for a High-Speed
Rail

Rashad Alsirawan, Edina Koch

Széchenyi Istvan UniversitiEgyetem tér 1, H *\' U +XQJDU\
DOVLUDZDQ U DNKBKHHAKH K X

Abstract: GeosynthetiReinforcedPile-Supported GRPS) embankmerdse a trustworthy
option ideal to support the railways over soft soils. They are widely used fomésledund
infrastructure projectsThe majority of earlier research concentratedtbe analysis of the
GRPS embankments under static loads while the studies on the behavior of these
constructions under dynamic loads are scaiee fundamental purpose of this studs
been to better comprehend the dynamic behavior of GRPS enwrdskm terms of
stresses and settlements distribution via 3D modeling employing the feritergl method
(FEM). The advanced constitutive model of Hardening soil with ssti@ln stiffness was
utilized to simulate the behavior of the soils under dyndogids and te train load was
modeled according to the recommendations of LM71 Euroddderesults indicate to the
contribution of the piles and geosynthetic reinforcement in the decrease ettthments.
The behavior of settlements amstteses unde staic and dynamic loads isimilar.
The load efficiency of the piles decreases during the passage of the train remafkebl
train speed affects obviously on the behavior of the GRPS embankment

Keywords: GRPS embankmen8D modeling stressesand selemens distribution
dynamic loadsload efficiency

1 Introduction

5DLO WUDQWSRYW WKWH PRVW HFRORJLFDOO\ UHVSRQ
WUDQVSRUWDWLRQ LQ WKH ZRUOG VL@EHHLW @HOLHV
*HQHUDOO\ WKH JHRV@DQW KISWXAVUHY QFRQVHBHMUHG DQ
VROXWLRQ WR VXSSR Wigh WEKHHEBPEDRQWP RQMY \RRIW VRLO
S@7KLV WHFKQRORJ\ FRQWULEXWHV WR VXEWWDQWLDOC
FRQVWUXFWLRQ .®LPH DQG FRVW

7KH EHKDGebShéR-ReiQIRUBHBNSSRUWHGIPEIB@NPHQWV
XQGHU VWDWLF ORDGLQJ LAKHCPHRKDIQILDAR HRG! 1 [RADHIQ WLUYCH
WKH *536 HPEDQNPHQWYV LV GHVFULEHG DMQ@D FRPELQD!
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WKH VRLO DUFKL @R BKH MWRIBMER IGWLGHY DQG VXUURXQG
VRIW VRLO WHQVLRQHG PHPEUDQH R DHF E RAKID WIKRIU J H F
VRLBRV\QWKHWLF LQWHUIDFH 'DIQBUWEW WRINH VR IOH U X S
LQYHVWALKBVWEHEDYLRU &N PHIBWIVPE Q @ DVXQ DIOVYW HRD O

PHWKRGV RIZ7HIHDHER /RZ HW DO > @ 5XVVHOO 3LF
$EXVKDUDU HW DO > @ %6 > @ (%*(2 > @ &85 >

,Q UHJDUGV RI F\FOLF ORDGLQJ WXKH GDLUPKREHEBWMKWH UHY
WKH EHKIDWEKEB6 HPEDQNPHQW XQGHU WKLV W\SH RI OREL
WR WKH UHDO UHSUHV H & MWD MR B L FADKWHH SUR E DWPQ X P H
IDFWRUYeUMHRAXOFBUFKLQJ thOGRDGE B EEHEWKEMWILR R

ORDG D®SB®H FSE (RH KHDG W.RVMWKHG WRROWNIF @ ECERBAB G HO R

D *536 HPEDQNPHQW H[SRVHG WR F\FOLF ORDGLQJ 7
FRQILIXUDWLRQ OD\HUV RI JHRV\QWKHWLBF\QXPEHU RI
<X HW @WORPSDUHG ew&id WIKIHHEHKDYLRU RI SLOHG HPEDQ
VWDWLF DQG WUDIILF ORDGV WKihg 8K WR®WKRIIWIG L FD W H
GLVDSSHDUHG DIWHU F\FOHV D Q GW W HV R MU W [RALIDO
LQFUHDWHK WHH RPEHUV +DQ B@EH%KORSIG D ' GLVFUH
HOHPHQW PRGHO '(0 RI D *536 HPEDQNPHWO®WVDQG GL\
FRQFHQWD\®MSASRWYKH UDWLR RI WKH VWUHVV RYHU WKH
RYHU WKH VRIW VRLDQEQJMR XL VFHQOR®EO® LQFUHDVI
HPEDQNPHQW KHLJKW JHRJULG VWLIIQNWVX®®HU SLOH
F\FOLE ORDGYV

+DQ HW@OHDWHG D ODERUDWRU\ PBIGRO®D RDBGWEK\H) (PR G H
DQDO\VLY 7KH ILQGLRHVGLQDRED DR DAGK BRt¢orDQ REY LR X\
WKH VRLQIDWRKLBBEDQNPHQW K HLRIHKMRARAHQRVR JHQ B X J K
SUHVHQFH FRQWULEXWHYV LQ PRUHLRWIEHPE VQ NRA HQ KH

KHLIJKW WR SLOH VSD&LKIXDYPJIPRWHDYHKIYQL@DWHG WKH
EHKY LRRIUSLOHG HPEDQNPHQW XVEQRXO RME WRGPRGGE @ RAKK
HPEDQNPHEW VRU@OWWDWHG WKDW WKH DSSOLHG YHUWL
FDS LQFUHDVHV ZLWK WKHWR AUABY W IRI FGFEOLWFAO R D W L ©
GHF U i6DtHHa/reG XFWLRQ RI WKH VRLO DUFKLQJ 7KH YHUWL
ZLWKGWRKHHDVH RI WKHKHHKHVE B UFKHUSY VWDWHG WKDW
G\QDPLF VRLO EHKDYLRU Rl WKH HPEDQNPHQW FDQQRW
WKH DGRSWEBQHRFRQKHVVY WV X V&IRYXHD RFRRE HDY BRML IDWH WK
EHKDYLRU RI WKH *536 HPED@BHQMUPRBGOHMMUDO '
VPD\ORDOH PRGHO WHVWV XQGHU ORZ IUHTXHQF\ F\FO
UHYHDOHG D VRX\OMOH ARHQ V8 MURVE XK OVIHUO F\IF@HYV  ZKHUH

VHWWOHPHQW DFFXPXODWLRQ RFFXUUEBU HPOWWY HRPIRG F
HIILFLHQF\- $IMMAOHY D YDOXH RI URXJKO\ LQ ZKLFK !
ORDG LV WUDQVKHDGHG MR RVEMMDHSIRIENEH D QUGH MKL QV VW DE C

=KXDQIJH@® @QOHVWLIDWHG D UDQJH RI " ILQLWH HOHPHC
HPEDQNPHQWFR@H3J 7KH SDUDPHWULF VWXG\ UHYHDOI
LQFUHADWHK YHKLFOH 2KFHHIHGHRIDG VWKHS VR HG XORHFEK LQJ LV

—-32-



Acta Polytechnidangarica Vol.21, Nol, 24

ZLWK ODUJHU YHKLFHOHG QRPBUDRD® VLPXODWLRQV RI
HPEDQNPHQW ZHUH FIRIGW FIVGEGY XITG\HVRBDO\VLY UHVXOV
LQGLFDWHG WKDW WKH 6&5 GHFUHDVWKH L\N R XFKWH QXPE
WKH VRLOheDBHERD®JIVISHHG FRQVGEUMDBWRIN QKR! THRLFN
DUFKLQJ $GGLWLRQDOO\ WKH FXPXQBWLFEHYMBMHEHP |
DQG HPEDQNPHQW KHLJKW ULVH 7KH W@VEBRPMWERHUWM DO\
the nXPEHU RI JHRV\QWBREXELH QDB HEMEREVHUY H G
WKURWIK ' G\QDPLF DQDO\VLY WKDW WKSHLOHOHFBQLIIQFH
UHGXFHWWKNVHY LQ WK VR IMIMZBBYRGORQ H[SHULPHQW
DQDOPREMHUYHG DQ LPSGRRSHPERQR@NRH@WHEHKDYLRU UHO
WKH ORDG HIILFLHQF\ DQG VHWWOHPHQ®WUMNDWGH WRIF\FO
JHRV\QWKHWLF. OD\BAQRQNFEBBEWHDSSUR[LPDWHO\ RI
HPEDQNPHQW \PHOQWFRF¥NWWHOG G X U L QIQN&AtHerl L UV W F
KDQG WKH UHVHDUFKHUV IRXQG DOVR WIGDXWLWHBEH JHR
GLITHUHQW F\FO | R RZR{DUBHIEDL QW DIMINUO\ FRQVWDQW LQ H

7KH VWDWLF DQG G\QDPIF ISPIEDRWPHQ@QMH A0V LQYHVWLJL
DO2@ XPHU ltheDDWHO/\HDUFKHUV REVHUYHG WKDW WKH 6&5 C
WHUP WUDIILF ORDGY DQG WKH VW LURXHY VY @ X & HUWPRIQV
WKH SHUIRUPDQFH RI VRLO DURKKRW WKH\ GRE VHHWH W
VHWW QHFHI@WKVW KH F\FOHV QXPEHU WR IEGRDQY EH LQ C
HW D@ YDOXDWHG WKH *536 HPEDQNPHQW XQGHU F\FOL
WKURXJK WKH )( DQDO\VLV 7KH SDUDPHWIURK VWXG\

YHK L FetH DB®E KHKHHD ORDG DQG WKH ORZHWKWKB®RBEBV\QW
HIILFLHQF\3ADWHABUWA@DQODO\]JHG WKH G\QDPLF UHVSRQVF
HPEDQNPR® WR X (RGJ WIQDMPEDQNPHQW KHLJKVWRIWR SLOH V
OHVV WKDPMORWRHT JHRV\QWKHWIUIF IWMWDGBERAXDWRH WR
DFKLHYH&LIKW ZHOO DV WR GHFUHDVH WKH GLIIHUHQ
G\QDPLF ORDGYV DQG GLIIHUHQWaKKWNLBPRWN WKW@H HREKDMG
WKH 6'5 LQFUHDVHWHBAMWE WD KIHIMEXE@EQ\R GD GGD

EHDP PRMRHUYLPXODWH WKH SDYHPHQW DQG JHRV\QWKH
G\QDPLF ERKDWKRU*536 HPEBRABNRKGWQJIJV LQGLFDWH W
PRYLQJ ORDG SRVLWLRQ KDV DQ LQOQOKNQWVWURQY VWEK® G*
GHIOHFWLRQ GL&¢MWRWL PXQMBELRYUHNYOH QFUHDVH DV WKH V
ORDG LQFUHDVHV %\ LQFUHDVLQJ SLORMN KM HIIMHW RIQG
PRYLQJ ORDG VSHHG RQ WKH *536 HPEDQERRHQW FDQ

SMPHWHUV FRQWULEXWH WIRHL P53 RFY HE I @NRGVODNEY. O L W\ |
DOG6@LVFXVVHG WKH UHGLVWULEXWLRQ RI WXH G\QDPLF
GXH WR WKH VRLOoQ UFRX MWXKH SHKMHEXRPNHRH QW ERG\ DQG WK
Rl JHRJULS BQRWHRHVLWVWXODWLRQV DUHWPREGO R\R E HWW WM K H
HOXFLGDWH WKH G\QDPLFV RI *536 HPERROWNFPHIMW YV XQGH
WUDLQ 3URSHU FRQVWLWXWLYH PRGHDRUDRIHWKWHLOLV}
EHDULQJ VRLO VRIW VRLO DQG HPEDQNREQWIILOO ED
6KDKK B >D@R EHWWHU UHSIEHHKIDPAMR WO RY RLIKOLJKW W
LQIOXHQFH RI XVLQJ SLOHV DQG WKH JBRWWHNKHWLF

—-33-



R.Asirawaet al. Dynamiénalysis dBeosynthetieinforce@ile-supporte@mbankment
for aHigh SpeedRail

HPEDQNPHQW DQG WKH EHHKDMWHRW DRI GWK W YWHILHAP HRIDVD
HPEDQNPHQW E@®E&HV7KRH GHVFULEH WKH EHKDYLRU F
HPEDQNPHQW DUH GLIIHUHQW DV VKRZQWK® WRBGOLWH |
HIILFLHQF\ WKH JHRV\QWKHWLF WHQ IR RQ IDXE QFKIH/ V H
RI WKH HPEDQNPHQW KH Lid ¥ %H HF®& YRHU WIDHV D RR WDHQVW® MGJ DQ

2 Finite ElementModelling

2.1 Description of GRPSEmbankment Model

7KH WHFKQRORJ\ HPSOR\HG WR VXSSRUW HPEDQNPHQW
YHUWLFDO HOHPHQWY SLOHV ZKLFKFDOHL®@RPPRRO\ V.
7KH LQVWDOODWLRQ PHWKRG GULYLYI XBRIWL QN U IHDGFI O |
UHFWDQJORI MM(H SLOHV DUH DGRSWHG EDVHG RQ VR
JHRPHWQDWQ@GH RIDIES/S OMKHE LORY WDOODWLRQ RI SLOHV
ILUVWH \RWDRIRQVWUXFWLRQ LL D ORDGOBWDRUPHU SO
W\SLFDOO\ FRPSRVHG RI D JUDQXODU VRUB RQG RQH
geosyntheticUHLQIRUFHPHQW DQG WKLV LV WKH WMFRQG VW
VWDJH LV WKRWREVVPEDRMNPR@W ERG\ > @

*536 HPEDQNPHQW LV FROQVWUXFWHG DWWRISQD RLASOH Jt
100P VRIW VRLO OD\HU UHVWLQJ RQ D VWIOHYHRQOLWRI JU
ORFDWHG GLUHFWO\ DW WKH VRIW WYBEWN ®HQ MU ZV WWKI DF H
KHLIJKW RI PPQEBHVORSIHY VXSSRUWHG E\ D QHWZRUN
RQH OD\HU RV 1LIORIXMWUDWHG LQ )LIJXUH

$W WKH WRS RI WKH HPEDQQ P HQUNZ IDVKOX WWH.F N @ HE\D\O 8
FDSSHG E\ WUDQVWHRUVMKNSHSEHMS MIKH UDLOZD\ WUDFN
FLUFXSSYHFWLRQ SLOHV ZLWK D GLDPHWHU BRH P DQG
LQVWDOOHG 7KLV QHWZRUN RIVSLOHYDSHQHWKHDWHRJIW
OD\HU ZLWK D VWLIMGQWMVORRDWHGN1 P DERYH WKH SL
7KH IROORZLQJ SRLQWYV DUH XWIL@KH®&X\WFRH GILNZO MD\QW K
SRLQWYVY % DQG ' DUH ORFDWHG RIRQ &H(HOIREADOWHIY WV
RQ WKH HPEDQNPHQW V EDMVH&QHRRAOLVWXGLQG DD W BIRBL Q
' & DQG ( DUH ERXHW BAKYHYHDR P3SRLRQRWY % DQG $
PHWHUYV DZD\

(a) A
i@ -0 -6 0 & -0

It "] -11
e o o C. LFe e @
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b B (©) D__§]
035 D =L el T Rail
/ Embankment—- ..~ Ballast
2.60 ) ’ C E i Geogrid
10,00 Clay

Gravel

K,
\r

YJLIXUH
*536 HPEDQNPHQ®ODQRYLBIE DW WKH He ED QWPRVQLEREEN\HH S O D

2.2 3D Modelling of the Problem

7R VLPXODWH WKH G\QDPLF EHKDYLRU RI W)XKH *536 HPE
ORDG ZKLFK UHSWSHHOGVMPURIBLIHOKRIK P OHQJWK DQG
ZLGWK ZDV BOBDWRGIEI (GLWLRQ 9. 7TRHRDENDRPUEHQW
ERXQGDULHWODBGWIWDNQGIJH HPSOR\HG WR PLQLPL]H WK

ZDY¥BW WKH ERXEGILWH \HOHPMXWM P53WBK HPIEDQNPHQW L
VKRZQ LQ )LIXUH
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YJLIXUH
DIXPHULFDO PARSGIPE IRQNBHQW E PEIIRGHVYYIHEZZ

The UDLO VWD VUWHOLRQJ VIVWHPY DQG VOHHSHOD\HWO RI ZK
DQG WKH XQGHUO\LQJ VXEJUDGH UHSUHACH QWU VKM W\SL
99@7KH UDLMOOWHESBUY DUH PRGHOHG DViBEVMBRAGSHOHPHQW\
UDL@ UHSRVHG LQ WK HDWQL® XKHWERQNDQFH EHWZHHQ W
P 7KH SURSHUWLHV RI FRQEMHW B GGRCSHIBESO L\WWUS H %
the DU HDment RIQH UM HDPRGHO LQNOXGSE UdénEaow K D
centerGLVWDQFH7RH SrieRBH DLO/O BB S BWU VIVDHBD.E O H

7DEOH
7KH SURSBEWLHNL®RIDQG % VOHHSHU

%DVLF SDUDP&\%&%?SVV:// 8,& UDLO % VOHHSHU
am

&URWWFWLRQI
8QLW ZHLJ N1 P
<RXQJ V PRGQ (03D 200000

12 m 0.00024
QHUWLD PRPHQW

0

7KH /0 (XURFRGH ORDG PRGHO ZDV XVHBKWHK VLPXOD\
LQFROXEGIKW G\QDPLF SRLQW ORDGVZRWK DNARYMWWNDMD
GLVWDQFH(BFK SRLQW ORDG KDR/XOWWU SPOR@ HLYDPLF
ZKLFKFKDUDFWHUL{WIGHDY DRWERHYEHLGDO®V RQ WKH HOD\
IRXQGDWLRQ" WKHRU\ FDQ EH XVHG WR BHOWMUPLQH
The VKHDU IRUFH VLJEDWKIH P ROOWLBE B RLAQW ORDG N1
WLPHIiVWHKS PRYLQJ WUDL@QHV@OREEOHUDOWE RMKHVGLVWDQ
WKH G\QDPLF SRLQW ORDGV LV FRQVZDRWXWEBWALPH
VWXG\ WKH WUDLQ ZLWKsVSHPHXQRI ., t KW IKPEDIVYWPH
GXULQJ ZKLFK WKH G\QDPLF ORDG PD\ BEKH BBHOHIBUIL[HC
SHULRGWKLY PRGHO RI P ORQJ WKH WRVWD&WLPH EFt
ORDG L MBHHF[W U D VHF ZDN¥VEBBRWHCWEBHNRDGIRULW\ F
ZDYHV FUHDWHG E\ WK H PWRGLQDIMMERI L Qec. $00 RI

WKH SRLOQWWXRHRGVYBPDXHY IRU HDFK WLPH VWHS $V D U
FROWLQXD@OD WA LUWEABBK WKHLU PEELPRPLQHYWWODNL@KHC
SDVVHV RYHU WKHP
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2.21 Material Parameters

%HQL@ SURSRVHG WKH JHQHUDOL]HG +DUWHRLQJ 6RL
VWLIIQHVV +66 WKURXJK WKH GHYHORKBH@W WRKLIWKH A
PRBEO WDNHV WKH VPDO® RAWUPRILQ FWD WDFRYV HWLNVWHYV
FRQVLGHUDWLRQ 7KH +66 PRGHO H[KLELWWOWRSLFDO K
ORDGLQJ %ONSHRREBRBOWIKMDWVHG WR VLPXODWH WKH EHKD
VRLO VRIWKWREBD WLQGE >\W @\ H B HYRIU® OK DXH XWLOL]JHG W
+66 PRGHO WR VLUPXEHWKDBYWRH XQBBOLQEUQODBALELIIHUHC
JHRVI\QWKHWLF UHLQIRUFHGKHDU®RXQ G5W K\DWU XWHKWXUHV >
FRQVLVWHQW ZHWKXWKRBQW®EB EDOODVW LV-PRGHOHG 7
&XORPE 0& PRGHO > @ 7KH SURSHUWLNWHG WEH G
7TDEOBMQG

7KH SLOHY DUH UHSUHVHQWHG E\ HPEHIXGMH®IEHDP HOF

N1 P D <RXQJ V ORGXOXV RI *3D DQGHLBRIDWWRQ V L
JHRJOUQ WVKH RWKHU KDQG LV UWSEHAVMIHVOQAMUH® @YV DQ HOD
TDEOH

7KH SURSHUWLHVY RI HPEDQNPHQW ILOO VRIW VRLO DQG

%DVLF SDUDPHW (PEDQNPH 6RIW *UDY H

6DWXUDWHGY%QNW FZH 20.0 20.0
8QVDWXUDWHGE%QLW ZHLIKW 120 190
N1 P : :
,QWHUQDO Il
¥ U
'LODWDQF\ DQJOH 0.0
&RKHVLRQ F N3 1.0
SHIHUHQFH VHEFQW [VWLIIQHVYV
N12P
5HIHUHQFH WD EIHQW VWLILQHVV
N12P

5HIHUHQFH XQORDG

VWL | EIF KM P 6000 144000

([SRQHQWLDO SRZ
RHIHUHQFH VKHDU PH

VWLl P 114400
S5HIHUHQFH VWRDLQ 0,0004 0.00026 | 0.00012
&RHIILFLHQW RI HDWUV

KES 0.419

8QORDGLQJ UHORDGL 0.2 0.2 0.2

Vir -
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YDLOXURf uDWLR 0.9 0.9 0.9
3H U P H DIE POG DM\ 1.0 ¢4 1.00
7DEOH

7KH SURSHUWLHV RI EDOODVW VRLO

Ver=Vunew= Nm | ¥=40 |  =0¢ | ¢ N3D

Ballast
E= N3D| v=0.2 | k P GD\

3 Results andDiscussion

7KH UHIHUHQFH FDVH LV FUHDWHG LQ RUGHHBE6WR LQYH
HPEDQNPHQW XQG HR g WEQH GHWRABD® ,W LV PRPSRVHG
HPEDQNPHQW VXSSRUWHG E\ D QHWZRUN RIWHGGHY DQG
SUHYLRXWGWLRQ $ ORDGLQJ F\FOH LV SURGXFHG
km/h.

7KH ILUVW SDUW Rl WKIRROODWRZXIGQILQWURGXFHV

X A FRPSDUBHWRIDHHQ WKH *536 HPEDQNPHQW DQG WK
HPEDQNPHQW ZLWK WKH EHKDYLRU Rl VHWWOHPHQWYV

X $ FRPSDULWRE EHKDYLRU RI YHUWLFDO &/ UHVVHV D
V W DMALEED Q N P H QD\VQ BHG Y @IBREDIGF

X 7KH EHKDWHRWLFDO ZDWH R I5GR QMWW\ BW'

$ SDUDPHWULF DQDOQVUNK HW PAER Q% BRIHEBA WKH HITHFW R
KHLJKW RI WKH HPEDQNPHQW FRYHU UDWIKRH DQG WUL
*536 HPEDQNPHQWthé Q RDIGU R M LIRRLLHIDIHA §eosynthetic

tension SRLQW the DHQEWOHPHQWYV DW SR WI@GODVW VXUIL
The SDUDPHWULRFXYBI®\\RLQY) WKH WLPH RI WKH WUDLQ R
FKDQJHV ZLWK WKH YDULDWLRQ RI WKH SSPEIQNPHQW

JRU H[DPSOHH UKRQ@WGY B HHNP/ E=Y180 km/h, v NP K
30D[LVY ' RXWSXWV GHPRQVWUDWH GLIITHWKRVSWIHPH RI
KHDIG Web, e?,t=016sec. UHVSHFWLYHO\

3.1 Assessment of th&ile and Geogrid Influence on an
Embankment Subjected to Moving Train Load

7KH HPEDQNPHQW VXSSRUWHG E\ D QHWZRUW RI SLOHV
FRPSDUHG WR WKH FDVHRRIY W GRMFERDDEPFHRUNVWE DVVHVV
IXQFWLRQ RI WKH GQOWKBPQG\QBRLBWKH SIRPEDIYNPHQW
HUHFWHG RYHU VRSIMG VRO W K HX B BEIRBHO PRUIGE RV
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HQWLUH JHRPHWUW LQX(RBRVH® VHVED QP ME38 DQG
HPEDQNPHQW

YLIXUH
YJDLOXUH VFHQBSRR VRH GDH XEFRMS PHIFED Q NEP H Q W

JRU D PRUH H[SODQDWLRQ WKH SL@&H W ¥XHUYRDSRVE DK
EHDULQJ VRLO OD\HU UHGXFLQJ WKXOGR D/GK R QY MIUK\M LV R
VHWWOHPHQWY RI WK)KUWWPHR O BD\W\KWMU XIF Rideditc UHLQIRL
FRQWULEXWHVY WR VWUHQJWKHQ WKH HRBDQUNPKHQW E\
ZKLFK UHGXFHV WKH HIIHFW RI G\QDPLFLORDGYV RQ Wi
VKRWWKH PD[LPXP YHHRJMQW DEH K EBIMROO WS KEW

WKH WZrivs \GRHQDW WDKK V WDVVIBBHKH XVH Rl SLOHV DQC
JHRJULG DLGYhelYHUWGRBOQUHWWOHPHQW WR D UHDVRQD

Dynamic Time (s)
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YLJI XU H
9HUWLFDO VHWWOHPHQWY RI D XQ\WOSENRRHOHG HPEDQNPHQW

3.2 SressDistribution in the GRPSEmbankment

7KH VWUHVV GLVWULEXWLRQ DORQJ WKH HREDQNPHQW
DQG LQ WKH PLGZD\ EHWEHI\Q LIRXKWVSWLABW HER LAKWM LQY |

ZDV FRQG X R M @& D\VQERYD@®ED G
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At WKH EDOODVWHWXWPFE VWKHVY RYHU WKH SLOH DJ[LV
VWDWLF ORDG WKH DPSOLWXGH RI WHKH GHSWKLFDO !
SURJUHVVLYHO\P IR PDVD/OXIHQ RWKH WKH SLOH KHDG 5H
G\QDRIRD G W WHUHVYV FRIOKPAR REZV ZLWKH WUDLQ OF
WKLY YDOXH UHGXFHV ZLWK GHSWK EBORNPHQQYFEBDWLQ
DQG DWWDLQ WKH PD[LPXP YDOXH RYHUUWKH SLOH KHDC

2Q WKH RWKHU VLGH WKH VWUHVV GULKMM/GERXWWRQ EH
EHWZHHQ WKH SLOHV WKH YHUWLFDO WKHHYWDQWYHW Y
GHFUHDVH GXH WR WKH IRUPDWLRQ RDWHW VRLIOQ DUFR K
D VPDOO H[WHQW GXH WReWXKKHZBHWB KW, W LW RVA\RH.ZOR X QVC
YHUWLFDO VWUHVYV the MWMWOW EEWIBQ RRGE HUVY VLPLODU
$V LOOXVWUDWHW KK) MIRKOHDUFK KHLJKW LQ WKLYV
UHSUHVHQWLQJ WKH SKDVH RIsSWHIKWWKDM® VWUHVYV UHGX

Vertical stress over soil (kPa)
0 20 40 60 80 100

~—&— Point (A) - Static load

mw Point (A) - Dynamic load
25 -
\ - = - Point (E) - Static load

\ - @ - Point (E) - Dynamic load

1.5

Embankment height (m)

0.5

0 250 500 750 1000 1250
Vertical stress over pile (kPa)

YJLIXUH
OHWFWMON UHVV G InVhAGRPS B MELIR@NP HQW ERG\

3.3 Vertical Settlement Distribution in the GRPS
Embankment

7KH VHWWOHPHQWY DV D IXQFVWIRBQOXKIVWKDBD WHPE DL@QNAH QX
WKURXJIK %RLRQW D FDIWBWIRILOH 7KH VHWWGOHMHQW GLV
LQYHVWLIDWHG\WRBFEWDWLF DQG

7KH PD[LPXP VHGOMHWOHPWBWWKH GHSWK RYHU WKH SLOI
LOOXVWUDXNHG no@Pv. AHM™EWRH WKDW WKH GLITHUHQWLDO V.
the G\QDPIRDGLQJ LV ODUJHU WKDQ WKRVH XQGHU WKH VYV
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3.0

—— Point (B) - Static load E
=
Point (B) - Dynamic load 25 %ﬁ
~-=--Point (D) - Staticload | 2.0 2
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\'\ .\ -~ --Point (D) - Dynamic load 15 é
\ i )
N Z
Mg o
) ~a =
i
§ g
Y ey 0.5 2
| s 0.0
-0.08 -0.06 -0.04 -0.02 0.00

Settlement (m)

YJLIXUH
9HUWHRDMOWPHQW G L VGRBIHEXEADLGRNOP Bl Q RVQK HWL B IKIW

7KH UHVXOWY VKRZ WKDW WKH PD[LPXHQWD &KW 2 HQK H
WKH SRLQWV % TheinWUVHFWLR @/ ISR WQAR RFIXUYHYV RUDQJ!
EOXHV UHSUHVHQWN WKIH RIUH M UFHBRO- HK HFIDWKKW W KH D XWK
WKDW WKH FULWLFDO KHLJKW LV PRUSUWXBDQWY WHKH7K
KHLIKW ITURP WKH SLOH KHPRIG HONKD@enusWiR WOKIHFP SODQ
HPEDQNPHQW ERGS, WKHRWKHHUARQ)/GLDO VHWWOHPHQWYV
RYHU WKLV SODQH

3.4 \ertical Velocity in the GRPSEmbankment

J)LIXUH VKRZV WKH YHUWLFDO YHORWIKW\ FOBW R IQGV V
DPSWVAGHWKH EDOODVW VXUIDFH FXOPLRBDWHWVVWXRDLQJ W
YHORFLW\ EHIJLQV WR DWWHQXDWHYV, 8UtReJdthdrV VLY HO\ D]
KDQG WKH DPSOLWXGH RI WKH YHGW 8§ RXODYHIO®RE X WW (G
LQ )UKHXitis QRWLAPMBRBOMRZ YDOXH RI WKH YHORFLW\ DW
DWWULEXWHG WR WKH LQYROYHPHQW RLVW\LEHWBKG JH
VRYWLO WR DWWHQXDWH WKH YHORFLW\ LQ WKLV PHGLX]
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3.5 Parametric Study

3.5.1 Influence of GRPSEmbankment Height (H)

7R FRQVLGHU WKH LQIOXHQFH RI WKH HREW®&®NPIHL®W KHL
KHDG DQG WKH ORDG HIILFLHQF\ DUH LVQKH WWULDD@' HG
J)LIXUGHPR@YWWDWKH DSSOLHG ORDG LQFUHDVHV WR D
G\QDPLF ORDGLQJ EHIRUH GHFUHDVDRDRH BVMPHHU ®&/HWHSWW B
UHFHLYLQJ DQ DGGLWLRQDO ORDG XE WYV LG UBGPHDDANUL FDKDON
7KLV PD\ EH UHIOX@m™AD WV WWKH VRLO DUFK WR WUDQVIHU D
RWKH G\QDPLF ORDG WR WKH SLOH H&WRK RIVWKHH O/HREW |

VRLO 7KH ORDG HIILFLHQF\ LOQOFUHDVKINZEBHOK®Y RQGHU V
WKH HPEDQNPHQW

YLIX U KK UWIK®IO X VW WRMW HOWR DK HWILFLHQF\ LQFUHDVHV ZL
HPEDQNPHQW XQGHU VW DWLRU B RIGHED Q@ PW K GHR RG IMDKIH

G\QDPLFWUWUPHGEGWHRU WHKG SLOH KHDG LQFUHDVHV DV WKH
GHFUHDVHYV
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the YHUWLFDO ORD G VR@ NGBS UBGIY KRIWE WKH ORDG HIILFLHQF\

JLIXYWKRZV WKH JHRVI\QWKHWLF WHQVLRQ IRU GLIIHL
As VKRZQ LQIXWKH IRU D JLYHQ G\QDPLF WLPH WKH JH
LQFUHIKHD WKH KHLJKW LQFUHDVHV ,W LV REYLRXV !
VLIJQLILFDQWO\ IRU WKH ORZ HPEDQNPH@®W®VWDQW ZLW
SURJUHVVLYHOVUBIRMHMUWKB SDVVD
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3.52 Influence of Cover Ratio (a)

7KH HIIHFW RI WKH FRYHU UDWLR YDUKDWLRIQHRQ WKH
LQYHVWLIDWHG )RU WKLV SXUSRVHMGWKUWH GLPPHWHU
P 7KH FRYHU UDWLR FDQ EH JRYAH®HG RULCEGMXVYV
HQOIDQJ WKH SLOH FDS ,Q WKLV UHIMH@QWQRB G-HDS HE\ WVKKHH
SLOH GLDPHWHU 7KH UHVXOWYV DUHWAHSIG-F WKGE UKD MLIXJ
WKH FRYHU UDWLR ORZHU WKH ORDRG HiUli#tJmbwd QFF\ 7 KH L
notceDBHGHU WKH VWDWLF ORDG WKDQ G\QDPLF ORDG
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3.5.3 Influence of Train Speed(v)

7KH LQIOXHQFH RI PRYLQJ WUDLQ VSiHHGS&MNORDG HIILF
LQ ZKLFK FRAEQGH®IW RI WKUHH GLIIHUHQW VSHHGV
NP K DW WKH FRUUHVSRQGLQJ M¢PHVYHWSHFWLYHO\ QY
VKRZQ LQ )LJXidhér WUDK KB UW/IHSGIWRH YHUWLFDOUHWUHVYV WL
WR WKH SIIigsHnighi B EHFDXVH WKH DPSOLWXGH DQG IUH
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Conclusions

,Q WKLV VWXG\ WKH DXWKRUV XVHG ' BXPHULED ®RIPHW
D *536 HPEDQNPHQ@WQGEHIIKHKH® WUDLQ F\FOH 7R VLPX
EHKDRLEWDULQJ VRLO VRIW VRLOUGBGLIYREDRINP R R B/HIC
ZLWK -WRDUDA Q VWLIIQHVV ZDV XWLOL]HG WWHVEBMQDPLF
PRYLQJ WUDLQ ZDV PRGHOHG XVLQJ WKH /0 (XURF
7KH IROORZLQJ FRQFOXVLRQV DUH REWDLQHG

- 7KH SLOHV DQG JHRJULG UHQQIREB 8 WD W R RQVB S REJ;
UDLOZD\ WUDFN WKH WKURXJK WKH QWE@XWWRLBRQ RI
UHDVRQDEOH OHYHO

- 7KH GLVWULEXMUWIOQFRO WWHIHVVHY LQ WKH HPEDQNP
XQGBGHNVNKH VWDWLF DQG G\QDPLFeGRUGBUQEXANRLRQ WKMW
YHUWLFDO VHWWOHPHQWYV

- 7KH YHUWLFDO YHORFLW\ RI WKH ZDYHWVGG&GHFUHDVHYV
tothe LQYROYHPHQW RI SLOHVY DQG JHRJULG LQ LPSUR
VRLO WR DWWHQXDWH WKLV YHORFLW\

- 7KH PDJQLW BGHDR L MWKIRQGWIRUW KKBH B GOBHBVHDVHV
WKH HPEDQNPHQW KHLJKW LQFUHDVHV K@ LQFUHDYV
UHVXOWYV DQHMBH @RDHG H VLK HFOf LMW MPHQW DQG
D GHFUHDVH LQ WKH GLIIHUSHQWLDEHHWWOHPHQW D\

- 7KH LQFUHDVH RI WKH FRHHFW IUFDQ\DLAR [EWHDK R FM RN VS L
WKH ORDG HIILFLHQF\ GXH WR WKH LIHQYHDNMWHGE WK
E\ WKH VWHHWKN RRIW VRLO DORQJ WKH XSSHU SDU
cove UDWLRVY LPSURYH WKH VWDELOLW\ WLRMXHRIUDLOZI
WKH PD[LPXP DQG GLIITHUHQWLDO VHWWOHPHQWYV

- *LYHQ WKH GQRIVMIHIQEW WWEBH KLJIKHEKSNBIDDL® VSHHG
HITLFLHQF\ DQG DV D FRQVHTXH QricHiseVDKAH WIOHL P X PV
EDOODVWWKKOHD MHKH U Hte Xhe V&V | IHHIGIMWH G O VHWWOH
LOQGLFDWH WKDW WKHVH VHWWOHPHQQMON GHFUHDVH Z
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The Analysis ofHigh-Speed Railway Seismic-
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Abstract: The high-speed railwayin China passes through various seismic zonksthe
track geometric irregularityis a critical aspect impactingrain operationsafetyand train
induced vibration it is meaningfulto investigatethe influence of earthquakes on the
seismieinduced track geometric irregularity of higfspeed railwag. To determine the
impactof earthquakes on track conditra complete study wasmduced using various
earthquake magnitudevek (3.0 to 7.0), varied limiting train speeds, and @iént track
structural types (ballasted and ballastless tracKjhe track quality indexJong-wave
irregularities, 10 m chord measurement, awnehicle vbration are analysed to suggest the
change of traclgeometric irregularity and its influence after tearthquakeAt the same
time, the vehicktrack analysis model is used to calculatee differencein vehicle
vibration underdifferent seismieinducedtrack conditios. The vehicle acceleration, the
rate of wheel load muction, derailment coefficient if@htors are investigate These
results imply that earthquakes have an impact on higieed railways, causing track
geometric irregularities to shift, vith may contribute to increased vibration while trains
are running. Compared to the ballasted track, whose normepked is 25&m/h, the
ballastless track, whose nominal speed is 350 km/h, was affected by ttiquake less.
According to datagarthquakes$ave an influence on long waves greater than 1 m. While
small and mderate earthquakes have a minor effect on railway satety, do have an
effect ontrain operating comfort because vehicle vibration is amplified as a result of the
seismieinduced traclgeometric irregularity being worse.

Keywords: High-speed railway track geometricirregularity; seismieinducedresponsg
train vibration; track qualiy index
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1 Introduction

In recent years, the development of hggeed railways(HSR) has made
significantprogress inrsomeregions such aBastAsia Europe, andifrica. More
HSRs are being built in hilly areas and coastal seisraidtfbels with significart
seismic intensity1], such asn western Chinand JapanDueto this situationthe
probability of high-speed railwaysnterfering with earthquakes has also grown
significantly. In natural disaters that endanger railway safety, earthquakes are
difficult to forecast. Desuctive earthquakes not only inflict direct damage to
railway infrastructurebut can produce a variety of secondary catastrophes and
even result in acdents such as higépeedtrain derailment and overturning.
Therefore the effet of earthquakes on higgpeed rail systems has garnered
increased attention.

Destructive earthquakes notlgrinflict direct damage to railway infrastructure,
but can produce a variety of secondary catastrophes and even result in accidents
such as higispeed train derailment andverturning [2, 3]. Thus there is
considerable interest ihé danage to the raihay structure caused by earthquakes,
and various studies are being werthken in this field.Seismieinduced track
damage and deforation may be classified into two types: failure of track
structural stability e.g.,track irregularites[4, 5], and failureof track underlying
structures such as embankmenft, 7] and bridgs[8]. Because bridgeare the
critical components of railay systemsthe seismic response diridges has
attracted considerable research, includididferent brdge types:long-span
bridges, [9], steeltruss girder bridgeEL0], cablestayedbridges [11]. Also, some
numerical [12, 13] and analytical [14, 15] traintrackbridge models are
established to investigathe dynamic demic-induced response dhe track
structure.

Although ceréin extremely severe earthquakes might cause damage to the railway
structure,the majority of earthquakes are less sevéirean be found thathe
earthquake will not cause damatgethe track'ssubgrade or bridge consttion,

but it will impair the trak's stability, irregularity, and residual streasd
deformation[16]. These irregulariés grow may lead toextra trainvibration.
Track irregularity is one of thmainfactorsfor the vibraion of railway vehicles.

If the roughness of the trackssveer after the earthquakéhe train voration and
the wheelrail force induced by the track irregularity will grow with the increase
of the speed of the vehiclavhich cannotbe ignored.The eathquakes and track
irregularities are oftenombined considere&tochastic analysis model is built for
investigatng thedynamictrack reponse[17]. The influence of train speed and
sdsmic wawe propagation velocity on the randaibbration characteristics of the
bridge and train are discussdxyy using the psewo-excitation method[18].
However, the above studies mainly feed on the track irregularities influence
when the earthquake occurredctually, the earthquake could induamore
severer trak irregularities. The seisnic-induced geometric irregularity of rail
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alignmentis investigated The amplitude for seismimducedtrack iregularity
significantly increases with the increase of earthquake intgigityAdditionally,
the power spectral density curve of track geometry irregulaigonsidered and
studied wlen transverse ralom earthquakes occ[#0, 21]. The effects of track
irregularity and seismic stresses on the dynamic response of the veisiem s
demonstrad that track irregularity may greatly enhance the vehicle system's
dynamic responsf?]. Using both measured U.Saghquake data and a finite
element model, therédquencydomain distribution of earthqualeduced track
irregularities was inveigated[23]. However, the majority of these conclusions
are based on model analysis aedrthquakedatabae library. Inadequate
validation oftrack irregularitestest dataaffected by the earthquakehe anajsis

of high-speed railway seismimduced track geometric irregularityased on in
situ measurement data neédrther explanation.

This paper measureand analyse the impact of track irregularities on seal
railway lines in China when subjected to smic activity. Additionally, choose
several typical irregularities from the measured data and do additionalsianaly
using the vehickerack coupling malel. The imgct of the track on the lviation of
the vénicle is described when the track is affectecahyearthquake and the track
irregulaity becomes severeThe insitu measuremenof track irregularities
affected by the earthquake is introdudededion 2. Then the measurement data
is statistically analged in Section 3. Combined with a traktrack malel, the
introduction of the model ah calculation results are awn in Section 4.
The conclusion is showin the end

2 On-Site Measurement of Seismiinduced
Geometic Irregularity

In reacton to the earthquakes that occurred in China during the last eJecad
special attention has been devotted the railway infrastructure around the
epicentre Sensd track irregularities impair drivip safetyand causevibrations, it

is essentieto consider the effect of earthquakes on track conditions. abmetry

of the track was compared before and after the earthquake. Track Quality Index
(TQI) variation and the amplitude of track irregularitiwere de¢rmined wice

before and following the earthquake. The measurement data is shown below,
including the tain's limited speed 250 km/h balledt track and 350 km/h
ballastless track that wasverely damageuly the earthquake in all tested cases.

Numerous insitu meauwements were performed includittge track irregularity of
longitudinal level, alignment &, gauge, croskevel, and twist on the ballastless
track designed for 350 km/h HSR, and ba#ldstack designed for 250 km/h HSR.
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The situatio of the site is slown in Figure 1 (a). The deformationand track
irregularity under earthquakeffectscan be observed in the photographs of the
siteand detected by thteack geometry cashown inFigurel (b).

T

4
E

Figurel
Onsitemeasuremer(a) Track geometry ad (b) Track geomety car

The original dataof thetrack longitudinal level, alignment, cross level and twist
for ballastless tracks shown inFigure 2. The red dashed box showsdsstinct
differencein thetrack geometric irregutaty from the pre- and postearthquake

-~ Before earthquake
=" —— After earthquake)|

Cross level (mm) Alignment (mm) Longitudinal level (mm

Twist (mm)

Distance (km)

Figure2
Original measuremerdata of track geometri@rregularity.

The in-situ measurementslata in Figure 2 indicatal that thetrack geometric
irregularity varies dramatically at the HSRbeam junction locations.
The earhquake caused the bridgers to vibrate, which in turn caused the girders
to vibrateand then lead ttrack defornation Figure3 illustrated the specialsites
where deformation is expected to ocmarked in red dashed line
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Beam junctionlocations

2.1 Track Geometriclrregularity

The wavebrm of Iong wave (1-120 m) and medium wave (1-42 m) can be
analysed based on-situ track irregularities datdhe long wave affect the low
frequency of thevehide andvehicle ride comfortTherebre, thelong wavefom
of the track irregularity was seled foranalysis.The details of thevaveform of
three cases are shownHhigure4. As can be observed, the track irregyity has
altered significantly in many areasth the effects of the earthgke.
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Figure4
Longwaveformlongitudinal levelin (a) 250 km/h HSR track (b) 350 kmiASR track

—55-



G. Lt al. TheAnalyss ofHgh SeedrailwayseismidnducedrackGeometriarregularity

Long-wave track irregularity values up toridm in certain locations of th250

km/h HSR tack owing to seismic eventShe considerable change spamsund

100 m. For the ballastless 350 km/h HSR track, the difference is also up to around
2 mm, the span of this area is nead® m. These resultslemonstrate that the
earthquake hadh major effecton the rail structure's tmrwave irregularity.

The tracks longwave irregularity will affect the lowfrequencytrain-induced
vibration.

2.2 10 m-<chord MeasurementMethod

The medium wave affeced train safety. In this paper,the 10 m chord
measurerant method a suitable method to de#ie the mediumwave of track
geometric iregularity, is used to measure the track irreguladgta The Chord
measurementnethod [24] is atypical method to measure the track irregularities.
Basd onmeasuremet datafor preearthquakeand postearthquake, the left and
right longitudnal level ad alignment difference is shown kigure5.
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Figure5

The difference of trackregularity based ofilOm-chordmethodof 250 km/h HSR trackcluding(a)
longitudinal leveland(b) alignment
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According to the data ifrigure 5. there is a ignificant disparity in longitudinal
level and alignment. The longitudinal level has a maximum value of 1.4 mm.
There is, however, no noticeable difference between the dataefteft and right
rails.

Figure 6 depicts thecumulative dstribution of the diference between the output
values of the 10n-chord measurement before and after the earthquakieeat
ballasedtrackdesigned for 250 km/h HSR

1.1+

1.0

0.9

0.8 — Left longitudinal level
—— Right longitudinal leve
—— Left alignment

—— Right alignment

0.7+

0.6+

0.5
0.4+

Cumulative distribution rate

0.3+
0.24
0.1

0.0 T T T T T T 1
-0.5 0.0 05 10 15 20 25 3

Differences (mm)

Figure6
Cumuhtive distibution of the value diffeenceof track irregularity

For 25 km/h hgh-speed riways, 95% of the cumulative distribution of the 10 m
chordal measureemts of track height before and after the earthquake is within 2
mm. Because the red and blalines, which indicate longitudindével track
irregularities, are loer thanthe blue andreen lines, which show alignment track
irregularities, particularlyi the 0.51 mm difference range. As a result, the
longitudinal level is more changeable ththe trackalignment, and the diffenee

in track irregularities between the leftd right ails is more noticeable.

2.3 Track Quality Index

Track Quality Index (TQIJ25] is acomprehensive index and assessmengenyst
that ugsquantitative statisticto characterise the track's overall qualityis the
total of the standard gmtions of the track irregularityin the verti@al and
horizortal direction gauge, andwist irregularitieselenments. This number is
direcly connected to theverall track iregularitystate, which shows the degree of
dispersion of the track state in tB@0 m ssgment.Thelarger the value, the more
uneven and irregar the track is. It can be denoted as
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7 n
TQI= % X, 1%2 (1)
i1 i1
where X; means the egnitude of each geometric deviation200 m range of
track. There are 7 standard deviations of itemsvolved in evaluatingtrack
irregularitiesincluding theleft longitudinal level, right longitudinal level,left
alignment,right alignment, the track auge, cross level and twistis the number
of sampling pointsin 200 m range.X; is the mean value oéach project

describingthe trak irregulatties. It can be denoted as

g 1
n

: Xij (2)

i1

In this partthreecaseseflecting the track irregularity difference are chosen based
on the measured track deformation degreatad after the earthquake.
The significantTQI changes measured dafa250 km/h and 350 knh HSR track

is chosenA value is reorded every 200 metres, and the most visible gap of 10
kilometres is picked and shownFigure?7.
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Figure7

TQI differenceinfluenced by the earthquake(a)severe case frorB50 km/hHSR ballastlesstrack (b)
severe case fro@50 km/h HSRballastedrack (c) slight case from 350 kfn HSRballaglesstrack and
(d) slight case from 250 km/h HSBallastedrack
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It can be known that after the earthquake, although the TQI vahwesdhaged

in sdectedregions, the difference is not statistically significant when observed in
raw data.SenseTQIl is a comprhensive index for evaluating track conditions, it
incorporates not only track height irregularity but alsarizontal iregularit,
gauge, and sdorth. As a result, the general status of the track does not alter much
after the eattquake.

The percentagefathe seven components of the TQI evaluation indicators is
shown in Figure 8. It includes the standard dewion for longitudinal level,
alignment track gauge, crodsvel, andtwist for bdlasted and ballastledsack
thatwas severely and slightly impacted by the earthquake.

After earthquake;
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Figure8

The percentage of 7 indicatdrem TQI evaluating thérack influencedby the earthquaké&)
severe caseand (b)slightcase

It can be seen that longitudinal level and twist account for a reasonably substantial
amountof the overall TQI value when it comes to the contribution of each sub
factor to TQI value. Alignment trackirregularities hag a netjgible impact on

the TQI vale. Less than track gauge and ciies®l. The bdhsted track exhibits
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a comparatively higtshift in longitudinal level and the gauge during seismic
activity as compared to the bathess track. Inlie case that the trackiigluenced

by the earthquake significantly, due to seismic influences, the standard deviation
of the longitudinal level idower for the ballastless track, while the percentage
rises for the ballasted track. Twistastlard deviation demonstrates theerse
pattern. Therefore, the Igitudinal level of track irregularities is the icdtor

most affected by the earthquake.

3 Analysis of Seismicinduced Geometric | rregularity
of Track

Based on over 30 observations the effect of eatiquakes on track genetry
during the last decade, th&afsstical results of TQI difference maximum value,
long-waveform variations in the verticdirection, 10mchord measurement value,
and vehicle vertical acceleration are analysetistatistical dataf the earthquake
is shown in Figure 9. This figure contains TQI difference maximum value, long
wave vertical differences, 95% cumulative value of t6hard measurements and
vehicle acceleratiomeaureddata of all the cases at@&km/h HR whose track
form is mainly ballastedrack (red) and 350 km/h HSR track whose track form is
mainly ballastless trackblue). Different train speeds may cause different train
induced vibrations. The locationf ceach bubble meanthe corresponding
earthquie magnitude rad peak ground acceleratidPGA, unit: cm/§ of each
earthquake case. The size of each bubble meaesydheated value.
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Statisticalvalue of track irregularities (@RI difference max valuéb) long wavevertical differenes
(unit: mm) (c)95% cumiative valueof 10 m chard measuremdgohit: mm) (d)vehicle &celeration
(unit: m/$).

The x axiesis the earthquake magnitudeale y axies isSPGA values which are
critical for describing the effect and wnl@ge caused by ednjuakes on
infrastructureln China, it can be determined by

PGA G GCM ClgR G1 3)

where C, is the factor,M representsearthquakenagnitude,R meansEpicentre
distanceT is horizontal earthquake vectddore detaik can be found if26].

Focus on the maxiom differencevalue between TQI beforthe earthquakand

after the earthquake, the value is located approximately in the rangd .@f 0
The value is greater for thmllasted track, indicating that the form of the ballasted
track changes dramatically as result of tle eathquake The longwave
irregularity and vehicle acceleration values follow the same rule, whose range is
around 37 mm and €0.12m/<* respectively95% cumulative value of 10 m chard
measuremens in the range of 0-R.65 mm. It can béound that tle lager the

PGA value the larger the 95% cumulative value of the 10 m chard measurement.
According to data, TQI's different maximum values for 350 ktrdbks are less
than 1, whereas some 250 km/h HSR tracks exceed 1. Similarly, thiem#50
HSR track auseda change in vehielvibration of less than 0.05n/< after the
earthquake, but some of the 2BG/h HSR tracks induced a vehicle vibration
change bmore than 0.Im/s following the earthquake. Based on the monitoring
and analysis of ar 30 ballastd and fallastless trackenfluenced by theeismic
dynamics, it can be shown that earthquakes impair track geometric irrégsilarit
and further influencéhe safety and comfort of the train.
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4 Vehicle-Track AnalysisModel

4.1 Vehicle Model

The vehtle is modelle as amultibody systenwith 35 degrees of freedom (DOF).
The vehicle is made up ohecar body, two bogie frames, and four wheels. Each
component hasive DOFs which include lateral movement, vertical movement,
roll, pitch, and yawThe sletch of the vhicle nodel is shown ifFigure 10

e Me  Iex .

Car Body me 1. fe

Bogie

@

Figure 10
Vehicle dynamic analysis modgl) Side view of vehicle modgd) Front view of vehicle model

Kelvin springs, which are composed of a sprémgl a damping ement,could be
used to reptiate the firstand second suspensionghich can connect different
multibody.

The model of the railsubsystem is constructed using tager nodes that
correspond to the top and lowkyers. The rail is a cotnuous Euler bea
supported at discret@odes by an elasticspring The bottom node corresponds to
the fasteneposition and the springlamper Eement between the upper and lower
nodes corresponds to the elastomstraintimposed by the rubber pad undbe
rail.

4.2 Vehicle-Track Coupling Equation

The dynamic simuhtion analysis system i@mposedof the vehicle track, which
are connected by wheril force. At all times, the system's vibration should
adhere to force balance and defation compatibility The system's ntion
equation is as folles:

M +H[CHx )+ [KRxi=t P} (4)

where M], [C], and K] representiie massdamping and stiffness matrof the
whole vehicletrack coupling modelespectivelyThus,Eq. (4) can be writen as
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M %a CCC aCCC )% ° aKCCO K?C )g P ¢

c [ (5)
« M £¢ G & G x K B & x P
& My, %< ny, 8, Gy X »ux 1y, Kn X R

The subscript means car, means rail, antd means ballast.

The detds of the tmin and trackparameters are shown R€. [27]. These values
are expected to stabilise aftibre earthquakeThe rail pad Bs a vertical static
stiffness of 60 MN/m and a vertical damping of 75 kNs/m. The rail pasl a
lateral stat stiffness of 20MN/m and a horizotal damping of 60 kNs/m.

The wheelrail interaction force isimulated byHertz nonlinear elastic contact
theory. This theory can be adtga in the nornal direction of wheetail contact
Theverticd wheetrail interadion forceis deroted as

3/2

N < @ ©®)

where G is the wheetrail contat constanfactor, whoseunit is m/N?3. @&(t) is
the elastic compressiateformationbetween wheel ahrail whose unit isn.

Kalker linearcreep theory[28] is used to calculate the longitudinal, lateraid a
rotdional creep force between wheel and rail.

o F fia /, 7
oﬁy f22 y fzt{ / ( )
_Mz f23 y f3£ /

wherefj is the Kalkercreepcoefficient. [ is creepage.

The SherHedrick Elkins theory[29] is utilised to perform nonlinear adjustments
on the longitudinal and lateral creep slip forces leetwhe wheéand rail.

TheNewmark technique approach is used to solve dynamic equéons of the

train, track, and undetrack structure once they have been determined. Multiple
iterations are required because the interaction between the subsystems at each time
step is reliant on theystem's response dtat moment in timeThe conditios of
equilibrium of forces were used to calculate the interaction between the
subsystems. As a consequence, the displacement difference between two
successive iterations of the vehicle, rail, and wmdistructure at edctime step

meets lhe convergenceondition's accurac criterion. The highest precision in
GLVSODFHPHQW LV P
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4.3 Calculation Results

Four scenarios are selected to investigate the impact of seminmed track
irregularity. It is said to include two s of tracks, ballastless trackd ballasted
track as well as twdevels of eartuakeaffected trackirregularities The term
'severely' refers to the fact that the track irregularities alter much after the
earthquake. The tertalightly' refers to th trackirregularitiesnot altered notablly

as a restlof the earthquiee. Four cases information is summarised ablel.

Tablel
Case summary
Case number | Tracktype Track affected by earthquake
Case A Ballastless track Severely
Case B Ballastless trdc Slightly
Case C Ballasted track Severely
Case D Ballasted track Slightly

The power spectrum density of track longitudinal level is showhigoure 11
From the PSD plot, it cabe seen that theaghquakes have ainfluence m long
wavesfrom track irregularities greater than bf) For ballasted track, there is also
a difference zone at wavenumber-0.8 (1/m) rangevhich corresponding to the
wavelength range-30 m.

100
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0.1

PSD (mn¥/(1/m))
PSD (mni/(1/m))

—— Case A - Before earthquake
—— Case A - After earthquak

—— Case B - Before earthquake
—— Case B - After earthquak
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0.001 0.01 0.1 1
(b) Wavenumber (1/m)
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Figure 11

PSD of track irregularity longitudinal level from @gse A, (b) Case B, (c) Case C and (d) Case D.

The vehicle vibration therate of wheel laed reduction, and derailment coefficient
in time domainare shown inFigure 12. It can be known thawithin the green
dashed line, the track geometric irregulaggnerated by the earthquake résui

a more app@nt deviation.

|~ Before earthquake
05, |—— After earthquake|

Vehicle vibration (m

Derailment coefficientrhe rate of wheel load reduction

Time (s)

Figure 12
Vehicle vibrationthe rate of wheel load reduction, asetailment coefficient inme domain

4.3.1 Vehicle Acceleration

Focus on the vehiclacceleration, the md@mum valueand root mean square
(RMS) valueof acceleration in time domain is shownRigure 13 corresponding
to four cases introduced fablel.
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Figure 13
The vehicle acceleratioralue and differences (a) maximum value andlS value

The RMS value is calculated based on

LT XEX X (8)

where Xi means the @a sample andll is thenumber of sampling point.

From Figure 13, it is shown thathere is a considerable rise in the maximum value
of vehicle vibration for conditions that abadly affected by the earthquaked

the difference in the maximum value ofhicle vibration for cicumstances that
are slightly impacted by the earthquake is not signifidamtus on the RMS value

of vehicle accelerationincrease based on seisamcuced track geometric
irregularities increased the ballasted track can lead to more vibration increase
compared withthe ballastless track.

All the results presented above assume that after the earthquake, the track
irregularity is altered while the track parasrstremain unchanged. Iniglsedion,

the RMS values of the vehicle are investigated when the track's vertical
parameters are modified after the earthquake. Casdte€ the earthquakes
selected as the reference case, and the RMS values of the aedislenmarized

in Table2.

Table2
RMS value under different track parameters

Parameterschangedtem RMS value(m/s)
Vertical stiffness48 MN/m (increase 2@0) | 0.115
Vertical stiffness72 MN/m (decrease 200) | 0.111
Vettical damping60 kNs/m (increase 200) | 0.116
Vertical dampig: 90 kNs/m (decrease 206) | 0.111
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From the results, it is evidetita reducing the vertical stiffness and damping of
the track after the earthquake leads to an increased response of theasairC(C
exhibits an RMS value of the vehicle as 0.112%)m/s

4.3.2 The Rate of WheelLoad Reduction

The rate of wheel load reductiois an indicator to evaluate the train’s safety.
It can be calculad by
P B R
R R R

. )

where P is the rate of wheel load reductiorP is lowering load side wheels'
heavy load reductiarP is the aveage wheel weightP: signifies the wheskt's
decreasing wted side, while P, denotes the wheelset's growing wheel side
The safety standard fro@hinese standand less than 0.65 for first limitelated

to vehicle operation securignd less than 0.6@if second limit, whichs related

to safety allowanceThe maxinum valueof therate of wheel load reducticend
the power spectrum density valuetbé rate of wheel load reductidoefore and
after the seismic dynamic response is introducdtdgore14.
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Figure 14
The rate of wheel load reducti¢am) maximumvaluefor one wheelseand(b) PSD value for case A

It can be known thdor the ballastless track, the rate of vethdoad reduction ses

when the trak is substantially affected by eagtimkesand remains relately
constant when the track is not didied. When theballasted track is also
extensively affected by the earthquake, the rate of wheel load reduction rises
although not as much as on the &silless trackTherefore, focusg on CaseA,

the PSD value is investigated. There is a significafifitrdnce in the 20-40 Hz
frequency band. The rate of wheel load reduction above 50 Hz does not change
significantly cue to the track geoetric irregulariy caused byhe earthquake.
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4.3.3 Derailment Codfficient

The derailment coefficient is defined as QA ratio ofthe latral forceQ to the
vertical forceP operating on the wheel at any givime. It can be denoted as

9 tan D (10)
P 1 taP

whereQ meanghelateralforceact on the wheeR means the vertical force act on
the wheel meansthe fiction coefficient, . meansthe maximum flange contact
angle. For rail safety considerations, the Chinese standaetifies that this
indicatorbe smaller tha@.8.

The maximum value and Case A PSD value of derailnceefficient is shown in
Figure 15
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Figure 15
Thederailment coefficienfa) maximum valuand(b) PSD of Case A

From Figure 15it can be seen that Case A has the highest derailment coefficient,
followed by Case C. After the earthquake, deeailment coefficients foCases B

and D remain almost unchangéthe maximun valuedifferencesof derailment
coefficient arefrom Case A, thus, the PSD value analyBmm Case A is
investigated. The main trend PSD of Case A is similar before and héter t
earthquakeThere are @me not very significant differences at 30 &m 150 Hz

Although the derailment coefficient andhite of wheel load reduction have
increased somewhat in maximum value as a result of the earthquake, they remain
within the specifiation's normal range. Thislemonstrates that minor and
moderate earthquakes have little effectrain operatiorsafety.

Conclusion

The seismidnfluenced track states of HSR were evaluated, as was the effect of
earthquakes of various magnitudegel (3.0-7.0), different lines, rad varied track
types (ballasted and ballastless). Additionally, the impéatarious earthquak
induced track irregularities on vehicle vibration are estimated and invedtigate
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using the vehiclerack dynamic analysis modeSore conclusions can be
sumnarised.

According to measurements and statistical analysis of the track staie arfter

the arthquake in China, the earthquake had varying degrees of influence on the
HSR track., The longvave irregularity, 95% cumulativealue of 10 mchard
measuremas, and track quality index vehicle acceleration measured data are seen
as the parameters forauating the seismimduced track geometric irregularity.
These parameters suggest that tdghed railways are affected by badales

which can produce a dain amount of track irregularities changes.

The statistical conclusions of TQI differences ‘eallongwaveform vertical
waveform, 10m-chord measurement value, and vehicle vertical acceleration are
analysed based on over B@easwement sites of the infence of earthquakes on
track geometry during the previous decaBer a ballast track with a nomal
speed of 25&m/h, the TQI variation can reach a maximum of 1.6 and the track
geometric irregularity variation of 1#m obtaired by10 m chord measurement,
both of which are greater than for a ballesstrack with a nominal speed of 350
km/h, whose TQIlvariation value is up td.75 andtrack irregularityvariation
based on 1@n-chord methods around 1mm

A train-track coupling modelis built to calculate therain running safety and
comfort under different track geometric irregularities. The ballastack tcan
induce higher train vibrationThe maximum value from calculation results is
around 0.45 mfs The rate ofwheel load reduabin and derailment coeffient is
higher for the ballastless trackhose value is up to 0.28 and 0.0476 respectively,
compmred with that indicator for the ballasted tradkoweve, all of these
indicators meet the requirement.
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Investigation of Rail Welded Joint Stresses, by
using a Narrow Gap Welding Method, in
Ballasted Railway Tracks

Milad Alizadeh Galdiani, Seyed Ali Mosayebi and Mohamad Ali
Mohit

'"HSDUWPHQW RI 5DLOZD\ (QJLQHHULQJHFKQRGRILYHUVLYV
8QLYHUVLW\ 6W +HQ 1B1R456846 75-HKWIDAD WVEOMDPLF 5HSXEOL
,UDQ PLODGBDOL]DGHK#DOXPQL LXVIWWBIEQKWD RBXD\HEL#

Abstrect: In the modern railway superstructure construction and maintenance, partigularl
where higher speeds are required, the rail sectiarsy be weldedtogether to form
ContinuousWeldedRail (CWR). There are various methods for welding the raileh as
thermite welding, flasibutt welding, gapressure welding, enclosedc welding, etc.
Narrow Gap Welding is another way ofvelding the railjoints and because dhe lower
implementatiortosts, easigiquickerprocess and acceptable pamfhance, it is usuallysed
overother methods in maintenance operations. Since this method is newer than others, ther
is lack of knowledgeoncerningthestandard processf narrow gap welding and the factors
that affectthe finalquality. In thenarrow gapwelding, two different weldinglectrodes are
used for thavelding process. One electrqdeith higherstiffnessis used for the rail head
andtheotherelectrodewith lowerstiffnessis usedor the rail webandfoot. In this reseah,

the relationship between these different welding electrodes arairtbent ofstress irrail

joint wasinvestigated via experiments and modelimga finite elementnethod. The results
indicate that thenumberof stressesin thejunction ofrail head and wepwasreduced by
37% when the electrode with higher stiffness was used for the whole railgiead. cm of

rail web. Field investigations demonstrated that the performance of rail welds was
acceptable.

Keywords: railwg superstructure; rail joint; welding electrodes; narrow gap welding; éinit
element method

1 Introduction

,Q UDLOZD\ WUDFNV WKH XVH RI MWK $BRWH VW QX HE RO
VHFWERQRU D GWKHQ W R| SURGXEQ QUHBRQRBIEYI ZGIOGLQJ
WHFKQRRORWKH FRQQHGW [ROVMRIMFWY PHWKRG WKH UDLC
DUH FRQQHFWHG RQO\ WKURXJK WKH UDLERWE XVLQJ |
VLGHWHKH [PP[BIO ZKILEV V\V@HPHKERW\D G Y DX\ B THA
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x CUHDWH®@J) ODUJH G\QDPLF IRUFHV LQSUDWVVLWOVMRLQW
WKURXJK WKH WUDFN

X WHDNHQLDILWEBN VWUXFWXUH

Xx SHGXFLQJ WKH VHUYLFH OLIH RI WKHHESUDNFNDIQGHP HC
WHKBVWHQLQJ VA\VWHP

X ,QFUHDVERVWIRIQWHQDEBB DQBSHUDWLRQV E\

X ,QFUHDVLQJ WHKH FRMMWOREQDKFBLU RSHUDWLRQV IRU
W UDFNOIDQ® URWRFN

x DHIHRAX¥KFDXVKLQJ Rl WKH HQG Rl WRBXHDWRV LQ MF
WKH LQBMUHRM

X *HQHUBW [RHVYRYAKH OH W K HSDH/RREKH LW U D F N
Xx DHWHULRUDWLRQ Rl WKH GHVWWRB W@&DFN JHRPHWU\

$V WKH VSHHG DQG WKH DWRF 0ORRGE VY HD WHK RV K R GBOHLVQA U »
RI WKH H[S D QEH.RRP W FPLROUVMHYEL PP RUOWRQ®HU WR UHGXFH
QHJDWLYHWHKH AVZSWRIMQWEY LQ UDLOZD\ WUDFNV WKHUH I
XVLQJ ORQJHU UDLOV DQG WKXV UMEBK®S WY UMK K LQXIFEE M
FRQQHFW UDLO VHFWLRYVWER HEWBERQYKAXYHVOQWR FRQQ!
WKH UDLOV WR HDFK WWHKHLSDP®WKRY MRHQANGDWR FRP ¢
IRUP &VBUD[&MNY 7KHUHIRUH ZHOGLQJ WKHDBRLBYHLQ MRL
WKHVH JRDOV LQFUHDVLQJ WKH FRQWILXQMRXIVWKHQ JW K
QXPEHWRRDWYVY ILVKSRDPMHAVRBDRGIERIOWYHDNQHVV RI WK
WKH H[SMRYOMYLQJ PRQH\ E\ UHGXFLQJ WKH YROXPH
PDLQWHQDQFH RSHUDWLRQMHLRIFWKGIGWIRPRKKH VHUYLFH
7KHUH DUH GLIIHUHQW PHWKRGV R UZHIOL®IQD U MLIOHZ DAV L
LQFOXGLQJ WKHUPLWH ZHO GLWHV VHQUHF & QB LAHIO GHMH F W
ZHOGLQJ DQG QDUURZ JDS ZHOGLQJ 7KHWPEZWIHEHOGLQ
WKH FLODWHWLDO LV PDGH RIEP\RD WIHIX @ H WRGVFKEDEDINVH G
UHDHFMHEBRQ7KH FKHPLFDO UHDFWLRQ RU WKHUPLWH XVXD
R[LGH RI D PHWDO LURQ RU FRSSHU P®MUDWXPHQXP S
$ UDSLGWNGJIRRZGHU LV XVHG DV D GHWRQDWRU WR SUF
WHKHDEWLIZRR H[DPSOHV Rl WKH FKHPLFDO UHDFWLRQV LC
DV JLYHQ LQ WKH IRD@Q®RZLQJ

FeOs $O0 : )HO030+HDW 1
& X2 $0 : &0 $HAHDW

7KLV W\A\SH RI ZHOGLQJ LV PRUH OLNRXRBGY WIK@MHI WARE W
FRPSRQHQWYV WKDW PXVW EKHZ W6 KGPWWR DIDWKWHRIGX F@G
FKHPLFDO UHDFWWRKRRIOGGCDQYE AWHCWEBHQHG LQVLGH WK
GXH WR [ERRQLWKLY ZHOGLQJ PHWKRG WKHUH LV QR Q
VIVWHPV VXFK DV HOHFWULFLWURKRWVY IF\W¥ R UEVH DRDGJ WLKHH
DQ\ZKRYUAKHWPDLGQLVDGYD QWDHWYX RG WKHHV
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1 7KH ZHOGLQH QU RDBHNMAR XY SROOXWDQWY K\GURJHQ

2 6RPHWLPHV WHKPSHKUDWXIURFARIVWKHDXVHY GLVWRUW
UHODWIMGHIROPDWLRQV DWLIMSH ZHOGLQJ MRLQW

(OHFWULF ZHOGLQJ DORQJ ZLWK RVKWKRE WHR ZWIHORGRYQH U T
MRLQWYV EWEHOGRRD VHFWKR QNG Y2IDMHWRUHY RI HOHFWU|
FRPSDUHG WR WHKMUIHUL\RHPAHIGWRE ZHOGLQJ SURFHVV .
H[WUD PDWHULDO ZKLFK KDWUB QUM VR ILWEBFW RQ DVKGE
Ol1¥ (OHFWULF ZHOGLQJ LW ® R QHUDQ\OIAR \G L, IQHW KD LU
PHWKRG WKH UDLO VHFWLRQV DUH ZB G&ID® KVRVWAVHGH
WR WUDQVSRUW W KIHPVWRO WBWLRIOVH QRWKH VHFRQG P
RSHUDWLRQR)XOWH \FPRGHWGQEILOHGZBE QG LR PDFKLQHYV

*DV SUHVVXUH ZHOGLQJ LV DQRWKHB8HFH V& R—HI X\LFS FEEKQ @
LV QHHGHG WR ZHOG WK HWWKBIL DN OLEL QWK & VY RPRAHAY K/ RVE DINGIG
WKDQ WKH SUHYLRXV PHWKRGV 7KLV PHWXRG/BRE®VR UH
ZHOGLQJ TXD@BW\ LV KLIJKHU

1DUURZ JDS ZHOGLQJ LV D UHO DWILDMLHO ¥ F)IE HQJ PRHAMKKRRES
,Q WKH QDUURZ JDS ZHOGLQJ PHWKRGK DERRUGLQJ WR \
W R WKIRITYDDQOEBWMG MRLQWY KDV LPSURYHG FRPSDI
PHWMB®1] 7KH TXDOLW\ RI WKLV WWBBISRORYHGGE\QYVLQJ
WKH DSSURSULDWH Bl QFEAWLUPR (3LH) DEB/R VWD QPG XVLQJ ZDV
RU DLU FRROLQJ VKRHV WR FRQWUR O G GH RIPAWH R1 WHF
7KAXDOLW\ RI WKH QDUURZ JDS ZHOGR@JH['S KUWIUHFRHO \ L
RI WKH ZHOGLQJ WKF KHFRHPVHYQGHY LW LV YHU\ LPSF
WR SURYLGH SUHFLVH LQVWUXFWLRQV IRHUWKB ZKROH
VLQFH WKH RIDQIK\WRVWKFW QDUURZ JDS ZHOGLQJ SURF
GHIHFW LQ WKH Z HDRVHREUMIRIKDIORQEZRH VIOBHG\HREX W RW K H
QDUURZ JDS ZHOGLQJ SURFHVV FRPSDUHG WRR RWKHU |
FDXVHV KXPBPQ HUURWUV$SOWKRXJK WKH QDUURZ JDS ZH
FXUUHQWO\ XVHG LQ WK HWWRYAW URQ OX®GVKOY GEHHH B RIAF
ZHOGLQJ PRWBRBGNVKHUH DUH QR FRPBQWWHQ¥UWHR @) GRE
WKH LPSOHPHQWDW LR QURLVAN R UV kP HAKKRG WKH H[LVWLQ.
QDUURZ JDS ZB® 8 VgL DOMHD WWKHURSRMLWEB HOHFWURG F
E\ LQLWH HOHPHQW PHWKRG

2 Narrow Gap Welding

LWEWKHDLOZD\ LQGXVWU\ WKH QDUURZ UPWKHHOGLQJ F
FRQVWUXFWLRQ RD®VIRW UBISRR LIWGHODQFH RSHUDWLRQ
PHWKRG LV ZLGH@MBWHIEWEXHWWKDQ RWKHU PHWKRGV F
ORZHU FRRAVSMWHG WR RWKHD Q@GH ODGVN®RI IRAWIOREQI WKH \
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WDQGDUGYV QHHGHG IRU UDLOZD\ RSHUDWLWRN EDVHG
UROOL@3] VIWVRFNOQWLR®HKEVERHRNMWKRG UHTXLUHY VNLOOHG
SUHFLVH JHROFRHWQWJ DQG VWULFW UHIJXODWLRQV DQG LQV)

7KHUH DUH VRPH PDWHULDOV XVHGQW¥R $E IUQR UFOE BWURZ
DQG UHWDLQLQJ PROGV 7KH HOHFW UHFEGHAG XWHFXK LVOK I W1
WKH\ FDQ D F F RPHPHR RDWH. QIRO[LY DLKOH SHURS\HW MALHYA DV ZH
WKH DEUDVLRQ UHVLVWDQFH RI WKH HIHQG @R W HBHDBU R
WKLV LV SRVVLEOH E\ VHOHFWIHRQM\WMXHH Q $\§ K RSIUU D RHHV |
VKRXOG EH FRQVLG HIS-E® R  UWHDGRHEFHA/IRAE BMX® G DR @ W
DQG DEUDVLRQ UHVLVWDQFH DORQJ ZL\QKHOHG WILQKH VW U
WKH DSSURSULDWH HOHFWURGHDIRY MRH WD LB\ KHOUGJ R:
PHWKRG LQVEAR®HD LRKDIPEGILIMQ GU D HOAD L[GBL. QIKPRE G V
PROGV DUH PPR$SRUFDWVRVH GLPHQVLRQDO FKDUDFWHUL
WR WVWSHH Rl HOHFWURGH W V8 H PRSIHW D MK WD G DR $H UPDRADLGM\
PXVW EH WKHUP DADKH UARIGH R DWGY APRBSISRIU ,Q DGGLWLRC
WKH PROGV FRQWURO WKH WHQVLRQ Rl WKHQDLO DQ
VHSDWUHWRMMLRQV IRU WK H7 KIBHWOD Z B E QR QRSRARERMWY PXO/ON E H
PDLQW DVQWMIG\RFVBIQW K H L RPPHRWIHUDXY L P H @

7KH QDUURZ JDS ZHOGLQJ PHWKRG KDWDWZR & WAKI\F K7 K F
LWV SXUSRVH LV WR SUHSDUH WKH 8§ DPDOMVDEM GRRLI) W \
FDUHIXOO\ DEHSROW BRO@MMWRSOH WLPHVY 3ULRU WR ZHOGLC
MRPEWW EH IUHH RI GHIHRWYV KHO K FLGE N PHERY &1 DMUKH V H
DOUHDG\ RFFXUUHG WKH UD L OVKPXYDWEHIE[ZBILRPKQ @ HD\WQ G
,Q WKH WUDKNIFWMDHRELQJ VIVWHP WR FDUU\ RXW WKH
VFUHZV RI WKH QHDU VOHHSHUV FDQ EH RRSSHIMEG %HFD
WKH GXVW LV LQILOWUDWHG LQWRH V& HZ FERERB®KH,Q RU(
VHFWLRQ RI WK H X\DW CE B W R\PSHO MR H@W SROLVKHG DQG U
LPSXUH PDWHULDOV ,Q DMXAHO G HPDWGE U MDIOH/ DDJLHD FRP ¢
FRQQHFWHGFRQYLIQXRRKY HOHFWULF DUF EHWZHHQ WKH |
FRQVHTXHQRWO\Z B OH & FRPE B VRHGVKH PRDWWRPB\R LW D QW
SHUIRUPLQJ D GHVLUDEOH ZHODGEAXYDUQR ZWXMHS UDH\@ K|
7KH UDLO HWRELMQ /W WRHOY G LBML PDQ OQ HD® G KRUL]JRQWDOC
IRRW ZHE DQGUCHIDGQORWERWIOPH GLUHBWLRQ

7KH VHFRQG VWHS LV ZHOGLQJ W KIR LLLDW O W K$il W B U OD/G MY
VLGHV Rl WKH KIRRQYWG WR [P R LYK\LE® FLHE BRHOKOHMIGL Q J

> ‘@HQ WKH UDLO WHHPFRKHM B XU WWEKE ZHOGLQJ SU
7KH VSHFURO WREBGIDLO IRRW BWRVLMIGRQW EWKRIUFH YWD U g
ZHOGLQJ SURFHVV 7 RH QVKH H DIRE\WP\HWE VBORIGWB G EHIRUH
DFFXUDF\ DQG VNLOO LQBHWRUPLPERHOBQYILQ LW\
7KHHOHFWURGH XVHG LQ WKLV VWHS LY HIQUWKIGV IRU E|
UHVHDUFK W ISH RSIFKIVQRNDRI (68 FWURGH DUH FRQVLG
WKH ZHE DQG IRRW :HWOWEDQXIBIWLAQOKIIREWILQQLQJI RI L
VHFWLRQ $W WKLV VWDJH WKHWHKH FLHDVOLEZHE BRYGWLR

A6 A



ActaPolytechniddungarica Vol.21, Nol, 24

ZHOGLQJ SURFHVY FRQWLQXHV :KHQ WKWMKZAHIKHWDHF W LR C
RI WKH MRLQW LV ZHOGHG LPPHGRIOWSHWBU DR ZVD\KRXW
GHVFULHKWGE FWKRGH XVHG LXMKB K HDWGH R WWRKCHVM R L Q @&V
IRRW DQG ZHKMOHWWRIRGH PXVW KDYH @EYUDIMKIRQ UHVI
UHVHDUFK WKH PHFKDQLFD®D VSHHRLOHRDERD) RI (6%5%
FRQVLGHUHG IRU WKH KHD GZHBIOERAHHNMVWWH HH @ 8 ORI VWI
VHSDUDWHG DQG WWHKHRUHIO®QHD® WRLOWOQGBH OHYHOHG
PDFKLQH YKMH®DWWQDUURZ JDS KHOO/GELQI RYHW R W LSRR W
[22] ,Q WKKH®PRWMVQJ RSHUDWLRQ DWHHI /MU W VWH P I3 HKUHIDWYKLE
ZHOGLQJ DQG WHEHQW-IRHR GBS MKMW XQZDQWHG FRPSUH
WHQVLOH VWUH\WURFSHYBRP ZHOGLQJ

$V LOOXVWUDWHG HDUOLHU WZRH®IG LIQU HVQKAH HIDH. DWMHRFG
LQ WRMURZ JDS ZHOGLQJ PHWKRG 7KH HOHFWURGH XV
PXVW UHVL/VBAUDVDBQRWBWKMWLHY RI WKH HOHFWURGHYV XV
DUHPRQVWUDWHG LQ 7DEOH

7DEOH
7KH SURSHUWLHV RI WKH H@ZHBWURLHY LQ WKH QDUURZ J
Category Yield Stress(MPa)
(6% 2. 600
(6$% 2.

2QH Rl WKH PRVW LPSRUWDQWHOWHGY LL\Q GMKWH Q BIUQLRY
SRVLWLRQ GKHHHBWRM URGKVPGBVIWRIEHEHOGLQJ WKH UDL
$FFRUGLQJ WR )LWKWRSNWHR @ VISIRWL WIKRY 'HWHUPLQLQJ
SRVLWLRQHFMORQKM UXFWLRQ BBSQWH G/B@WHDRQ D\
WUDFNV VLQFH WKH HOHFWURGHSH\G YRDBROKRR UDLO K
WKH WKUHH SDWWHUQV 3D’ 3E° RU 3K AUWHBEMWWRWLYH LQ
ZHOG VAPWIKRXJIK H[SHULH GWPRQ \REWBWMDMKLEREY WKH E|
LV RSWLR@RBWUHE)XOMVY VFLHQWLILF LGYHVWLIJ@WLRQV L
7KHUHIRUH LQ WKLV UHEDN B GFRIKIW K DHH FFRIGIDOWMH G LQ
$%$486RVWZDUH WRKBURIBXFHG VWUHVVHV LQ WKH ZHOGH
ORDGLQJ Rl UROOLQJ VWRFN

YJLIXUH
7KH \HOORZ DUHD VKRZV WKH VSHFLDG H ORIFWKIRIGGEIMANEK DEUDVLRQ
KHD®G FP RIAZKE ZKROH UDLO KHDG DUHD
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3 Railway Loadings

7KH UDLOZD\ VWUXFWXUH LV VXEMW FG\L WHF W DFURLGRQ N FI\R L]
EHWZHHQDWKHWMKIML@KHHO DQG WKH ILUVW FRPSRQHQW
RI UROOLQJ VWR FORIDVGW KOHU H DAL.OD QI RUHG E\ WKH UDLC
[26-30] 6RDQDO\]LQJ WKL @ DVUANG BAMOVHH VL U/ RWIMGADHS! L Q
UDLOZD% W-8Bd FN

2QH ZD\ WR FODVVLI\ WKH IRUFHV D SS5QIHFAV MWRRQ WRK HV K B
IRUFH Z&LFKAWG LQWR WKUHH FDWHIJRULHVIRQGHUWLFD
SHUSHQGLFXO DWW & O RMKH WXGEQNDO IRUFHW KRRN]R QW D (
GLUHBWEBRIQ 7KHVH IRUFHYV DUH VKRZQ LQ WKH

Vertical force

Longitudinal force
Lateral force

YJLIXUH
"LIIHUHQW IRUFHY LQWURGXFHG E\ D ZKHHO RQ D UDLO

$QRWKHU PHWKRG FODVVLILHV WKH QRUF AWZ R FOPONWHIR WIR
RVWDWLF DQG B3%Q BRMEMWEBHMVWUH PDLQO\ GXH WR WKH
UDLOZD\ YHKNKE®XO GEEKW QRWHG WKDW VLQFH WKH UROGC
WKH UDLO DQG GXH WR WKH H[LVWHQE® WKHHRPHWUDR G
LQ WKH UDLOZD\ YHXLWEHVYONBHORDW XYXDB IRUFHV RQ W
G\QDPLF47]

,Q WKLV SDSHU WKH YHUWLFDO DQ® WXW HILOL® Z®Y MHU/D B
VIVWHPWDIQ DQG WKH ORQJLWXGKI® DM \WRHBHOWIRK F H\ Q R
UDdLteOFDOFXODWHG EDVHG RQ WKH PRGHQQKRBP®LEWDWHG
DSSURSULDWH IRU WKH [48]D DRI @ &YVD QWD I HRW ARKIIN/ P R
WKDW LW LV EDVHG XSRQ WKH WZR BEXUDH HY HWKWHRW ¥ Bl B!
,Q WKLV WIKHDWXRQYH UDGLXV LV FRQVLGHUHG DQ LQILQL
SUHVXPHG WKDW WKH MRLQW LV ORFRWWHI>LQ WKH@GLUH
7KLY HTXDWLRQ KDV EHHQ VKRZQ LQ WKH (T

* = @A(o.ozs 86+7.62 8+ 4742.1) + §1.34x 10788+ 0.036) + 2243
+ /DWHUDO ORDG N1

9 9HORFLW\ .P K
5 5DGLXV FXUYH P
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7KH D[OH ORDARIFRQWRGUHG DV WKH YHUWLFDO IRUFH
D[OH ORDG LQ WKH ,UDQYV UDLO ZDKHMBANWARLAD O7 K WD R}
IRUFH LVnV QWRUGHU WR FRQVLGHU WKH G\QDMPLF LPSDF\
D GLPHQVLRQOHVYV G\QDPLF LPSDFW IBEWRU LV PXOWLSC

7KH WUDLRRIWIHRME® WKH VKRFNV FDXVHG E\ WKH PRYHPHC
XQHYHQ VXUVDBEH RMZBDRDLQ UHDVRQV IRU WKH G\QDPLF
ORDGIKMUH DUR HBKRR XD GRROBWHORDGV BQWKH OLWH
LW LV SHUIRUPHG E\ FRQVLGHULQJ D GEPHRWIKRQOHVV G
UHVHDUFK ZKLFKJHG/ ERIS5(0$ KDV EHHQ XVHG WR FD(
G\QDFRHII[4BLHQW

T:1+5.21¥f/2 4
9 9HORFER WK
D :KHHDDPHWHU PP

,Q ,UDQLDQ UDLOZD\ QHWZRUN WKH SDXWOVH®IHU DQC
VLPXOWDQHRXVO\ |URPMHIVMX\H WKID¥ NVKHEKWRKDOFNV DUH GH
WKH ORDGV FRPLQJ IURP ERW {8E DAKVH Q RIDIG IDQIG SIMIW WIHKWA
WKH UDLOZD\ WUDFN LV FRQVLGHUHG DDRQY AW XUH |
ORFRPRWLYH 7KH D[OH ORDG RI EDVRBYJBQGWURERRRDV

DQG WRQV[43H VIXHHF /[IO'FHORDG RI IUHLJKW WUDLQV L\
WRQV WKMPFE8HVLIQDWLRQ D[OH ORDG LQ WRHNJDLOZD\ \
LV WRQV $FFRUGLQJ WR WKH ,QD/@GIHHEG 5D/LO0ZNW KW\V

DQG WKH ZKHHO GLDPHWHU IRU ZDJRQV DQG ORFRPR
UHVSHFWLYHO\ &RQVRITENQ@QDPQL\F WRHIIHY B DXBIQVG

IRU ZDJRQ DQG ORFRPRW LEGHVUWHMEGHFWE BHO\ UDLO SURI
FRQFUHWH VOHHSHUV DUH DVVXPHG |IRU WHKSHRIFGIHOLQJ
FRQVLGHUHG PP ,W KDV EHHQ SUHWEKIP HG WHKFDM WAUKDHF |
DQG QRW XDEAMKMKHUH LV QRROWRQDMWHXBIOQWORSH LQ Wk
W KDV WR EH PHQWLRQHG WKDW WG UQDVKMW PR GRQD®
WR WKH ZHLJKW RI WXHHWHDWHQLQ O W KSHWHHUWLFDO DQ(
LQWURGXFHG RQ WKH UDLO WKHVH LRUWKW PRIE IDS SAOR
DQDO\]H WKH ZHOG DQG UDLO VWUHVVHY DW WKH MRLQW

4 Modelling of Railway Track

7KH PRGHOLQJ RI D UDLOZD\ WUDFN IRQ 8 VEKEDZHHGGRIG M
ILQLWH ROWKRQGW $%$486 VRIWZDUH 7 FRHJWBHID W U@ HL J KW
PRGHO RI D UDLOZD\ VWUXFWXUHKH, Q HARKPHH WLLU VRM VWK H S
GLITHUHQW FRPSRQHQWYV RI UDLOZD\ WHHIXXFRPRRBI LV G
ubLOZD\ VI\VWHPV RI WKH ,UDQ V URLDZBMWD@EBWH RUN D
FROQAWH VOHHSHUV DUHDEKEWOHG LQ WKH PRGHO
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7DEOH
7KH SURSHUWLHV RI WKH UDLO LQ WKH ILQLWH HOHPHQ\
Rail geometric properties
Rail tvpe Head width Height Base width Web thickness
P (mm) (mm) (mm) (mm)
(
8. & 72 172
Rail mechanical properties
Rail steel |Yield |Ultimate | Allowable | . ,| Elastic [Specific
. .~ |Poisson’s
Rail type hardness |stress | stress | elongation ratio modulus| mass
(MPa) |(MPa) | (MPa) (mm) (GPa) |(Kg/m?3)
(
8. & 10 200

$OVRKH MRLQW EHWZHHQ WK H X\SZSR VUIDE OWWRHE W LIR Q @ H/G
ZHOGLQJ HOHFWURGHV LV GUDZQ VHBQVIDGHING TKH Z L
PP 7KH MRLQW LV GUDZQ LQ WKUHHJGVIMKRIZIQW. GDY BV I

 QMVKHFRQG VWHS SURSHUW\ VWHS  DSQJ®R SWKUHWLSHH/F L | L
RI WIOMWWHULDOV LQFOXGLQJ HOHFWURGHQHGDWA WEGE FR
PDWHULDOW KEHD VM® @GDUGY DQG WIHE WHOHYDQW UHJIXO

7DEOH
7KH SURSHUWLHV RI WKH PDWHULDOV LQ WKH ILQLWH HO

Sleeper (B70) properties

Sleeper type Fc (MPa) Ft (MPa) Section dimension (crf)

3UH VWUHVVH

Electrode properties

Electrode type |Yield stress [Tensile strength Elongation Welding current
0
(68% 2. 03D 03D ‘& $&
0
(68% 2. 03D | - ‘& $&
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,Q WKH DVVHPEO\ VWHS DOO FRPSRQHWWIHWKHWKH W
DFFRUGLQ@J DMRQ)WIKH IRXUWK VWHS WKH W\SH RI DQDO\\
LV VBPQDRBIFHVVHQWLDO DVSHFW RI WKH DVVHPEO\ SUR
FRPSRQHQW RI WKH UDLOZD\ WUDFN R¥UDLBWXJD®HODH S
IDFLOLWDWH UHDVRQDEOH LQWHUDFWDMIHHEHW DHHX) H(
VOHHSHU WR G DGGLDWILRHWWR WKH SUHFLVH SRVLWLRQ
FRPSRQHQWY GXULQJ DVVHPEO\ VWHSHQMW.RIQN DBOMR FL
DFFXUDWHO\ GHILQHG WR HQDEOH GLIUHBW URRIQRXHOADNLCR (
LPSRUWDQW LQ VXEVHTXHQW VWHSV VEFKSRY MXWMVP H YV k
QHHG WR EH VRIGQUHRA®HGQWRIURUP D VWDEOH DQG IXQFW
WKH PRGHO $0OYRWWHKBPMISRHHOREHWZHHQ WKH PDWHULDC
QH[W VWHS LQWHUIFKWRRDQWWWEDW WKH FRQWDFW RI
FRPSRQHQWYV LQFEBXGUQDQAD VONMHFSNOHNR EDOODVW LV
7KH ORDGLQJ LV DVVLIQHG DFFRUGLQJ KRDRV VEKKHQUDQ TV
GLVFXVVHG LQ WKH SUHYLRXV VHFWLRQ GURX@YWEBIU\ FR(
ORDG VWHS ZLWK SURYRBWOBROOWKMLDQBVYXWIUDGH
XQGHU WKH V@HHSHUV

7KH SURSHUWLHVYRDI-EI;I\AODTODHDD’MDIDQ’\ANIDKDGL‘QXEVH HOHPHQW PRG!
Iltem Eb (MPa) -9 Stiffness (KN/mm)
%DOOD 20

6XEDOOI

7R FDOF X\OMWIF) WKW L Q -\E B B ED\OW DVME WXEJUDGH WKH EI
PRGHO KDV EHHQ X@H®BK:V UHVH®WKHK K DVQIIHNDAAX E
DQG VXEJUDGH LV FDOFXODWHBNDYO RIKRNPBEDK HER/
VKRZQ LQ 7DEOH 7KLV VWLIIQHMYHMY KRBVHLE WUKHGY DW |
DQG LV LPSOHPHQWHG LQ WKH PRGHO

7KH VWUHVYV PHDVXUHPHQWY DUH VSHEDLJ DAMKD\W RIFLXHAH
EHWZHHQ WKH VOHHSHUWW HM REVPHU YWHG )WKDW WKH |
UHSUHVHQWY WKH ZHOGLQJ SRLQWVZ2KKEBHUB/K® \REDRQ YK
VHFWLHRWHZWKH DQDO\VLYV LV FRQGXFWHG OHVK VWHS L
SDUWV RI PRGHOLQJ DQG WKLW®HRBEEKOW, @ WAMRHRHYHKD WL Q
VWHS WKH QRGHV QXPEHU RI QRGHV ND QG HV G]HI IRQ HWBGK H |
7KH QRGHV RI WKH HOHPHQWV RI WKH QGHIFHVYYRQW FRPS
FRRUGLQDWLRQ ZLWK HDFK RWKHU 7KHWEGN R WKDAM FR
WKH QXPEHU RI HOHPHQWY LV DSSURSU IHDWIFHRKMLWFK PH
ZLOO LQFUHDVH H KMMKWHZEOBOFLQEBRDEYEXW LW VKRXOG QRYV
HUURUV
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YLIXUH
JLQLWH HOHPHQW PRGHO

7R HQVXUH JUHDWHU DFFXUDF\ LQ WKH LRMHHWHKHWLRQ E
FRPSXWDWLRQDO ORDG LW LV QMAHYQDWKHRWDW® HRRWH
FROQVLVWHQW FRILWKHVKBHHISHU V XSSHU VXUIDFH %\ PD
GLPHQVLRQV D PRUH SUHFLVH UHSUHVRQWDWLRIK RI V
DFKLHYHG ZKLOH VLPXOWDQHRXVO\ PLQHAIXILQHGWKH Y
)LQDOO\ DFFRUGLQJ WR WKH H[LVWLSHUVRWWHE DMXH D
WKH UHVXOWY DUH HIWUDFWHG WR EXR G RO Q\YHRU HD/WRHS
LQ WKUHH GLITHUHQW FDVHV IRU D ODF ARUHG WE U MHR § DWW

VRWKH DQDO\VLV RI WBEBHOVWUGE WVWKHH/NAIREE KRB MIRE QWK U H I
WLPHV

5 Results andDiscussion

5.1 Finite Element Analysis and Loading

7KH UHVXOWV RI VWUHVV GLVWUEEBR W\ RO L\QL\WR RN D6 Gk
LQ WKH YL BOMHG RQ WK HDPRMGIORU WKH WKUHH GLIIHUH
'E° DQG *ALJXBHPRQVWUDWH WZR FURVV VHFWLRQV RQ
DW WKH ZHOGHG MR LQRAURR FDWHLFR\QE REBQIHWMMRK WRKIHK EBUO G +
MRLQW
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7KH EHQGLQJ VA EY WHKR/HFDEXUWR BB 8 VD R 1GHOPMOHXIDM W H (
FULWLFDO SRLQWYV DW WKH UDLO LIQHFDX ®I1QE UHDE. O KE D
WKH MXRFWDRIR® ZHE DQG IRRW LQ ZKLFK WKHUH LV

7KH PHDVXUHG VWUHVVHY DUH VKRZQ LQ 7DEOH

7DEOH
7KH PHDVXUHG VWUHVVHV DW VWUHVV FRQFHQWUDWLRQ ]

Measured Stress (MPa)

point Pattern (a) Pattern (b) Pattern (c)

5DLO KH
-XQFWLRQ(
KHDG DQ
-XQFWLRC
ZHE DQG

6LOQFH WKH VWUHVV FRQFHQWUDW L REGRF@&UAHB VW QWK H

DOVR DW WKH HDGORIRRWL® KVKMWH BRYLQWOD XDV EHHQ L
LQ WKH WKUHH DO¥EWHUKMX OBV 1By WKH ZHOGHG MRLQW
IRU MIKMWHUQV 3D” 3E°~ DQWKH P DR[QE XPDWMHEHMNKLIING W KH
Rl WKH UDLO KHDG DQG ZHE RFFXUUHG @ W HDIGH KPD/'W W H L
EHHQ ZHOGHG EVMMHNWWEQWHREFWURGMX QKM IORZHRYW V
WKHKHDI®O DQG ZHE LQ WKH ZHOGHG FUREYV ZKHWHRQ RFF
WKHKROH KHDG DQG FP RI WKH ZHE KDYH EHHQ ZHOGH
HOHFWURGH 7KH UHVXOWY GHPRQVWUDWHGRWKDW WKH
SDWWHUQ 3F° D/\R BHBOBWMHRUMHSESRVLWLRQ 7KH VWUHVV Y
RI WIKODHHO KHDG DQG ZHE IRUPW® B Us BAR WABKBHR BFDG/WONU Q 3F
WR #HDQG LIFKH UHVXWOWDN QROIOMWILMHLQ WKH UDLO IRRW LC
SDWWHUQ 3*F° DFKLISHYHERUWKRFHHNRPSDUHG WR RWKE
7TKRD[LPXP WWOKWVLQ WKH SDWWHUQ 3F" IRU WKH UDLO

FRPSDULWRMQUAHIWVWKYDOXH DW WKH SDWWHUQV 3D” DQG 3E

5HIJDUGLQJ WKH UHVXOWYV Rl PRGHOKI® U DRG FUKRY VWHRY
FORVH WR WKH ZHOG 8 GI INRJIHIQW HDE B WZGIHIQ BAOKH VWUHVV
SDWWHUQRERMWEHE®W WKH MXQFWLRQ RI WKH UDLO KH
UDLO IRRW WKH PD[LPXWWMWWH VF Y B ORRF-EIVHHEG BV R
SDWWHUQV 3D’ DQG 'S PQIR BV SDPMRBHUQ\ WKDQ R\
SDWWHUQV

7R YDOLGDWH WKH PRGHO D FRPSUHKHQWILQ@H#H ID/D O\V L\
RXWSXWV ZLWK SUHYLRXV VWXGLHV WKSHRIDLBDDIOUH W
HYDOXDWHG DQG FRPSDUH®@ BIUWR UWWKRYVHDRLFKF K DY) MG ®
OHDIOHWY DQG VWDQGDUGYV 7KHDOKWXOSWH GQ BWHISWHE\G\
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PRGHO IHOO ZLWKLQ D VLPLODU UDQJMKGDRWW KRKXVREW
FRQILUPLQJ WKH PRGHO V DKNRMHYIVERQD Q® LUH @ WRJEHLVOAHNA
@

5, Mises

{(Avg: 75%)
+9.733e+02
+8.922e+02
+8.111e+02
+7.300e+02
+6.48%+02
+5.678e+02
+4.867e+02
+4.055e-+02
+3.244e+02
+2.433e+02
+1.622e+02
+8.112e+01
+1.764e-02

Pattern a
rail cross section

YLJI XU H
BWUHVV GLVWULEXWLRQ LQ WKH SDWWHUQ 3D"

S, Mises

(Avg: 75%)
077e+03
.8744e+02
.976e+02
.079e+02
.181e+02
.2844e+02
.386e+02
1.4189=+02

3.591e+02
.693e+02
. F96e+02
.982e+01
F57e-02

Pattern b
rail cross section

YLIXUH
BWUHVV GLVWULEXWLRQ LQ WKH SDWWHUQ 3E’

g4 A



ActaPolytechniddungarica Vol.21, Nol, 24

S, Mises

(Avg: 75%)
+9.868e+02
+9.046e+02
+8.224e+02
+7.401e+02
+6.579e+02
+5.757e+02
+4.934e+02
+4.112e+02
+3.290e+02
+2.467e+02
+1.645e+02
+8.229e+01
+5.805e-02

Pattern ¢
rail cross section

YLJIXBU H
BWUHVV GLVWULEXWLRQ LQ WKH SDWWHUQ 2F’

5.2 Field Investigations

%DVHG RQ WKH UHVXOWV RI ILQLWH W®HPEXQML R GIQOWE
SDWWHUQV 3D’ 32E° DQG ER QBUURZHOS HG MRILQWP HWK |
UHFRPPHQGHG WR XVH SDWWHUQ 2E " HIDVH AW H RRERHAWLIDI W K
QDUURE ZHOGLQJ LQ ,UDQYV UDLOZD\ QHW @ RUHF WIKRIQZ/H
LQUIKDEMHHQ FRQGXFWHG E\ QDUURZ JDS ZHOGLQJ PHWKF
VKRZQ [7QD)LJ

TKEKOWUDVRQLF DQG SRUWDEOH KDUGREXWKMIHVWY KI
SHUIRUPDQFH RI ZHOGHG MRLQWY DIWHWMKMWKMEWMDOYBLQJ
VKRZHG WKDW WKH SHUIRUZUPVQPHFRSEVWEDGH D QR LVQK\HY
SURFHEHKOQOWSRQH DFFRUGLQJ WR WKH UHFRPPHQGHG L
RI XOWUDVRQLF WHVW/ L&Y GHPRQVWUDWHG LQ )LJ

$OWKRXJK WKH QDUURZ JDS ZHOGH QZIDP HRUK RI® LLO/ NDR Q@&
ZHOGLQJ LQ LWV SULPDU\ SURWRW\SHVQIGDEBWDEG DQ C
RQ VWDWLVWLFV DQG OLPLWHG WHYWWKDR® UNLOZO\EW WD/
RQ D ODUJH VFDOH L QAW KPS B DWISHN M G\GR SKOWW \L VW K H

UHODWLYHO\ QHZ DGRSWLRQ RI WKH QDU UREZQZ® ZHOG
LQGXVWU\ 'XH WR WKH OLPLWHG NQRZOHGJH DQG

LPSOHPHQWDWLRQ WKLV ZHOGLQJ WHF KQIOTKKFHWKITEY EH |
SURM KKRFWIDRNK/ HT X H QWOIF DWRHWH RI LQIRUPDWLRQ SHUW
QDUURZ JDS ZHOGLQJ PHWKRG QHFHVVLVMDWK®J IXUW
FRPLQJ \HDUV $V WKH LQGXVWU\ SURVU®.Y \DFMWYW H Q/WLL\R G
ZLOO EH GLUHFWHG WRZDUGV H[SORUDROU DR JDISILQLQ
ZHOGLQJ PRHWKBIGOZD\ DSSOLFDWLRQV LQ ,UDQ
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YLJIXUH
D :HOGLQJ SURFHVV E\ QDUURZ JDS IZH @/GIVQVW IRRFWKIRICO EH OIGWY X O

Conclusions

,Q WKH PRGHUQ UDLOZD\ V\VWHPVW RXHN KB UOWRH FRULR q
&RQWLQPORIHG &BLWUDFN $FFRUGLQJ WR MKW SHG L F W
VSHHG DQG D[OH ORDGV W KLH) RY H DRAH&WEK W W/IDA N W\FB® G (
RI WUDLQV 7K HRHWXRG 8 L R H WBHINL @ NEQAHRDD H
WHOGL®JFRPPRQ PHWKRG LQ WKH FRQRIWIIXFIWLRQ DQG
ZKLKOV DGYDQXWRJIJBIY DYDLODELOLW)\ NDOQUAUGRIESZHU FRVW
WHOGLQJ SURFHVV WZR W\SHV RI HOHFQHMGHR/QBEUH X
HOHFWURBUDAMLMRKQ UHVLVWDQFH LV XVHG IRIDMWXH UDLO
ZHE DQG IRRW ,Q WKH$% U2UHQMOHRWHRGAHK LIV FRQVLGH L
WKH UDLO ZHE DQG DRRW IDQIBFIVY RE$ IRU WKH UDLO KHD
OLPLWDWLRQO/GR QW RHW K R GF RIDKFHH |$ QRRGRIMEEHK D U G H U
HOHFWQ RGH UDLO KHDG LV OHVV GLVFRDWWEHUQWIRIL
ZHOGLQJ WKH UDLO KHDG LZQ YWKV W U G W Y G EDNGHESVFBRRGSHHO BI (G
DIQUOWHPHABWKRG ,Q SMXWMWHUQ D" KHRIGWHKHZUDIGO G
E\ WKH KDHEWURGH 3E) WWKKHSZIKRWHUUDLO KIWDLG SOXV
ZHE LV ZHOGHG E\ WKH KD SGMWWH OB FW U RGHKHDIXR 06 WK
ZHOGHG E\ WKH KD UG H U RH CPHRFEGNHOR/@H IBNENE GULHANWKDLVEX W L F
WKH PHQWLRQBG LSFDWWBUQKDW LQ WKH ZHOGHG MRLQW
MXQFWLRQ RI WKH UDLO KHDG D Q GK DHEWNAYHMMMH YDOOXW H U
DW WKSRADPM LQ WKH SDWWHUMKHDDLDQE®RW WRMRPDQL
VWUHVV YDOXH LY WKRISDKHVPD[Q PRP VWUHVV YDOXH RI
$FFRUGLQJ WR WKH PROEDOQULWHMXEBWYWL@E VWUHV

UHFRPPM@ERGCKGH S DLVQWNAKBQLRES/ H O Giie@/XK R G
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Weight Optimization of Tower Structures with
Continuous Variables using JayaAlgorithm

ODNV\P *UJ\ZL VNL

&HVWRFKRZD 8QLYHUYDWXQRW \7 REXKQROFIINQ J
'DEURZVAWLHJIR &IHVWRFKRZD 3RODQG
PDNV\P JUJ\ZLQVNL#SF] SO

Abstract: A popular metaeuristic algorithmnamel Jayais preferredto solve the problem
of finding the minimumveight of tower structuregoints coordinates of free nodesdathe
area of bar elements are constrained using the lower and upper bounds ofiésage
variables forshape andgizeoptimization, respectively hE constraits used in this study are
the Euler buckling, allowable stresand dsplacementThe presented algorithis tested
with two classic benchmark problemthe spatial truss tower with 3®ar and the
transmission tower with 278ar. TheJaya algorithms coded in MATLAB environment and
implemented into the linear finite element salver

Keywords: weight optimizationtower structures shape andize optimization continuous
optimization Jaya algorithm

1 Introduction

7KH IHDR/SWOPRDO GHVLJQRVRDQIWHINFWKROBVQUR QHH UV LQ
SUDFWHIHPLQLPDO FRVW DQG WKH RSWLPDO JHRPHWU\
EDVLF SXUSRVHV RI WKH HQJLQHHUV Z QMR G®HFIRIQL\GJ W
WKH FRQVWUDLQHG REMHFWLYH IXQFWXRW X UH \D ZH W.IQ W
KLJK UHOLDELOLW\ O0DQ\ RSWL PZIHW H) QURWWWE P \L. Q ROX G
LQQRYDWL Y HD QFEDIIRVM MWFIOVP HW K R G V

8QWLO QRZetaRBIGU PHWIKIRIBYH EHHQ ISRIMAR/HH QAWHIK FW X U D O
RSWILWLRI) SUREOHPV 6RPH RI WKH PRVWSBSXODU RSW
GHQHWURULWKP 6$ 6LPXODWHG $QQHDOLQJ 362 3DUW
+6 +DUPRQ\ 6HDUFGRURQE&FW2PE]DWLRQ

,Q WKH UHFHQW \HDUV -$ U+DJ B Q3/QRHERURWVODDPH XD VV W L F
WHFKQOQMXEW D YHURVPR SOGIRIBEWY RWRMWHFLILF SDUDPHWHU
0ODQ\ VWXGLHY ZHUH PDGRUENMRSWQ P WBEWDRQHYV VL]H LQ
FDEWOMD\HG ZHWDGDHD OJRDVWKKERHGEWPDFD HRAS VB OP XP @
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GHVLJQ RI VWHMNOSUHEHIBGHEUDFHG GRPH VWUXFWXUH\
QDWXUDO IUHTXHQF\ FRQWWUZ D LW VIR X MWBLH G E \
DO > @ NRWMEHIFKPDUN SUREEBRYV "WUKLERY " WHQ
VHYH@EDU DQG -KXOWGRMHE\ 7/%27HDFKAKDUQLQJ EDVHG
RSWLPL]DWLRDKH Q@ SRMLIPWKKPWVLRQ R | VESDWADW® WUXVV WR
EDU DE®BDVHG RQ 5DR [DOYURQEMEP\ZDWNL > @

2 JayaOptimization Algorithm

$V D SRERSWLPL]DWLRQ P HWRKSRBBIWHKEOWB G EADSDR >

@7KH PHDQLQJ RI WKLV QHZ DOJR&LGAKNULW VOO IX DB W
7KH EDVLF UXOHV RI WKLV PHWKRG DUBZWR IHRR WM KWMK H
ZRUVW VROXWLRQ LQ D SRSXODWLRQQRB@AMIP\LWD R/IL VG H S
SUREQKR PDLQ SURSHUWLHV Rl WKLRW GDRUDWKPHF L OV
SDUDPHWHRBXWRWIOH RSWLPL]DWLRQ SURFHBVHG.NH WKF
DOJRULWKPV -D\D QHHG DQSPCOWWHRQ/H D JHQHUDWLF
7KH JHQHUDO HTXDWLRQ IRU -D\D LV JLYHQ LQ (T

258 2500 Mrk2ouF +ut 0 RylNK 26 0F +idut 0

/ H B g Lahons W KHGM VLI Q Y D U L'DE BWL IRURW KWK ® SRSXODWLR
EHILQQLJL WHWRMHIEEL V WEE DB/WIG) Q Y DOMIE OH
Nro DUH UDQGRP QXREHURKRRUFKIBRP 3~ WR 3 ~

7KH -D\D DOJRULWKP KDV RI IROORZLQJ VWHSYV
ILOUWHILQH WKH VL]H RI WKH SRSXODWIRRR 3Q DQG W
QHWRIUBPGHWIKWVHHLQLWLDO SRSXODWLRQ UDQGRPO\
DOJRULWKP ILQGY WKH EHVW DQG ZRUVW VROXWLRQYV
DIWHWIOR&NLQJ IRU D QHZ VROXWLRQ LQ DFFRUGDQFH

LI WEEDWRIDXWLRQ LV EHROWH W MWH/ROWWHR KOG/ XVHG |
WKH QH[W LWHUDWLRQ

LI WKH WHURWHDWRRQYWRGFDSWKIMNAR L HDBWIR QVR VWHS
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3 Optimization of Tower Structures Problems

JRUPXODWLRQ RI GHVLJQ RSWLPL]DWLRQ RDWOXGHV Wk
VWUXFWXUHV VXEMHFWHG WR GLVSODFHKMHGWVLMWUHVYV
YDULDE O HHM B W LW KBIURD FBVE RQR Z

REWDLQ #=] #g #g ®, #3(
WR RSWLPLT = A2 # A3 6 6T )

ZKHOMH, T LV WKH WRWDO WALWFRRNRUDHD RZBNI RM] D W L R Q
FURNAWFWLR® QIRJBIDMR LFRR UG L QWWHI M HRQ R G KB SBIV
RSWLPLHVISRHE&YDLP.BOY WKH GHQVIRV\EDQGEABOBWW

DQ&G DUHQWKHEHU RIDDGR WK H PEORE HB HRIHQWARKX §V
UHVSHFWLYHO\

7KMWUXFW X U DXV A QMW WIBULKY WW X G\
IRU WHQVLOH PH&RESUV G=12,..,JPI )

for compressivemembers, &, ” é? G12,..,37?1

ZKHBHLWKH FDO\/F‘\/b(,l(])@\m\/ﬂQ5 LV WKH DWOERXYXDLDBPBHDQG WKH
FRPSUHVVésy U WWSHFPRWY PHOQ G WIKWHH3I@Q/KRMH QXPEHU RI WH(
PHPEHU DQG WKH QXPEHU RBEFHRPBUHWO®LYH PHPEHU UH

&Q & G12,..,32] 6)
ZKH&HV WKH (XOHU EXFNQLQJ DQG LW LV JLYHQ DV
0= Ag/@@" G12,..,37I )

WKHUHV WKH HODMWW L LK\ BRENUD/ER QKW FRYVWUDLQW
IRU B/IKHSODEVREQMQ EHORZ

ldd "daoe E12..,JJ 8)

WKHAHWIQRRGD O G L VS D DIOFRHRIWE O H GILIDKRABDIFGH H Q W
QXPEHU Rl QRGHV DQG QXPEHU RI EDU HOHPHQWYV UHVSE

#ava #e " Haoe G1.2,..,J1 9)
Taua” To” Taoe E12,..,JJ )

7R REWDLQ EHVW VROXWLRQ ZLWKRXW WKBWPWIGRODWLR
DOQRWKHU IRUP WR LQFOXGH WKH HIIMFWRWMOAWEH FRQVW
KRSHG WKDW WKH RSWLPIDIBWYRRREDROE DRIGHRIENIORDQILQ G

SHQDOL]J]HG REMHFWLYH IXQ&WLRQT)S LV REWDLQHG DV

Ao3 A
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(L= 9(# M1+ %L )

7KH SH®IBOREMHFMWYRIQ LQFO XGERODWEKR EFRGHY V
YLRODWH® DV

. aa . au
%E | cgt | Cp )
U@s b@5
__ ldi
v daos )
L
"7 &0 )

4 Testing of theJaya Algorithm

7KH -EDU WUDQVPLVVLRQRROQXMMWQ WRXWHIGEIVMWIKQ YDULDEO
EDU VSDWLDO WWRQWIRZXRXVZ IGWKLIJQ YDULDEOHV ZHUH
SHUIRUPDQFH RI WKH -D\D DOJRULWKPWDINKHE H WRNPU X FW
OLWHUDWXUH 7KH SUHVHQW W K NV K HI LSFLLRHSIR\Y HD& G OV IR IS
WKH EHHDWIEBEGHEROXWLRQURPWWKOQWEWXG\ ZHUH FRPSDUH
SUHYVRXWGLHYV LQ WKH WDEOHYV LQFOXGHVHRWO GHVLJ
LQGHSHQGHQW UXQV ZHUH FDUURH® KRHX WD VDRDWOKIRZJ) IMWAKKH
7KH -D\DhDORIRWIL ML ] D WILRD DVRROQYPGDUG OLQHDU HODVW!|
VROZHHWRIGAHG LQ WKH 0$7/$% SWKHIPRWIK®Y SDSHU

4.1 The First Numerical Example: 39-bar Truss

7 K H. UAYWAU X A Y\DXPUEIDRE DUWS DW RDE Y HQ ) LI X U HW PHZY MWK Q J

DQG VKDSH R3MILP W R IVH R EHI RENX.U B6HE MHDW HD O

> @ 'HGH $\DQHB-HMUu@HW DQQSX@ I R WIKLV ZHDWP S OH
JLYHQ 7DEIDMG WKH HOHPHQW VQ FORIRFHFGIMUMWN VD Q G
SUHVHQWHGPRQDWEH WRWDO INMHUGR B/HW RV RS KIHQ\GWELR
QRGHV KDYH ILDHG SRVAMIRHUQRGHVY FRRUGLQDWHV |
GHVLJIQ YBWLMKIHWRB RSWLPL]DWLRQ SWHKMBS\H [LQDC
obtalQHG XVLQJ SURSRVHG DOJRUIZW KR P DILY HAXK H QU H\IXKA
ZLWK WKRVH JLYHQ LQ SUHYLRXV VWXGHH®LWWHS RSV L
7DEOH

7TKH SRSXODWLRQ VL]H DQG QXPEHU RUHWSHMWLYRI@®Y L'
7TKHDYD DOJRRUQAKWKH EHVW DEUDIQHVIWRG DFWXDOO\ R
DQ RSWLPXP GHVLJIQ ZQWIKIWWKH LV SUHVHQWHG WKH FR
IRU WKH EBQWE VUHWXXMW LV VKRZQ UHVXOWYV RI LQGHSEH

fo4 A
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FLIXUH
TKHOUMBSOHWUXSPBWUBRZHEHIIRUH RSWEPIWBW IRRSQVLPL]DWLRQ

7TDEOH
ODWHULDO GDWD DQG WKHUSFRWUNWBRVHQWY IRU WKH

BURSHUWLHY FROUWWUDLOIWO/XH QRWHYV
ORGXOXV RI HODJ| ( *3D | 210
ODWHULDO GHQV| U NJ)P

240 IRU WHQVLRQ
F240 IRU FRPSUHVVLRQ
'LVSODFHPHQW F| U FP IRU < GLUHFWLRQV

6WUHVV FRQVWUD& QWD

1RGDO IRUFHV ) N1 “ IRU < GLUHFWLRQV

- #
a A [
(XOHU EXFNOLQJ| é 03D %Q—E;

7DEOH
,QL\® DRI W E BWS D WUNGRZ H U
6KDSH YDULDEO 6L]H YDULDEOHV
MRY [ P| \ P[] P| FURDWH QR®HRGH
$ - )
- - $ - - -
- $ - i -
$ - - -
- - $ WKH UHPDLQLQJ §
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JLIXUH

&RQYHUJHQRH -EDWB/RWUXYYV WRZHU

YJLIXUH

S5HVXOWW AR QMRN | R-EE DMBMMIVDWDX VYV WRZHU

7DEOH
2SWLPDOIRWNKMEOMNE DWURYY WRZHU

'"HVLJ *URXY '36200% 7/%2 | D-ICDE -$
YDULD| PHPEH > @ > @ > @ 7KLV V

$0 FP

$ FPp

$ FP

$ FPp

$ FPp
6 < P

= P
8 < P
9 = P

< P

= P
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© NJ
0)( 18

W ZHLJKW 0)( PD[LPXP IXQFWLRQ HYDOXDWLRQV

4.2 The SecondNumerical Example: 272bar Truss

TKNHFRMWAU X HWXRJDAH LV VL]HRR SWKEP DD WIWRD@ VPLVVLRQ
WR2ZHREQ )LIXAKHYV WRZHU VWUXFWXUH ZDV SUHYLRXVO
ODVVRXGLRYHK® =DHULNGIGYEKE D@ >

7KH <RXQJYV PRGXMQGLWKH PDMDRZDEOH VWUHVVHV IR
“ 03D7KH PRUH LQIRUPDWLRQ DERXW PRGHO QRGDO F
PHPEHU JURXSLQJ DIDQW/ RRGBOWH® QVRRNIZHLBQV JURXSHG
LQWR FRQWLQXRXWVKGH QOLPQWEORVYUDER NDULDEOHV RI F
VHFWLRQDO DUBQS® DU WREHRXQGYV DQG XSSHU ERXQ
UHVSHFAWIHY WRAHDQK BV | | H U Ha3es DR-D GH@YDLOV IRU WKHVF
DUH JLYHQ L7XH VBOUWXD O FRQVW U D LGILW'$ O.IF MRKHHQ DN B UR
OLPLWMRS L-@G JUHFW L RRP DERGMKQEGLUHFWLRQ IRU WKH MRL

YJLIXUH
7KH VHFRQGKHDEBOHVMDQVPLVVLRQ WRZHU
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7DEOH
/IRDG FDVHV-EFRDWWWKWDQVPLVVLRQ WRZHU

/IRD JRUF 1RGHYV

case GLUHE OWKHU
Fr N1
F\ N1
F, N1 - - - - -
Fr N1
F\ N1
F, N1 - - - -
Fr N1
F\ N1
F- N1 - - - -
Fr N1
F\v N1
F, N1 - - - -
Fr N1
F\ N1
F- N1 -
6 Fr N1
F\ N1
F, N1 -
Fr N1
F\ N1
F- N1 -
8 Fr N1
F\ N1
F- N1 - - -
9 Fr N1
F\ N1
F- N1 - - -
Fr N1
F\ N1
F, N1 - -
Fr N1
F\ N1
F- N1 - -
Fr N1
F\ N1
F- N1 - -
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7KH RSWLPXP YRORBMUDIQWRHVVLRQ WRZHU IRXQG E\ -D\
VKRZQ LQ 7IOHE ®RISWLPL]DWLRQ UHVXOW LV WINDVDPH DV L
DOJRULWKP ILQG RSWLPDO YROXPH DVWSIWHV HQ W& B OWKH
FRQYHUJH KLVWBHVXRW W KOH) E HVWXUHKRZQ UHVXOWV RI
LQGHSHQGHQW UXQV

YLIXUH
&RQYHUJHQFH KLVEMRUWIRDOQWRHVVLRQ WRZHU

JLIXUH
5HVXOWV RI WKH L QG H SEMG WQW QMRLW VREQVWR ZHU

Conclusions

,Q WKLY DUWLFOH D SURSRVHG SR$SXQ@WVUSHBWUIPULHOBWRR
WKH RSWLPL]DWLR[@® RS OHWIUKIFANED D) GV-EB U WU XVYV
VSDWLDW WREHWDOLGLW\ RI WKH -$ LV GHPRQVWUDWH
VWUXFWXUHYVY %\ WDNLQJ LQWR D FW¥BRQ@WW KAKHHF G DIU H U\
GLVSODFHPHQW DOORZDEOH VWUHVD\DDDRGJRWHNWKIFK IEX F
WHVWHG | RUD WXKHGRPRIGQMIWH REMHFWLYH SUREOHP

7KH -D\D DOJRULWKP G RDWUDIPW W DD P\ RSWFPALRB RSWLP|
SURFHVV %\ WKH KHOS RIDWHKRVILWERRRIWQCBY RMFKVH PRID'
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DOJRULWKP :KHQ FRPSDUHG WKH IHDVLWERHVRSBWAE®D O V
XVLQJ -D\D DOJRULWKP ZLWK WKRVHHRHDYIO® VLWDBWHG LVREE
WKDW WKH -D\D DOJRULWKP FDQ EHI HI$SBRNDYOH@\RXMHC
VWUXFWXUHV
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Numerical Study of the Effect of the Shape and
Area of Shallow Foundations on théBearing
Capacity of Sandy Soils

Ammar Alnmr, Rashad Alsirawan

Széchenyi Istvan Universitiegyetem tér 1, H *\ U +XQJDU\
DDQPU DPPDU#KDOOJDWR V]H KX DOVLUDZDQ UDVKDG#V]

Abstract: The ttlement and bearing capacity of shallow foundation models with different
shapes and areas aohesonlesssubsoil under the appliedertical load are presenteth

this study Different shapes of foundations with rectangular, squstrip, plus horizontal
crosssectional shapes are numerically studied after the validation on the laboratory model
has been conducted and the constitutive soil model that simulates the belb&wandy

soil hasbeenchosen. The result of the validatishowed that the HS model is the most
suitable forthe simulation of stressleformation behaviar of sand The effect of the shape
and area are clearly visible and greatly affects the bearing capacity of thelseilstudy
generally compred Vesic's Hanen's and German’s bearing capacity equations and
showed that Vesic's and Hansen's bearing capacity equatiertsest suitetb the bearing
capacity computed from numerical analysis by Plaxis3D. Finally, as a geweld of
Hansen's bearing capacity equati a new equation of plus shape foundation bearing
capacity has been determined.

Keywords: bearing capacity;sand ¢ohesionlesssoil); shallow foundations; foundation
shape

1 Introduction

The settlemenD QG EHDULQJ FDSDFLWN®FHMK BAMRIL O/ PDSIHL Q1O
DQG GHSWK RI WKH IRXQ G DWLIRK \E KD\V LFHD@®O DI\G VP K IF KR
SUR 'S HOUQ/ELLHOM R U FRH PHIQNLY RL BV *HQHUDOO\ IRXQGDWLRC
FODVVLILHG LQWR VKDOORZ DQG GHHS WRRYEGDWKRWYYV
WUDQVIHU VWUXFWXUDO ORDGV WR GHISAV KR 56 FERI\GILUQYJ D
WR 7H[#]DDKVKDO CIRELFREX\VRKEDRWQ LV O D L & IIWDG®HSWXR W

H[FHHG WKH IRXQGDWLRQ V6®WIXEW K V%FRRUGXFWHG ODW!
LOQGLFDWHE IREDMDOORZ IRXQGDWLR[QM2FDQ EH DV KLJK

6KDOORZ IRPQBDYWW RWQFRPPRQO\ XVHG W\SH RI IRXQGI
6HYHUDO EHDHIXDWREBRQNLBYVRSRVHG E\ GLITHUHQW DXW
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GLITHUHQW FRGHV DUH DYDLODEOH WR RDOQRA@DB\W WKI
IRXQGDW4E RHR ZHH YHIO | HHWEVRGPHYDOXDWLQJ EHDULQJ FI
\LHOGGITHUHQBWXBWNXOMQOWO\ RQH VKRXOG HVWLPDWH Wk
VHWWOHPHQW RI WKLV W\SH RI IRXQGWR LRHD BIQOWD IR X
SRVVLEOH ZKLFK ZLOO HQKDQFH WKH VHBRHFWLRQ G
IRX QG DiVL\RWQURKIFW XUH

6KDOORZ IRXQGDWLRQV FDQ EH EXLOWSRG XD PDULGI®/\ R
H[WHQVLYHO\ XWLOL]HG DUH FLUFX®ZHYWRNKIRHO\DQG V
WKLQJ WKDW GKHP URIEROLORWHK/HU LV W KWHBWLRWIMR QW D
Extensive UH V H DSUE K HIKODU U L lR® RXKAH HITHFW RISIRRQGDWLRQ
VHWWOHPHQW DQG V[RLI6]; EH[B]Le QI0]F[DLE [LE]1 [},

[14];[15];[16]) +RZHYHU WKH\ GR QRW DFFRXQW IRU WKH VL
RQO\ D IHZ VWXGLAVISIVHEHK WKDW RI@FXWKIVS HG
IRXQGDWLRQV FDPH WR WHG®JHARIRK@GILR QR @K DPU JRXO &
EHWWHU WHIDE N TRHEQBQMWRAEHVRDMRULW\ Rl WKHVH V!
PXOHMELIH IRXQGDWLRQV ZHUH FRQGXFWHG RB VPDOO HI¢
WR VROYH WIQMBNRHD [PRAXHWHD RIVWKH EWRGLQJ FDSDFLYV
VKD OIRKD G OW]LRAPHULFDO PRGHOOLQJILWW\QHG 3R, 6
MRGHO VHYHXYDG)WEEDVKDSHYV RI IRXQGDWLRQV

BWXG\LQJ WKH HIIHFW Rl WKH IRXQGDWLRQ VKDSH R
IRXQGDWLRQ VRLO D Q ® DERW DWHRUN ORI MQ WO BX LPUHHW
FRQGXFWLQJ D YHU\ ODUJH QXP.BHY HJ OB ERGDWAEXOM[\S
FRQGXFWLQJ WKHteér KISKUDRMWWAM|H PXOWLSOH VRXU
LQDFFXUDF\ LQ WKH UHVXOWV LQFOXWD@H DIFXLBIG OQ.
H[SH U FORVQ Z H 0K B VJ U H DVG HW IRRMHN, UBHKTEK LILBGWH HOHPHQ
PHWKRG ZDV XVHG WR FDOFXODWH WKHDULPHEOHADO EF
ZHUH VWXGLHG PRUH H[WHQVLYHO\

7KH DLP RI WKLY UHVHDUFK LV WR VEXGHWKIHONRLO El
EHVW HPSDWIF®D@ RMTEHDULQJ FDSDFLW\ ZKHUH WKH FR
QXPHULFDO EHDhE QB D SBIWMLW\DQG *HUPDQ HPSLULFDO
EHDULQJ FDBDBELWG RXWWF

2 ResearchMaterials and Methodology

7KH DQDO\WLEDO XFHWBRRGWKH REMHFWLYHVY RI WKLV |
DFFRUGLKLRKA WRROORZLQJ VWDJIHYV
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2.1 Laboratory Experiments

6 XIILFLHQW ODERUDWRU\ H[SHULPHQWYV ZHUH FRQGXF
GHWHUPLQH WKH VSHFLILFDWLRQV RI WKWRUDQG XVH
H[SHULPHQWYVY ZHUH FDUULHG RXW LDQW KIHR >XODERW DRWRW '
DW WKH )DFXOW\ R} Tshrédn@n{v@rdityQHHULQJ

7KH JUDQXODU JUDGLHQWIWXZUDH IRK Y& RZIQDMQ WKH FRHI
XQLIRUPLWYW &XtBRIGFRHIILFLHQW RI FXUYDWXUH &] ZD\
FODVVLILHG DV 63 3RRUO\ RUBDKH G BIDIQIBC BRERPULD QY VW
6\VWHP 86&6 7TDEOH VKRZV WKH UHWXORYW RQ ® BAR U
UHODWLYH GHQVLW\

7TDEOH
7KH WBHRMX@MERUDWRU\ H[SHULPHQW\Y RI VDQG DW UHODWLYH
Parameter Value Parameter Value
eprD| 0.656 G ) 2.65
€min 0.402 ErncN 1 2P 40000
N 1 3):) N1 P ¥ 3 34
N 13p 21 c N/ 1.1
YLIXUH

7KH JUDQXODU JUDGLHQW FXUYH RI VDQG

2.2 Determination of the Constitutive Model

7KH YDOLGDWLRQ RI WKH QXPHULFDO PRRGOMLGERUWIGH IL
YLWDO WKURRIKOMWKIHDFRRPHULFDO PRGHO UHVXOWYV D
7KH YDOLGDWLRQ SURFHGXUHV VKRXOG WDNH LQWR
FRQVWLWXWLYH PRGHO JHRPHWULRIVL®BERQMIADWH@RELH
WR REWDLQ D VDWLVIDFWHRRRGH.SUHVHQWDWLYH QXPHU
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2.2.1 Laboratory Model

7R VHOHFW WKH FRQVWLWXWLYH PRIGGHO BROVERUDWRU
Rl PHWDO F\CRXQUBWHKDGLPHQVPRQIDRIHWH Unm|[

KHLJKW |ILOOHDBUHIOMDKY VDK &G QW LW\ RXODU PHGVDWR P D
IRXQGDWLRQ ZLWKmMBGLPHQVLR®V WKLFN SODFHG RQ V
DIRUHPHQWLRQHG VORWLRALADV/IRBUBRKXKG ZLWK D YHUW
FRUUHVSRQGLQJ VHWWOKIH HEALW HODA RUE BRU BYWEH P R
VXIILFLHQW iZKHWHUWKBOGKH VPR WLPHVY WKH GLDPHWFE
FLUFXODU IRXQGDWLRQ KOBG.BWLKPHH K HALK K WG RD PWKVHH B RR |
IRXQGDWLRQ ZKLFK DUH VXIILFLHQW G BRHRQW URIQ¥VK/ R W
WKH VLGH ERU®IKBULNGHR WHHORIRIHFW RQ WKH UHVXOWYV

YJLIXUH
ODERUDWRU\ PRGHO

2.2.2 Modelling the Laboratory M odel using Plaxis 3D

7KH VDPH GLPHQVLRQV RI WKH O WERRHMMMRBIL\ PRGHO :
JHRPHWULF GLPHQVLRQV RI WKRGHXPHUME®D® PRGHO

GLPHQVLRQD@MRPRIBEMWOZDY XVHG VLPLODU WR WKH ODER
VLGHV RRGHBEZBIGORQO\ YHUWLFDO VHWWOHPHQW DQG \
ZDV IL[HG 7KH IRXQGDWLRQ KTPG DQFE WFKKHD DRIX QIGIDSMHL R Q
EHHQ GR@GVD ULJLG HTXLYDOHQW WR D XQLIBUPO\ GLVW
RQ WKH VRLO WROQNMOFRH V)P HMWD\ RQO\ D TXDUWHU RI

PRGHOXHG VKRZV WKH QXPHULFDOIRPBRKH M XERGDWRED (
PRGHO
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YJLIXUH

IXPHIDRPRGHOWRD-OE\VERW ODERUDWRU\ PRGHO

7ZR FRQVWLWXWLYH PRGHOV MKWHH OOBRI I RVLPXR® ML
+DUGHQLQJ VRLO PRGHO +6 EHLQJ RQHORKUNKH DGYD
&RRPE PRGHO 0& EHLQJ RQH RI WKH PEBWGHRPPRQ DQ
7DEOH DQG 7DEOH VKRZ WKH SDUDPHIBHUWRRI HDFK
O D E RN D¢ffientsRQ WKH VDQG XVHG LQ WKLV VWXG\

7DEOH
6RLO SDUDPHWBRGEHOVHG 0&

Parameter Value Parameter Value
N amd) 17.6 %) 34
N13p 21 & N12pP 1.1
N12p 29500 ) 3

7DEOH
6RLO SDUDPHWBIRGHXOVHG 0&
Parameter Value Parameter Value
N13p 17.6 & NB®P 1.1
N id) 21 N °) 34
N1 2P 29500 ) 3
N12p 40000 Q - 0.2
N12pP 120000 P -) 0.53
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)LJ VKRZV D FRPSDULVRQ EHWZHHQRWKID DX O/WHW R
UHVXOWWRRIDWIRRH\OPRGHO XVLQJ WKIRERQ@ WHDILMWMDXWUYH P

YJLIXUH
&RPSDULVRQ EHWRH MK N RN PHMEDW VP R G WE HD Q6 BRI WRVUX PR & H O

"KHUH T LV WKH DSSOLHG VWS HKEhe QR EGUFMNQU URIRX® G
U K@ BettlementD Q83s the FRUUHVSRQ G L QI WKV W D% RIOPIWW H Q W
H[SUHVVHG LQ D OQ R® G DRHQHL &8 DMCHEIREE R |
UHVSRQVH LV QRW DIIHE3VHG E\ WKH VFDOH HIIHFW

In)LJ D JUHDW deRFO@RH&HBERWZHHQ WKkt OBERBRWY RI
H[SHULPHOQAVR/ROAAL® J IXWBRGHDKLY LV FRQVLVWHQW ZLW
ILQGLQ2BY IR LV DMK MWOWRECESI® XAd3 VRLO EHKDYLRU PRUF
DFFXUDWHOORMKDD XE@WLO UHDFKLQJ FROODSVH 7KHUH
CRQMWLWXWLYH PRGHO LQ WKLV UHVHDUFK

3 Results andDiscussion

$IWHU LW LV YHULILHG WKDWe WRHPRRE @ QWULNMOWMEWY PARK
stressstrt DLQ EHKDYLRXU ZLWK DFFHSWDEOH DMFKKHUDF\ FRP
ODERUDWRU\ PRGHO WKHFR@B8MNBWHIO LOQWGGIKW RI1 WK
REMHFWLYHV WKURXJK D SDUDPHWULFRYVWXGOEBRLLIIHL
IRXQGDWLRQYVheVAs VGIHRDHOUB HOBWLRQVKLS RI WKH EHDUL
VRLO

,Q WKLV VWXG\thaMRX GHI DHWIDRBIDAKDSH RQ WKH VRLO E
FDSDAMVH[GPLDKH VKDSHV FKRVHQ144605 WKHUHDUHD YV

GLVSOD\HG -b® 7DEWKWRM KN +6 PRGHO ZKLFK VLPXOD!
EHKDYLRU RI WKH HPSOR\HG VWIREHAMID[LIRXQGDWLRQ
IXOO\ VROLG IRKRGABEDORQQW GLPHQVLRQV / % UHS
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GLPHQVLRQV RI D UHFWDQJXODU IRXQ GROVLGRIDWZ RQK W K
DV VKRZQ L@KHMUH WKHVH GLPHQVLRQV ZHUH XVHG WR
FDSDFLW\HXNEQUWL¥DW RR Q@ HDIFVBIQG W KBIQ* F &R H

WKHVH UHODWLRQVKIRAW DM HX Q B WGR 8 SRXIXFIGEIDML R Q V

7DEOH
VKDSHY UHODWHG WR DUHD P
shape of Area Dimensions Equivalent | Equivalent
o dpation Symbol | (A) ] width length L1/B1
[m?] B1[m] L1[m]
&LUFX| & 9 3.385 3.385 1
6TXxDU s1 9 /3% 3 3 1
5HFWD | 24
o o R1-2 9 % 2.12 4.24 2
ReF WD g / 196
o 0% R1-3 9 % 1.732 5.196 3
5HFWD /
o o R1-5 9 % 1.342 6.71 5
30XV VL E
PN 392 9 5 2.9 31 1.1
30XV VLJ E .037
PN Q35| o S 2733 3.292 1.2
30XV VL E 2
PN 395 9 S 26 3.464 1.33
30XV VLJ E
PN @i o 5 2.4 3.75 1.563
30XV VL1Q E
PN 39 9 S 2.23 4.03 1.8
30XV VL1Q E
N 39 9 S 1.8 5 278
7DEOH
VKDSHY UHODWHG WR DUHD P
shape of Area Dimensions Equivalent | Equivalent
o dpation Symbol | (A) ] width length L1/B1
[m?] B1[m] L1[m]
&LUFX| & 50.26 8 8 1
6TXDUH S2 50.26 f%) 7.09 7.09 1
RectDQJ /
o R2-2 | 5026 % 5.01 10.03 2
5HFWD /
o o R2-3 | 50.26 % 4.09 1228 3
5HFWD| R25 | 5026 | / 3.17 15.85 5
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0 % % 17
30XV VL E
VKDS H 982 | 5026 5 6.76 7.435 1.1
30XV VLJ E
VKDS H 31®35 | 50.26 5 6.46 7.78 1.2
3 G Xign E
VKDSH 305 | 50.26 5 6.145 8.18 1.33
3 G Xign E
VKDSH 3-0.75| 50.26 5 5.67 8.862 1.563
30XV VL1Q E
VKDS H 39 | 5026 5 5.29 9.5 1.8
30XV VL1Q E2.363
VKDS H 3% | 5026 5 4.25 11.82 2.78
7TDEOH
sKkDSHY UHODWHG WR DUHD P
shape of Area Dimensions Equivalent | Equivalent
foung’ation Symbol | (A) ] width length L1/B1
[m?] B1[m] L1[m]
&LUFX| & 144 ' 13.54 13.54 1
6TXDY S3 144 | 1 % 12 12 1
5 H FleD /98
o o R3-2 144 % 8.48 16.98 2
5HFWD /79
o % R3-3 144 % 6.93 20.79 3
5HFWD /8
o o R3-5 144 % 5.37 268 5
30XV VL E 1.1
VKDS H 382 | 144 5 11.5 12.52
30XV VLJ E
VKDS H 31 Q35 | 144 5 711 10.94 13.168 1.2
30XV VL E
PN 385 | 144 o 10.37 13.86 1.33
30XV E
PN W75 | 144 5 9.6 15 1.563
30XV VL1Q E
N 39 | 144 o 8.93 16.12 1.8
30XV VL E
PN 39 | 14 S 7.2 20 2.78
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7DEOH
VKHY UHODWHG WR DUHD P
shape of Area Dimensions Equivalent | Equivalent
o dpation Symbol | (A) ] width length L/B
[m? B[m] L[m]
&LUFX| & 625 | ' 2821 2821 2821 1
6TxDU sS4 | 625 | /| % 25 25 1
5HFEWD I 36
DFPl Ra2 | 625 | 17.67 35.% 2
SHEWD /3
TF Pl Rra3 | 625 Y 4 14.4 433 3
SHEWD /9
DF Dl Ras | 625 " 112 55.9 5
30XV VL E
PN 482 | 625 - 23.96 26.09 1.1
30XV E
PN L9835 | 625 s 22782 27.434 1.2
30XV VL E
PN 4185 | 625 5 21.664 28.85 1.33
30XV E
PN L9875 | 625 5 20 3125 | 1.563
30XV VL1Q E
PN 5 | 625 o1 18.63 3354 1.8
30XV VL1Q E
PN 5% | 625 5 14.98 41713 | 2.78
YLIXUH

6\PEROV DQG HTXLYDOHQW GLPHQVLRQV RI WKH 30XV )RXC
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3.1 Comparison of theNumerical and Empirical Equations of
Ultimate Bearing Capacity

3.1.1 Square,Circle and Redangular Foundations

$VFDQ EH VHHQXIWHRW DQG IRU DUBDV

UHVSHRWOHUNOF HTXDWLRQ DFKLHYHV WKH EHVW ILW IRL
ZKLOHDMXVHXDWLRQ DFKLHYHV WKH EHMWMAHRRQIRU UHFW
EHLWBRLHVLF XVHV LQ KLV HTXDWLRQ VWhEHDWQO/MHR 1F DQG

UHODWLRQY BXWHUHQW

YJLIXUH

&RPSDULVDQLRI BDOFXODWLRQ RI EHDULQJ RD HHO W\QD QF® PFHWS LU B U
D-m* DUHD

yUur7

&RPHDVRQ RI 30D[LV FDOFXODWLRQ RO HHRDWQR ® DRSIDEH WU LBQQIGF D Q DHFF
D -m* DUHD
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YJLIXUH
&RPSDULMVRQVRIFP@FXODWLRQ RI EHDUHJX PWS RBLWI\ BHIGU DQ JHPES DE E)
D -m2DUHD

)ig X OH
&RPSDULVRQ RI 30D[LV FDOFXODMARQ RAEHBUTXQIWERQDRFILBHN MOL®J F
D -m*DUHD

3.1.2 Plus ShapeFoundations

ThH UHODWLRQVKLSY EHWZHHQ W KBDHQGGWD PED WHHEHDW K@
GLPHQULRQ® Eri DLHERFIDXUH W LV QRWHG WKDW WKH
DERXW .Yhid LV FRQVLVW ©QW®RILDMKR WKDM\W X G \DRIG
OLU]DHEIDEHFDXVH DW WKLV YDORHFXWKH CEHE WV KD RFR\L
EHWZHHQ HGIHA EBIEDW BR/IKH IRXQGDWLRQ DQG PRYHV G
ORDGLQJ DV D VLQJOH XQLW

)L Xes DQG D VAKRRZS DU L&RE BHPMIUHLFDO UHVXOWV I
HPSLULFDO HTXD VB BQINFRISODEWWPRWIELIIHUHQW DUHDYV
625t UHVSHFWLYHO\ IRU SO X Vthe KDLSYHD ORDQG BWR RQ VLR 6
UHFWDQJXODU IRXQGDWLR@ HZEWWE R/SIENG WRBEeDOHQ ¥ W B SRl
SOXV VKDSH IRXQGDWLRQ isDIHG $% H$Ehe RIGOHU B/ KSD S H
IRXQGDWLRQ DB.VKRZQ LQ )LJ
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YLIXUH
7KH UHODWLRQVKD®W EHOZHE D BOBWBRE\ TXOW

YLIXUH
&RPSDULVRQ RI 30D[HDUERO FDGDW LW IRQ @& ROEWLRLLQJ FDSDFLW\
IRU-® DUHD RIIBYOXGDWLRQ

YLIXUH
&RPSDULVRQ RI 30D EHD ADOFXKOMMFLIDFRQGHTXDWLRQV RI EHDULQJ FD
50m? DUHD RI SOXV IRXQGDWLRQ
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YLIXIGH

&RPSDULVRQ RI 30DEHD ADQFXKOENFLBDFROHEXDWLRQWRSDFLW\ IRU D
144m* DUHD Rl SOXV IRXQGDWLRQ

YUk 1

&RPSDULVRQ RI 30D[LV FDOFXODPVBLRQFRIOEHDAOAWURKD'SRFEWD DIQ@I FD
625m’ DUHD RI GGBWLUR®

Itis QRWHG)LURPH ¥2, DQG twWRBWLF HTXDWLRQ ILWV '
QXPHULFDO EHDULQJesB/STHHLID\OIOQ PRN @ I OEV EXW WKI
WDNH WKH HIITHFW RI EORFNAR WV REDDH&E KDY VDVE X H

HTXDWLRQ LV FERWHM WKKFEHHYW UHVXOWMh&Z KHQ LW L\
EORFNLQJ FRHII4 FAHWMU ZIKQREEVEH/WL QHDWXUH LQ ([FHO

(TXDWLRQ LV WRH E}HZUH Q3 DAD SBEVYMD SR IRXQGDWLRC
WKIDMWPRGLILHG IURP &KD®]DWMIPIGLRDGLDQL

Where LV WRBVHOBMIDULQJ FDSD RV DBIVOIRXODWH G
HTXDW L Fh®HNKLQYD O HQ W ti@ lUFHFOWDL.BRIDX RQ WD VRKQGDIWLRG

in )ig. 5. )LX URBY 16 DQG WKFRRP SDULVRQ EHWZHHQ QXP
HPSLULFDO HTXDWLRQ\ D QR XFOGMLEPHBIBUHH @ X (B SRE LW\ R
GLIIHUHQW DUHDV M UHVSHF@G Y HO\
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)L JX15
&RPSDULVRQ QIEQIDRHQUFPDSDFLW\ HPSLULFDO HTXB®WLRQV DQG D P
DUHD

YLIXUH
&RPSDULVRQ RI QXPHULFD@ EX HERYWBRESDD LARG HPSHEUHTXDWLRQ IRU
DUHD

YLIXUH
&RPSDULVRQFRO GEHMHILIQJ FDSDFLW\ HPSLULFDOIRUX®#WLRQV DQG D |
DUHD
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YLIXUH

&RPSDULVRQ RI QXPHULFDO EHDULQ& FIREDFH® W IHRRES LRFUFD O HT XD WLR
DUHD

,W LV FOHDU IURP )LIJXUHV DQG HYW&DWKWKH PR

EHVW FRQVLVWHQF\ ZUWKRQ@XBH U HUBSD MOAXKME D SRl
IRXQGDWLRQ

W LV ZRUWK PHQWLRQLQJ WMMARIQNBEWK B DFB XM YWD SHK HR |
KLJKHVW EHDULQJ FDSDFLW\ FRP SDKH & DWPBRINPWKBU VKD
VKRZQ )LJ ZKLFK G HsSIWWO HW KIRW WROHYBDWLRQV ZLW
DQ DUHD2R)LJ PKRZV WKH LPSURYHP HDQW COHRIMI QWD JH V
DW DB FRPSDW®WRQUH VKDSH TRMQSHWFIHR)®/ DJH LQFUH
ZLWK L @RUWBN DibeH R XRQ G D VHUFD®,.SAAMV K WKH BUHD RI P
WKH XOWLPDWH [EGIPUHERVHRD SDF LW\

JLIXUH
StresssettlementU H OSKW ISREQX U Y HV
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JURP WKHVH FXUYHV LQ )LIWKHZHKHDQ B H GieE® JWHOSW F L
KLIKHVWSIRXVWIKHD SH IRXQGDWLRQ BKHWHKBYUW WH RV OHD
EHDULQJ FDSDFIIRV\ WKHWYW WHDMMXQGDWLRQ

YLIXUH
IPSURYHPHBQWSHWY LQ EHDULQJ FDSDFLW\ RBWB E KD SIHV | RR B SDWLLVR®

Conclusions

$FFRUGLQJ WR WKH RXWFRPHV RI WKH QXPHDYL¥DO DQD
" VRIWZDUH ZKLFK XVHV WKH ILQLWH HROGQPMICRD P HWK F
VKBSHQG ZLWK YDULRXV DUHDV RI IRXQIERYWQRQ RQ V
FRQFOXVLRQV ZHUH PDGH

X The +DQVHQVHRRDSURYLGHV WK H XPRWY HRDAD YODQDXH WA K
RI UHFWDQJXOD the \OKIIVS If VH TAKY W HREH VWR ULWW L QJ
FLUFXQ® U/ TRODQGIDWLRQV IRU DOO DUHDYV

Xx 7TKH SOXV IRXQGDWLRQ RXWSHUIRUPV VTXDUH DQG
Rl SHUIRUPDQFH DQG SURDUGHYN ADISH FHHAWAWD WKW R H

D E
X J)LQGLQJ WKH EORFNLQJ FRHIILFLH@WHZHG WR W
HTXDWLRDWLRQ IRU WKH EHDULQJ FDSDFLW\ RI S

Xx 7KH LPSURYHPHQWQ SEHB HQ@WD\JFHD/S/CLFINE
FRPSDUNRERMI XDUH VKDSH IRXQGDWLRQ LQFUHDVH
ZLWIKQ L GFt WKW Dthel DRRQGDW IOR® WERR R?,
rHVSHFWLYHO\
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7KH IROORZLQJ UHFRPPHQGDWLRIQRUXRDIMKEH WBNHQ UWRKXWR
WKH:WRSLF

9 SWXG\LQJ QHZ IRXQGDWLRQUIER S SIRNGYX B W LDR/Q V

9 ,QYHVWLJIJDWLQJ RREDWKW\ERIDVURQGelDWRREWWHG E
inte HODVWLF PRGXOXV DQG LQWHUQDO IULFWLRQ D

9 ,QYHVWLJDWLQJ WKH EHRUL®X QFOSWER QY RHHO H F W V
OD\HULQJ ORDBFHIFOUROMDRQRG ODQG VXUIDFH
EDVH L@RO IQDAVIURXQGZDWHU SUHVHQFH
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Decision Support Systenior Managing
Marshalling Yard Deviations

Nikola 9 L W N'RDvdgén Marinkovi &3, Sergiu-Dan Star?,
OLOR3E 6LPRYGNNY¥DQGDU 0OLGW HARRY L1
OLOLFD'%DUDU

18QLYHUVLW\ RI DIHF KDEBRANJAIOHNVDQGUD OHGYHGHYD

1L4 6HREL®D GILNROD YLWNRYLF#PDVIDN QL DF UV
GUDJDQ PDULQNRY L FPARCRM DN R QRFY WAV#PDVIDN QL DF UV
DOHNVDQGDU PLOWHQRYVB#ANRFLEKPPLY CCANUQYL DF UV
PLOLFD EDUDF#PDVIDN QL DF UV

27HFKQLFDO 8QLYIDSRIEW\URIG&OOXKM R U D Q GXIPXROROL & O XN
SRPDE@®RDLO 6HUJLX 6WDQ#PGP XWFOXM UR

7THFKQUNMKHt%HUOLQ 'HSDUWPHQW RI 6WUXFWXUDO OHI
$QDOWMIVDVVH GHV -XQL -WPDAKUOLQ *HUPDOQ\

GUDJDQ P D ULEHNROMLF HOMX

Abstract: The presented studies, research and innovation focusarshalling yards is on
providing adequate responses on standard timings or deviations from the normal timetable.
To addresghe possible deviations in the marshalling yard daily operation, the decision
support system called SMART Real Time Management System (RTMY) is developed and
introduced in this study. In general, Smart RTMY should givetireal responses to
deviations, and ecrease the time for making an adequate decision by providing a decision
support system with optimal solutions based on selected criteria and optimizatioivebject
The system is based on the optimization function, which calculates the numeflicafde)

value for each wagon in the marshalling yard, and on the developed expert system.
The application of SMART RTMY in its current state is verified through the develdped we
application used by experts from universities and railways. This system should brindj a nove
solution to the marshalling yard classification and deviation responstensgs thus
providing a powerful software tool for marshalling yard dispatchers and operators

Keywords: cecision support systeraoftware; narshalling yard expert system
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1 Introduction

ODUVKDOOLQJ <DUG 0< LV D FRPSOWWKINWHKRKOE& BB
SURSHUO\ H[HFXWHG 7KH PDLQ SURFBRWHLVLEQ \? DRI KD C
LQFRPLQJ DQG RXWJRLQJ WUDLQV $UULYLQJ DQG |
'LVDJJUHJDWLQJ DJJUHJDWLQJ WUDLQV 7KDREZQ QUK X QWL
ZDJRQV XVLQJ WKH KXPS DQG RU WKH ORFWPRMQANH &K
WUDLDM Q RMIDOFH 7KHVH DUH VWDQGDUG SURFHVVHV
DQG XVXDO GDLO\@GDWHB FRPPRQ SURFHVVHV DUH DX
VDWLVIDFWLRQ OHYHO ZLWK Y ROUHMUGH V, 7 WIK$S GGLHDHNOLR
DSSOLFDWLRQV QXPHURXV UHVHDUFWK/ROXWKRQULDGG
\DUG RSHUDWLRQV DQG DO OLRIJWKKHP FOSHU DRFXRGIG RN
UHPRYLQJ ERWWOHQHFNV ,Q JHQHUDO WKH FRPSOH
PDUVKDOOLQJ \DUG FDQ EH GLYLGHG R@®WRHWENBGOHU S L
&RQVLGHULQJ VRUWLQJ DOJRULWKPY HUKHBRRNWLQJ O
W\SHV ZKLFK FDQ EH GLYLGHG @QWRHWIKWKWMW FFIRIQY [F\DW
VLPSOH KHXULBDWH® RRUWAQH VFKHPHVY ZKLFK FDQ EH
SUDFWLFHEDNHGIXBHWLQJ VFKHPHV FDQ IXUWKHU EH ¢
PHDEWMWDUUDQJH ZDJRQV ZLWKLQ D VLQFBHPHWWDLQ DQ
UHDUUDQJLQJ PXOWLSOH LQSXW WUFBR@G LRDWRH RRAUK H U
RI DOJRULWKPYV DUH WKH HEXPW VP H \B QRRESAWL R D@ WRQ XMR.
WR WKHJRQMQWHG LQ WKLV UHVHDUFK /PRWSOHWKHUH
GHWHUPLQLVWLF KHXULVWURPM QUKBWRWOH AV BNV RLQREQ QH
LQVWHDG Rl DQ RSWLPDO VROMMELRQ PRAHW HF ® BIVWKLR G/
DFWLYLWLHD UBMD OHDIFKJ \DUG KDV VRPH VSHFLILF SUR
FRQVLGHUHG ,Q JHQHUDO WRILYWRH WODVQWV LFO® LRI
HYHQWXDOO\ EH UROOHG WR WKH V0LE@K@N WKISRKIDE EHF
WR GHSDUW ZLWK 7KHUH LV XVXDOOH IVUDFREOHWPR ZLV
H[SHULHQFHG GLVSDWFKHU RU WURLRVRISPIUDYRW VEBRXC
IRU ZDJRQ FODVVLILFDWLRQ® @ URBHMHRQW VKB VROOGWHR Q>
RSHUDWLRQV E\ LQWURGXFLQJ LPDJHRGDLRH. BDODWLRQ
VWUDWHJILHV WHVWHG XV L QLF VINSFSRKRIDAK HRN DIQHS |G H WM
VWUDWHJI\ DVVLJIQV W UDRFAH/UWHRU WHIG LEDW R\WQ RKILON W K H
VWUDWHJI\ XVHV WLOH DKHARQWWUBRNIVHWKRMQG EH DVVLJQ
WUDLQV 7KH @ HMMMDHMWLIDWHY WKH LQIOXHQFH RI LQ
YDULDWLRQ DQG VFKHGXOH IOH[LE IDI)LFA¥ ®BQPKOMDWLR QF
H[SHULPHQWYV XVLQJ <BIYG QID VWRR Y FRRBMO GHYHORSH
KXPS FODVVLILFDWLRQ \DUG DQD®\KHVHTORBEQWRUNM WKHR.
GLIIHUHQW \DUG SHUIRUPDQFH P HWQ E KW D8/ALRXIODRKLHREX (
IOH[LELOLW\ FDXVHV FODVVLWFR D3MERQLOH U® FRHHDI\RIUP.D
YROXPH YDULDELOLW\ KDV D OHVV SURQRXQFHG HIIHFW

([SHUW VA\VWHPVPDUNHQ@HRFIWNRBRY WKDW SURYLGH VHPD
GLITHUHQW SUREOHPY DQG DUH G HI IPHD® ¥ \WURK U KB WDH) B Q
GLVWULEXWHI@QPRPFONGUHG GLUHFWO\ RU LQGLUHFWO\ |
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GLIIHUHQW VFLHQWLILF DUHDV THRLQFWRRBEEXRWLG XV}
DOVR SURYLGH VXSERUW IDIFOVIKYERQPHEYWLWXWHYV IR
7KHUHIRUH WKH SRZHU RI DQ H[SHBWPYFVWKR XKRXQG I
GHFLVLR Q3% RFHWYDPSOH Rl WKLV NLQG RRXWSWWP LV D
UHFRPPHQGDWLRQV ZLWK DQ LQFUHDR® GSIRHYNMR\DHG RUIQ
>4@Q H[SHUW V\VWHP EDVHG RQ VWUXFWXUHG WHFKQRO
DG G UHWW XBRALWXIEWXUDO WHFKQRORJQHWHB K B LOT X/H\W VWRK DA
DOORZ \RX WR FRQWURO WKH SUR SIHRONVWMAK HRMHW KH VW
PHWKRGV LW LV SRVVLE O H MRWEBNQR | WAKKH VWANDAF WRKQ [
RSWLPXP LQ DQ\ PRERIZRI REXIEMBIW KDY H VKRZQ WKDW LG
"HODVWLE W HBKSURIDARW L AN VFDIOWIL @ DWRHIODBHLIF MK\H VKR U W
WHUP )RU JUHDWHU HIILFLHYFPRUWH WHIELWL \GILEJBIHF WALR QX \
WHEKQLTXH RI VWUXFWXUD OV WH RK@REXB.IL R\E WLRPILH VW H R
WUDFN GHYHORSPHQW RI WKH VWDWLRQ

5HIJDUGLQJ WKH SUHVHQWHG VWXGLHWMV URFMDUR® DQ
SURYLGLQJ DGHTXDWH UHVSRQVHV RQ WRWDWKIBUG WLF
VWDQGDUG WLPHWDEOH 6SHY¥LDWLRVQW H®RR EBQIE LMV LRH
SURFHVVHV LQ PDUVKDOOLQJ \DUBVH'BUHYVHQWHM®E $V>R
@ DQG FDQ EH VXPPDULVHG DW RVKMKHRQQRZPQQJ 'WYIDO
ODWHU GHOD\ RU HDUOLHW LRQIVQRW MPKHHN EDOGBRE QD QV U |
GHOD\ RU HDRIWBEHOMK®SQDW 'HYLDWLRODAN) RSHUVRQI
WUDLQ GULYHU RU RWKHU VWDII |RIQ RISHIEXDIOR DY JIRQ \0
PRGLILFDWLRQ 8QH[SHFWHG UHSDLO W EH HONHD[BH RW N
UHSDLU RU EUHDNDJHLRQYDRIR QQFRHYULIDFW ZHLJKW RI LQ
ZDJRQV S3ULRULWLHV LQ FDWXW HRIRER RWHN\HW HSU L R ULDW
(IWUDRUGLQDU\ UHTXHVWYV 1RW GHILQHIBURHYHGWLRQ\
UHODWHG WR IRXU IDFWRUV WLRH VBKK \SRIGIVG QW WRKXD\
DQG DGGLWLRQDG HFPQ 8 R STHKBDRMORWQVIDFWRU LV WLPH Z
ILUVW WZR DERYH GHYLDWLRQV DUGIODRW R HRQ & HRYILW WH R
(DFEHYLXWNREDXVHY FRQVHTXHQFHV RI GHYLDWLRQV
UHDOL]HG DQG FRQVHTXHQFHV Rl VHOHFWHG GHFLVLRQ

7R DGGUBRYWEKEBH GHYLDWLRQV LQ WKH PDUVKDOOLQ.
60$57 5HDO 7LPH ODQDJHPHQW 6\VRVH N X5SBRUWL VHV WGHF L
GHYHORSHG DQG LOQWURGXFHG LQ WKKRXWXKGLY HQ UJHHBRCH
WLPH UHVSRQVHV WR GHYLDWLRQYV DIHG >XGIHW H HECHVAH. WWLKRH
E\ SURYLGLQJ VXSSRUW V\VWEHPV A GWRKQR\GAMA_H DWW H\GR B X MIN
RSWDMLLRQ REMHFWLYHV 7KLV PHDQV WRHAH\SWWW LV E
LQWHUDFWLREO/X GV GRG0 \DUG RSHUDWLRQDO SDUDP
G\QDPERQVEPWG V\)WMWKWHEKMRYWR RVHG VROXWLRQ LV
WKH RSWLPL]DWLRQ IXQFWLRQ ZKIH®&FHD OYBPXOXHWMRY WRHAH
ZDJRQ LQ WKH PDUVKDOOLQJVHOANHRIBIQ® WKWHEHYHORS
7KH H[SHUW V\SWHPBHSUBWAOW.RQ VXSSRUW V\VWHP E
UXOHV DQG FDOFXODWHG L QOOVHLRRHY | DIKWRIY I R/RHS BR $
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570< VKRXOG EULQJ QRYHO VRORWGERRO BARV W KHD WD B QK
GHYLDWLRQ UHVSRQVH VA\VWHPV WKRKY SRIRFDGVED O 3R]
\DUG GLVSDWFKHUVY DQG RSHUDWRUYV

2 The Overall System Architecture

6PDUW 570< LV D GHFLVLRQ VXSSRUW V\VEHHEP UHSUHVI
DSSOLFOWWBY WHKQRJHQUMBOFHEUD SSFDUFABWILNRQ LV R
IUHH WR XVH +RZHYHU WKH \BB $ o IDDSKRDY HR/QW\M VOl O RF;
GLIIHUHQW H[SHUWV DUH UHTXLUH® WWR ERBSIRWHGLRI L
YLVXDOL]DWLRQ DQG DQ RSWLPL]DWLRQ WRGMOH 7KH
VXSSRUWHUV VHFXULW\ GDWD H[FKDQJUH3EHQ® WUDQVIR!
GDWD LQSXW PRGXOH 7KH YLVXDO BXSWUH®YWQWDDWMLR\Q F
WKH PDUVKDOOLQJ \DUG WR WKH XVIFUXEDNG GURP® PDQ >
VSHFLILF PDUVKDOOLQJ \DUGLO® DOWRWE R\DS OADK LW KRR BX
Rl WKH PDUVKDOOLQJ \DUG EDVHG RQ QQ SURFRDWD DQ
SODQQLQJ UHVXOWV 7KH RSWLPL]DWLR@GRAUDWH DUVKD/
LPSOHPHQWNUWQ VWHVWHP EDVHG RQ WKH RSWLPL]DWLR
NQRZOHGJH DFTXLUHG IURP WKH 3RSRYDF 6HUELD PDU

7KIBHYHORSHG H[SHUW V\VWHP LV DHHPMBME®BXSSRUW
B\WWHP WKDW SURYLGHV LQVWUXFWLR @M IKGDUVBUWR W
RSHUDWRU 7R SURSHUO\ GHILQH WKH IXQWWHRQDO DG
60$57 570< 8QLILHG ORGHOLQJ /DQJ®D B/ &LUDLVDPWHG >
DUH FUHD@®® & SRELILF PDUVKDOOLQJ \DUG GQMRVRIWZDL
GHYHORS VRIWZDUH PRGXOHV 7KHUHR QWY H @ IGQH DMH.QRHKDF v
PDNLQJ SURFHVVHV LQ PDUVKDOOLBG \DW &V HDARDG/ MWK HQ
80/ 7KH\ DUH PRGHOOHG DQG SUHVHQWBWLRQM DQG7R S
GDWD LQFOXGHG LQ PDUVKDOOLQJ \DU® HWIQDV HPHQ W V
GHILQN® DWLF \DUG FRQQHFWLRQV OD\RXWQGDWD RSt
G\QDPGPWD IORZ UH \HWYWDMAIRRQ VD Q QG GEG HMHYWING L Q

VWDQGDUG GDWD DOUHDG\ BHIUDMWIGR QY P)D QDO O WEH \
REMHFW PRGHO ZHUH FUHDWRBNRQ GV KHMH & FLV LWVRIQH VEXS\5 1
V\VWHP IDBISPOQF 7KH GDWD PRGHO LV H[SUHVVHG WKUR>
GDWDEDVH DQG WKH REMHFW PRGHO ZBVHBHYHORSHG
&RQWUROOK@ SEBEWWBWDPEDVH VWUXFWXUH ZDV GHILQHC
WUDLQV ZDJRQV VLGLQJVLRQWVHNOQGEDHYMBEDMMHLF GL L
GHILQHV WKH VWUXFWXUH RI D ODUVKRPRHOW \PRGH®D W
GHSHQOWL@FORWE® UHTXLUHPHQWY DQG OHPRWDWLRQV

IUHLJKW WUDQVSRUW LQ WKW MOUDQADSROLMG JVODME DLQDRO | E
LQ WKH PDUVKDOOLQJ \DUG
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YJLIXUH
8VH FDVH GLDJUDP RI GHILQHG W\SHV RI GHYLDWLRQV LQ WKF

7KH GHILQHG FRPSRVLWLRQ RI WKH GDWDEDY® WHKMHORZ
GHVFULEHG GHYLDWLRQV DQG LQSXWWRDORZWEB®WUR PQ
PDUVKDOOLQJ \DUG 3RSRYDF B6HUELDIRDVIX\QWVWKHWHG
PDQLSXOG VBIURE HD\QVL QJ

7R FRQFOXGH WKH 6PDUW 570< VA\VWHP XVHV WKH IROO|

x ODWHULDO ODUVKDOOLQJ \DWG GHMDW WROFRR2HRY B |
JDLQHG IURP XQLYHUVLW\ DQG PDUVKDOOLQJ \DUG

X OHWKRGV 1XPHULFDO 2SWLPLGDRQ RIX OH & HIUWG M D/FAW
SHODWLRQDO GDWDEDVH IRU GDWDUN DIRUSXODWI
DSSOLFDWLRQ GHYHORSPHQW

3 The Methodology

6PDUW 570< FRPSOH[ VWUXFWXUH HQDEDHVKD GAPSDHW
\DUG LQIUDVWUXFW X-WH FDH) ® HD/GSHRTQXMHW B\ DHECSAD\L QJ LW\
PRGXDKHNLYXDOL]DWLRQ PRGXOH FDQ GLVSOD\ VWDWXV R
XVHU EDVHG RQ GDW DWHSBRWIVU R GORGR¥EYOD \DRUXLUH G

DXWRPDWLFDOO\ IURP D UDLWEHB\IXQRWE XS ILBQGCHV VDHB C
LW GLVSOD\V WKH FXUUHQW VQDSVKRW H | ZDKH RB XV D
UHSDLULQJ VVRIDNWRO VH#HBXHIOGN, OHYHO NUWK@WOUHSUH
IRUPHGURHUHQW XVHUV HJ GLVSDWFKMRUV RU PDUVKE
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7KHs¥ROL]DWLRQ PRGXOH UHFHLYWW D/DWVED QURPGWRKSHWE B )
GDWD IURP WKH RSWLPL]DWLR@GH RENOH, W @G WK RIZMD E \
PDQLSXODWLRQ E\ XVLQJ ZHE DSS IRHPN GHDGREDMWHG W
VLGLQJV WUDLQV (YHU\ PRGLIQHABWH B QWAGHMAE HDDMWLE) .
SURFHVV ZKLFK FUHDWHYV D GLVWHQHRWHQWNX D@ @& H RWHHV
FKDQJHV WR WKH GDWDEDVH )XUWK H UPHRSUH FW Wi RED/W |
XVLQJ DXWRPDWLF '%06 VHUYLFH GXH WRPW®WVSRVVL
FODMLFDWLRQ ZKLFK FDQ EH UHYHUWHG WR WKH SUHYL

7KH PRGXOH ZDV GHYHORSHG XVLQJ WKH-4REBORZLQJ WFH
VWDQGDUG JHQHUDOO\ NQRZQ -DYDGFWILSHMQ OLEUDL
'RFXPHQWV %REBKNUBGWO\ FDNH3+3 LV XVHG DV WKH
IUDPHZRUN ,W LV LPSRUKDIWQWSYRLPHDFRGRERBUNY LG
HQYLURQPHQW GXH WR WKH UDSRXNL EHIX\®D W RRDR/D UEH
RYHU VHBXQUHHF®/ ERQ V

7KHSWLPL]DWLRQ PRGXOH LV FUHFWWGRWRR FRDIWHU RQ D
ZDJRQV LQ WKAJPMUMKDDQG LWV RYHUDOO FRPSRVLWLF
7KH GLDJUDP V DUH FUHDWHG E\ XVLQ@ 'BIGDSWHG 6W
7HFKQLGXH >@ 'DWD DQDOWDVWRWRR@HMG G\QDPLF GDW

YLX 2H
2SWLPL]DWLRQ PRGXOH RI WKH 'HFLVLRQ VXSSRUW V\VW

7KH GLVWXUEDQFH PRGHO SUHVH@WMH GG HY MOKRS P ARQKMP HE |
LWV EHKDYLRXU VKRXOG EH FRQWUR GHO H®W KOHMH VLKR WK
UHSUHVHQW ZRUNIORZ LQWHUUXSW LRRG/MH O) XVUKRKKHOWGP R U
HQFRPSDVV LQWHUUXSWLRQV QRW GHHLQMGONGQRIKH V\
GHYLDWLRQV 7KH GHFLVLRQ V\VWHG® FRQXIDL GV RRIMAZ\
PRQLWRULQJ PDUVKDOOLQJ \DUG "HDPS\HU WR/G L GLHFIR W HREQL
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DQG 3UH'SDUDWRUPQQJ RI"VRBOMWR DKM RQ-BQDO\VLV

LQFOXGHY DQ LQWHOOLJHQW V\VWRFHVKDRDOYJFRAW BROV
SURFHVV RXWSXWVYUGD®DELOH O RQU¥P HHULFD\V PDWULFHV
FUHDWHVYHKXEDBOH GDWD SUHVHQWHG LQ2KBK F LQ D V
JRHV WR 3 IRU WKH ILQDO YHULIUFPRMLROX VWL.RIGWZ D UP! \W E
SURFHY&R@®XWLRQ V" DBFHYWORWHRQV DUH ILQDOL]HG
PDU®KIEJ FODVVLILFDWLRQ LV W RUHG IL\Y HW DKV IGRDQV DIED
GDWD LV VHQW WR WKH YLVXDOL]DWLRQ PRGXOH IRU GL

,Q WKH GHYHORSHG DSSOLFDWLRQ GHYLDWLRQV DUH G|

X ' -7UDLQ ,QIUDVWUXFWXUH ZKLFK LQBOXGHV 7LP
DQG RXWJRLQJ WUDLQV DQG :DJRQ ODOIXQFWLRQ )

X ' -3HRSOH FKDUDVMRHUMPHE RO BFHRSOHRSHUDWRU
'RUNHU 6XSSRUW ZRUNHU )LJ E

X ' —2WKHU JHQHUDOO\ UHIHUV WR POLUVKB®OOLQJ \DL

D 7UDLQ ,QIUDVWUXFWXUH GHYLDWHRQQRUPHYLDWLRQ IRUP

F 2WKHUV GHYLDWLRQ IRRXWLWIKVILOOIHGEH GHYLDWLRQ

YLX BH
'HE IRUPRDUW 5YRY HQWHULQJ PDUVKDOOLQJ \DUG GHYLDWLF

7R FRQWURO WKH GDWD IORZ EDVHG RWKWMKRSGH IRLDYM® G

VROXWLRQV GHFLVLRQ VXSSRUW V\VWHE RQSWKHDWLR
GHYHORSHG H[SHUW V\VWHP LV DSS@ WHKCH PRI \( KDHIUON Q.
\DUG GLVSDRMSHUIDUWNBQ® H[SHULHQFH DQG LW LV LQFOX!
IDFWV 7KH RSWLPL]DWLRQ IXQFWLR QD BWORIX &/BW H3 SIHU
VIVWHP DV D QXPEHULQJ WRRO @KH WG WHWHQSMHF W KH £IX
DQRG RU WUDVRDOR® WXIH\PDG FODVVLILFDWLRQ 7KH WZR
VI\VWHP FDQ EH VHSDUDWHG DQG ZR[US\HU@WGWH\YMEHFH QW O
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GHYHORSHG EA\WKH®@NIDW Rl UXOHV DQG SUHGHILQHG S
VLPLODU WR SDUDPHWULF TKH\W L MAK DLV U IHROXCOMDLVRKD DVW
RSHUDWRU V UHVSRQVHV EXW LW 2UDOSEFRNDVBIDQVI
KWWSV H[SHUWD UHDGWKHGRBVKIR G HYOH BKFHH GX W XVUMF
FRQWDLQV VWDQGDUG UXOHV IRLRBWURY LRVH® JRQ P D
\HDUV LQ WKH PDUVKDOOLQJ \DUGR D7BRLH]WHRW XSVWR
QXPEHU RI UXOHV DWGHW KHR UU FDSREGOWR WKH PDU\
UHTXLUHPHQWY 7KH H[SHUW V\VWMRRUK RX®IG SRS LGH
GHYLDWLRQV EHFDXVH WKHVH WZR DURURWD@&GDUG [
VWUDLJKWIRUZDUG ,W LV PR@H FRLISEOREG B B/HI\G WRID IGRHW IL
ZDJRQV B5XOHV FDQ EH VHW BX® WHR PRISWIPRHM HL WD I R C
FODVVLILFDWLRQ DQG WR SURS HUGH TEDWYWU VE B WG Z RXR
WUDLQ IRU WKH VHUYLFH LM P P R®&H OO R\ EFXHE BREDGV B 6 B D
LQ WKH IROORZLQJ VHFWLRH ARR UHV[SRIQGX DWW LVRIQLYV SRV

':DJRQV DUH GHILQHG DV PDWULFHW BOHRBIQGN Y LY :DIRQ
DUH URZBRVLWLRQV D:DHRFRROBPPHQVLRQV DUH VWDQGDU
PDUVKDOOLQJ \DUG LQIUDVWUXFW X UW BBUHWILL@LIWSLRQL WLIWR
Rl HDFK ZDJRQ DQG LWV GLPHQVLRYLWQRWYWRBUZBHRIQQ
PDWUL[>8 [ 1@ ZKLFK UHODW QG RWHBHIK QHN/J RIJ R (
GLPHQVLRQ DQG SRVLWLRQ ZKWKK DOGDDHY YADRO XH\G L
WUDQVIRUPHG @HWIZBIGI@QWIO LV GHILQHG DV (DFK zDJ
GHILQHV D SHUFHQWDJH RI WKDWQEFABDHWYK XS LR LVZ/KHV
PDWULFHV UHSUHVHQW D FXUUHQG L\QQ D BV KRN FRM XW K HD
ZDJRQ GLVWULEXWLRORV LW LR @HGD MRIQHLFRWVH WLRQDO PI
.1 ZDJRQ OHDYHV WKH VWDWILRP ERWHKD BDEHILIFHVGRQH)
WLPHWDEOH LQIOXHQFH RQ MOKIHYRDW X D[OLR UG $IKL QIHRD 8\ LI
- DQG RXWJRLQJ VLGLGJV |IRYLRXMDIRLROUHWRIDIMKH SU
FODVVLILFDVEXEQORYMIMHEIVIRU ZDJRQV EHIRUH WKH\ KLW
SURSHU UHDFWLRQ IRU WUDLQ WLPH GHYLDWLRQ

‘H LQWURGXFH WKH QHZ FDWHJRU\ FD@RPHH GDWWRBRUD
EHWZHBQG7KH\ DUH YLUWXDO WUDLQV SRVLRMLRQHG RQ
T.o FRQWDLQV WRZDWURP L H LQGLYLGXDO VLGLQJ :KH
UHIOHFWYV LQFRPLG®J WKHRXBH FIKRRQWH® F WHIJRU\ RU L
QRW \HW LQ WKH VWDWLRQ RUSDUWWXWKH WVPKVYRGQL ¥J
LQIOXHQWKB E®UQKD\DUG UXOHV ZKLFK FDQ EH FKDQJ}F
IDFWRU RQLHIHFX RFNFERMIGLQJ WR WKH FXUUHQW WLPHWDE
DQG VLGLQJV GHILQLWLRQ LQFRPLQUH ROWXRIMQG HPILQHE
WKRHUVKDOOLQJ \DUG RSHUDWRU RU BRPSBDWE K MW DLR) D
IDFWRUV DUH PXOWLSOLHG KH. WK PMHRWD BQ P H 7110 EW RO IR
> @ DQG LW UHIOHFWV WKRPWQ® P H® VR ¥ {\GPKHHG RO HAGU DR
GHSDHUWX@® WKH VWDWLRQ )DFWHRGARLQ WAHPHS R/ WIDUN LR Q!
RQ FODVVLILFDWH RGIWDWRVYDOXHV GHILQHG IRU WKH WL
WUDLQV WKH\ ZLOO EH DGGHG
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7R IRUP D '"HFLVLRQ VXSSRUW V\VWHPWWHKHZDIQBRWLRQ
LQIOXHQFH RQ WKH VWDWLRQ RSHUD@GRHEW RH[S URWV F
WuUDLQV DQG WLPHWDEOH

9/E= C%5®95é '°'9$3®95mg
Zogp= C25® %54 -° - 25 ® 2y Q
Gbre= Ch ® 649 %= clg ® %g

gy = Aggfgwx %2e¥ 6,9 Avasthed %y

9= Au@s9ew* 6uu 1)

vas
7KLV RSHUDWLRQ U HW X&) QR/UWKIHE IQRMK IR FERAUE [R U H
W KUHH D FIMPLSRRQ WRDHODFAK ZDJRQ LV SUHVRRQWHGPBR HV KH XV
VRPH ZDJRQ QHSEBVLWRREHHGHWR WKH RXWJRLQJ RU PL[H
WKH WLPHWDEOH VFKHGXQ B XIDe FHXO®OWILISIOH DZ BLRRV FDC
KDYHLQIOgHQFWRU FORVH WR RURHTKDOK WR JR@H L G W\LIOH
HISHUW VA\VWHP D GHVFULSWLRQ LQIOXWQREBXPH® W G
XV0LQJ WRELFIFWLRQ
995 Au@s9au > ey (2)

YQd
(ILV D PDWRUIADIJRQ SURSHUWLHY DOUHDG\ GHYFULEHG |
DOUHDG\ NQRZQ WLPHWDEOH IRU WKHUBBWWUKF®XIUGI \
7KH PDWUL[ ([ DOVR LQFOXGHV ZDJRQYHEY DXW XRHW D E C
DUULYDO ZMILGWLDW HY ZH ZDQW WR FUHDWH D WHPSRL
LQFRPLQJ VLGLQJ

6T C55 ® 'g54 -° - ® ' Q' (vT
GEIODRPA@QQHEGBKNI=P

[ 6AILKN=PNNEFE@IJPACAN 3)

9=CKHKLAN=P BRF=BHXA, ...

)LQDOO\ WKH LQIOXHQFH PDWUL[QRUQ B OIS §PL\HVEL QQ AV
H[SHUW V\VWHP ZKLFK JLYHV WKH PDRW KRQWD EQ@Y HIBU B QR
WKH GHILQHG GHYLDWLRKQW WROW K HD Q 6/8 KDFRIDNS ISRHPL Q H
V\V W H PR @RS R UMEDGLWR RIQDIKHE DGGLWLRRHUMIRUV WR

SDUDPHWULF VHQWHQFHV ZLWK SD WP HDQHEU N Q& RNPH QNI U L
WLPH ZKLFK FDQ EH UHSODFHG E\ WKMHW FMXWBPY DO X
UHFRPPHQG B WHKRIGBUW V\VWHP FUHDWHYV VXJJHVWLRQV U
XVHV WKH SDUDPHWULF WH®MOHHAH R IDROEUBRBWHUW ZL
UHFRPPHQG & BQHVHQWHG LQ LK GRSGH.E® LHPMPLROH PR G
LQIOXHQFH IDFWRUV LV RQH RI WKHRQQBXMY IRU W
FODVVLILFDWLRQ ,W LV HVSYBQW IRD OVWR P WQWHLPR QV WFKDW
GHYHORSPHQW VR PRVW RI WWH H 3GV DD/WEK KYGRIZNV GRI Il LLC
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VWDWHPHQW® POGVUDQHW[SHBWBKRR WBANDJIJH 7KH S\W
OLEUDU\ ([SHUWD LV XVHG IRU EXR®@GDQJI GYSHUWGVEXW
&/,3@1>22@ ZKLFK PHDQV WKDW GLITHUHQW ®RWDWLRQ\
LPSOHPHQWHG LQ WKH V\VWHW®H®QDN[SHIWR YVD\W HFD § U EZ
SDLULQJ XS D VHW RI IDFWV ZLWK UXO WV RIRVWEKORAHG I D F
RQ WKH PDWFRIMYJDUKOMMKH)EDVLF XQLW RI IOQIRUPDWLR
IRU DQ\ H[SHUW V\VW HR P SRDHYWE T-REB\IHRI IDQ G 5+ 6
ULKOAYEGH 7KH /+6 GHVFULEHV XWLLRELY SH W RXHNLQDI W K
WKH UXOH RKHIIBYBQUY WKH VHW RI DFHWLR®Y WRI ISHHGR |
‘LWK H[SHUW V\VWHPV OLN H VKR X OR2A QGRWK 8 & RiJ 8 O PFIOR
7KH NQRZOHGJH 5XOHV DQG WKH GKHVDQRDEMJIHD UH
(QJLQH LV XVHG WR DSSO\ WKH N QR XOWDGN HF WG WK HD GH
GHILQHG DV LV PHDQLQJ WKDW WIEKHY®\ UX ®H VLD DHZ&H N
QRW DYDLODEOH IRU ZRUN FDOO DIMUFFODEIDW ZR K NBUP RN
GLIIHUHQW VFKHGXOLQJ )RU G\QRRT GCDR® | RIX G fiVP OH
WKH ZDJRQ GDWD LV FXUUHQWO\ GHILQHG DV REMHFW Q

x L ZDJRQ "ZDJRQBLG XQLTXHBYDOXH VLGLQJVBLG .
XQLTXHBYDOXH SRVLWLRQDOBGDWD WHPSRUDU\BY
GHVFULSWLYHBPDWULJ[ :(L «°

Xx 7L WUDLQ "WUDLQBLG XQLTXHBYDOXH VLGLQJVBLG
JRQBLGBOLVW@ X

X 6L VLGLQJ "VLGLQJBLG XQLTXHBYDOXH VLGLQJBW\

7KH VDPH QRWDWLRQ LV SHWBDP®G IRHRDKXM H/ MGLRBIR/UD!
DUH LQWURGXFHG HDFK ZDJRQ LU FROQWEMWHR QDR ESVDHUAM
ZDJRQ GHILQLWLRQ SURYLGHV FRPSOHWAWDRLRYPE®IW R Q
IURP WKH UHODWLRQ GDWDEDVH D Q G IRMGIFX GHPW W GRGD W
VXSSRUW VI\VWHP QRW \HW WUDQ V IIHHUTUH.G MR IR [BAH U WER
PDUVKDOOLQJ \DUG RSHUDWRU FDQ DW D D[\ ]S DWW B K\DWIIRR
HYHWDWLRQ ZDJRQ DQG WKH LQFRPLQJ RU RXWJRLQJ W

7R VHH KRREDWWHSV\OAMZARRUNY LQ LWV WXR HHDRS WD \WH H
SUHVH@WHGARU LQFRPLQJENBDLIQ®HODX SWGRRQR! \DUG
KRXUV

(IDPSOH 6XSSRVH ZH VWDWH WKH SURBM®HRRKIULQFRF
GHYLDWLRQ )LJ D ,Q WKDW FDVIPBREWVEHEIEH VROXWL
EH

2SWLRQ ,lI WUDLQ LV JRLIQN RHRD BN SWKORM \BUHRG H VW
VKXQWLQJ Rl WUDLQ FDQ VWDUWLIWK P LDQXGVHW FL
GHOD\ DQG OHDYH WKH \DUG DW GKIORPRPRWLKBIW :

IRQH[W RSHUDWLRQ FDQ VWDUW DW
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2SWLRQ , ] WUDLQ LV JRLQJIRWRKE HDYMHQV VS DWERWQVI
ZLOO EH IURP XQWLO W KRBIQ L Q URRCF(M WWALRW W RDUW
ZLOO EH ILQLVKHG DW 7KLV PHOARRW RW DY\H Z1 R U NGHHU[\WV

RSHUDWLRQ FDQ VWDUW DW

([DPSOH 6XSSRVH ZH VWDWH WKH RUREWHR FRH DWRIA/ K T
WR KRXUV RQ D VSHFLILF GWWI)WR DLGH/TX MW H & MER|

J)LBF OLNH ODUVKDOOLQJ \DUG REWQRWNBWYEBMH

SRVVLEOH VROXWLRQV GGIDAHG FROANVEH GHYHORSHG

2SWLRQ 7UDLQ LV JRLQJ WR EH SWRKVVHG IURP
LV JRLQJ WR EH SURFHVVHG IURP G DMWQWUDLQ W FL
LV JRLQJ WR EH SURFHVVHG IURP G DWQWLO v
2SWLRQ 7UDLQ LV JRLQJ WR EH SWRHVVHG IURP
LV JRLQJ WR EH SURFHVVHG IURP G DMWQWUDLQ W FL
LV JRLQJ WR EH SURFHVVHG IURP G DWQWLO v
2SWLRQ 7UDLQ LV JRLQJ WR EH SWRKVVHG IURP
LV JRLQJ WR EH SURFHVVHG IURP G DMWQWUDLQ W FL
LV JRLQJ WR EH SURFHVVHG IURP G DWQWLO v
2SWLRQ 7UDLQ LV JRLQJ WR EH SAWRKVVHG IURP
LV JRLQJ WR EH SURFHVVHG IURP G DMWQWUDLQ W FL
LV JRLQJ WR EH SURFHVVHG IURP G DWQWLO v
2SWLRQ 7UDLQ LV JRLQJ WR EH SWRK)VVHG IURP
LV JRLQJ WR EH SURFHVVHG IURP G DMWQWUDLQ W FL
LV JRLQJ WR EH SURFHVVHG IURP G DWQWLO v

3.1 Methodology Dscussion

7KH SUHVHQWHG VROXWLRQ GHILQHW MRY K DISBW RPE K
UHVSRQVH DQG LW LV EDVHG RQ \WKGP BIUS\H BWO ¥ \VW HP
FRPSRVHG RI WZR PDLQ SDUWV ZKLFK FDRUNEH FRPSO
LQGHSHQGHQSMUW7KW GHUN@HG DV D PDWIKHPDWILRQO PD!
PRGHO WKDW GHILQHV WKH LQIOXHQBEHQD FMWRD XREW GHID
LQFRPLQJ DQG RXWJRLQJ ZDJRQV 7KL\GH[@FPWKMDOXH U
@ EXW ZLWK D &L IT7HUHRD/D DSGDWDRQ LV GLIIHUHQW EH
LV IRFXVHG RQ ZDJRQ LQIOXHQFH QDWWIR (8 RIVQ & LFRHID R/IL Ry
ZDJRQV RQ MKKHPPQYG SDUW UHSUHVHQWY H[SHUW V\VWH
LWKHQ UXOHV DQG IDFWV DOUHDG\ S\WKRIU BB FIRDJIHP S |
,Q JHQHUDO PDFKLQH OHDUQLQJ UHGYD&FEW I OH] S HQ WV KL\
FDVH WKH ODWHU UHSUHVHQW D JRRG OISGURDE& EHFD
RSHUDWRU H[SHULHQFH DQG WKH UXOHWHMQVEH FRQ
FXUUHQWO\ LQ WKH WHVWLQJ SKDVRIX QDG G KWK B HEH V X O
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DSSOLFDWLRQ JXWXUH ZRUN\VRWHIPPSHURYLDRRSW HKHAHIQ\S L
PDFKLQH OHDUQLQJ VKRXOG EH FRQIGWKWHGL WMRL ALD-NDKD W
FRQILGHQFH IDFWRU

Conclusion

7KH GHFLVLRQ VXSSRUW V\VWHP VKRXOBWSRIRYDIGH WK
RYHUYLHZ SLFWXUH RI WKH FXUUHQW VGDBYKBW RI W
LQIRUPDWLRQDR® LSFOW ZEOFK FDQ EH SHUIRUPHG LQ WK
RU HYHQ LQ RWKHU VLW XDWMR@\Q G3LH\EF WEEHHEQLHUE\ RS W
ZDJRQ DQG WUDFN PDLQWH@DQFH GHVFULEHG LQ >

W LV LPSRUWDQW WKH PHQIWALRIU W K3¥ (&R VR/UWL B/ADKH EWHILHO
QHWZRUN VWUXFWXUH RI WKH (XURSH WKIHOZDX\SSRUW
LQIRUPDWLRQ VI\VWHPYV ZLOO EH GHYRHRRWBGQWMR)ERBR R Y GC
DQG RXWERXQG WUDIILF GDWD DXWRAP WKILKD ODT X UBRHPVHI
ORW RI DGGLWLRQDO HIITRUW DQ &G HY HWROSL@H GV KRS RUKWM
LQWHIJUDWLRQ ZLWK UDLOZD\ LQIRUPDWIHR RKD\YIHHPV W
IROORZLQJ LQGXVWU\ VWDQGCDUG VSBGEKR DRQAPY 1.6 1 R QBD!
PD\ EH FROOHFWHG GHSHQGLQJ RQ WHKH IRWDWLRI)L OD
VI\IVWHP VXFK DV WUDIILF LQIRUPDMHR @G HRIUVQW&HSQH[\R G
'LWK VXFK GDWD WKH LQIRUPOMURQ@ WLRY HIPERRWOBYVRIL
ZDLWL@DODQKDOOLQJ WLPH WR UDURWDWR OQNISIRWWS ODQ

Acknowledgement

7KH SDSHU SUHVHQWY WKH FDVH W KDY RHWKIO & bl IS MI R IR\
6PDUW $WWRPRI 5DLO 7UDQVSRUW 3URMHFRXQBIHWHQFF
E\ (XURSHDQ 8QLRQ DQG ZDV ILQDQFLDGOMQYKBSRUWH
7HFKQRORJLFDO 'HYHORSPHQW DQG ,Q@RYWWDR®Y BR WK

References

> @*HVWUSB LXVKPV ) %REWIBWIORQ RI VLPXOWDQHRXV
IRUPDWLRQ DQG FDU VRUWLQF M{HQ WB U QHMOLARIQIDIO \
6HPLQDU RQ 5DLOZD\ 2SHUDWLRRVLORRISEQKQJIHIX G

3

> @.KRVKQL\DBLPXODWLRQ Rl SODQQLQJDWNBRQWHWLHYV |
PDUVKDOOLQJ \DUGV 0D VW HUDWHEBW W W Q R QW.HU 7R ID &R
6\WWHPV .7+ 5R\DO ,QVWLWXWH RI 7THFKQRORJ\ B6WR

S

> @9XNALG 3RSRYLUGU O 7DQDVNRYLU - G6WDUpPHYLU
$QDO\VLV RI FRXSOLQJ V\VWHR VD LSFXWH V7 HFE Q URHD..
-DXULQHQVLV Ss 11-
KWWSV GRL RUJ DFWDWHFKMDXU

AL32A



Acta Polytechnidangarica Vol.21 Nol, 24

> @aAHVWINRYiI - 3XOW]JQHURYiI $ OIHWIKUH W DMMOZ PD L Q

VXSHUVWUXFWXUH DQG LWVWQ\ &RX HUGPH RRYXD &/ FOH. QMU C
THFKQLFD -DXULQHQVLV SS -
KWWSV GRL RUJ DFWDWHFKMDXU

> @s&VRUWRYV * $XIXVIWLQRYLF] REHUDMR Q 3R 12B WP

>]

>]

>]

9]

> ]

1]

7]

>3]

>4]

> ]

OXEULFDWLRQ GHYLFH ZLWK DUWHV ZKHW OWURD DA LINJH FUA
FRHIILFLHQW $FWD 7HFKQLFD -PXULQHQVLV
KWWSV GRL RUJ DFWDWHFKMDXU

$GOEUHRKW +-WWOHU % =D]JRUQLMNKH- WUDR@DOW
PDUVKDOOLQJ E\ D VLQJOH VKXQWLQJHDQWHIQH SURE
3DUW & (PHUJLQJ 7THFKG@BORJILHV

*XR & /ASWLPL]LQJ RSHUDWLRQ RI GHOLYHULQJ DQ(
UDLOZD\ VWDWINMKD ZHWE KKFPRGWGRSHUDWLRQ VLWHV
H GRL KWWSV GRL RUJ MRXUQDO SRC

%RKOLQ 0 *HVWUHOL\WLP&ODKR\RKQRIDSMDQQLQJ V\
IRU WUDFN DOORFDWLRQ DW PDURKRDORGIIODYS V
DQG 6LPXODWLBS - GRL &0(0

6KDEHOQLNRYDEDNK *LEQHBU 6DU\DQ $XWRPDWLF
$GYLVHU RQ ORELOH 2EMHFW\& 6 D/DWXVF PBMICR/QL | ERB Y
RlI 3K\VLFV &RQIHUHQFH 68BULHYV 23 3XEOLVKLQJ
GRL -

7\OHU 'LFNQI@XHQFH RI PDLQOLQH VFKHGXOH IOH]JL
YDULDELOLW\ RQ UDLOZD\ F@QFWVLIRKDWDRQRIDYBGL C
7TUDQVSRUW 30DQQLQJ ODQDJIJHPHQW

GRL KWWSV GRL RUJ M MUWSP

+HQGULMNKY VKDUH NQRZOHGJH" 7KH LQIOXHQFH RI ,&7
IRUNQRZOHGJH VKDULQJ .QRZOHGJH D@®® SURFHVV |
91- GRL KWWSV GRL RUJ 6,&, $,!

.30 I & 2-M

6DLEHQH $ $VVDOH[SHUW OWWHRY 'HILQLWLRQV I
DQG LVVXHV LQ PHGLFDO ILNWGE DS EOWKDIELSRQ F DWS |
GRL KWWSV GRL RUJ M HVZD

3R]QD & SUHFPSS O FDWLRQV RI 6LIQDWXUHV WR
ORGHOOLQJ $FWD 3RO\WHFKQLFD SXQJDULFD
$3+

ODQDIRY$YSOLFDWLRQ RI DUWLILFMDRO WHYGAXHFBIOW KHHQ F
ORDGLQJ Rl WKH PDUVKDOOLQJ \DUG AZddbd gZmdh\l
< EZaZjygZ <bi SS- GRL W VW W

*DORQVNH 1 5LHEH ( 7TRXERQH ®L: DL GRRWHR® |
IXWSURRI VROXWLRQV IRU ZDJRQORDG WUDQVSRUYV
JURFHGLD SS - GRL

KWWSV GRL RUJ M WUSUR

AL33A



N.9LWBtRIY LU Decision Support System For Managing Marshalling Yard Deviations

> ]

>9]

> ]

91]

22]

93]

94

OLQEDVKL 1 SDOP PYRKWL Q& O . REIGDWMDGE L Fb O

DQDO\WLV RI GHSDUWXUH GHYLDWLRQURRRP VKXQ

6ZHGLVK UDLOZD\V -RXUQDO RI 5DLHQWDQVSRUW 3
GRL KWWSV GRL RUJ M MUWSP

5XPEDXJK 5 -DFREVRQKH 8@RRHAKE OCRGHOLQJ /DQJ>
5HIHUHQFH ODQXB®OKGGLNBRQIRUQLD -%6%1

9LWNRYLUO 1 6LPRQRYLU O OLOWH@GRYWZDEH 7UL
ORGXOH IRU WKH 9LVXDOL]DWLRQ DQGCDMWAR@YLQJ RI
ODFKLQH 'HVLJIQ SS -

GRL 0’ -32

3RS 3 $OWDU $ 'HVLJQLQJ DQ 09& PRGHO IRU UD
GHYHORSPHQW 3URFHGLD (QJLQHHULQJ
GRL M SURHQJ

)DW.DWURXL O0-/DRKRXDRGHOLQJ D 1XPHULFDOO\ &RQ
ODFKLQH 7RRO )RU ,QWHJUDWHG 6XSHUXQWIRQ 'HVL
,QIRUPDWLRQ 7HFKQRORJ\ DQG (OHFBULFDO (QJLQHI

:\JDQW 05 &/,36% SRZHUIXO GHYHORSPHQW DQG GH(
VIVWHP WRRO &RPSXWHUYV LQGXVW3IEL DO HQJLQHH
GRL KWWSV GRL-RUJ -

$WDQDVRWLRLQJ &/,36 WR 5HDOL]H 4XDOLW\ RI /LIH |
4/,)(; )016 SS -

JLVFKHU 6 .6]*BINV\HFGVLRQ SURFHVV RI HQHUJ\ ORVYV
YHKLFOHV )DFWD 8QLYHUVLWDWLYV 6HUZHV OHFKDC
SS - GRL )80 ( )

&DR < 6WRMLpLU 6 OLORYDQpPHYLISROUDMWL@DIJHP HC(
DOO 6HUYLFHV IRU 2SWLPXP 5D\WEZRQ e4DWHEB REWHAHINX H
6HW &DOFXODWHWDR BRONKRHFKQLFD +XQ@®ULFD

GRL $3+

%DQLU O 6LPRQRYLU OGBDGWFROMIXQRYLALOWHQRYLIU
SHULO'LAALWDO WZLQ EDVHG OLJKWZHLJKWLQJ RI U
YHKLFOHYVY )DFWD 8QLYHUVLWDWOVD @8 WRERVSXRMVRPD

SS -199 GRL KWWSV GRL RUJ )8%&5 %

@]DODL 6 (OOHU % -XKiVIpRHWRYPKHGBUUDFK
%DUDQ\DL * JLVFKHU 6 ,QYHVWIDOWMRQHBI Gt
UDLOZD\ WUDFN GXULQJ FROODSVHRRVERW RRCH 'LJIL'

,&0 5HSRUWYV LQ OHFKDQLFDO (QSLQ]:SBI—IULQJ
KWWSV GRL RUJ UPH

@RPNyZ6RERWDUDMHZVQNIOXHQFH RI WDFN ZHOGV GLV
DQG ZHOGLQJ VHTXHQFH RQ WKH DQJIJXDFWILVWRU:
8QLYHUVLWDWLY B6HULHV OHFKDGISFDO (QJLQHHULC
GRL )80 ( 7

AL34A



Acta Polytechnica Hungarica Vol. 21, No. 1, 2024

A Study on Possibility of Application of Recent
Self-Healing Methods for Self-Healing Concrete
Railway SeeperManufacturing: A Review

Fei Yang', Mohammad Siahkouh?*, Guixian Liu?

Yinfrastructure Inspection Research Institute, China Academy of Railway
Sciences Co., Ltd., Beijing 100081, China; yf2009@rails.cn

2 Center for Infrastructure Engineering, Western Sydney University, Penrith,
NSW 2751, Australiam.siahkouhi@westernsydney.edu.au

3Infrastructure Inspection Research Institute, China Academy of Railway
Sciences Co., Ltd., Beijing 100081, China; liuguixian@rails.cn

* Corresponding author

Abstract: Railway sleepers are under different types of dynamic, statidngact loads.
Due to a lack of a short span of track maintenance and inspedtamged railway sleepers
may not be detected and replaced after sudden damage. Craxksciete railway sleepers
are almost inevitable and difficult to detect. According to the main radéeepers to keep
track of standard gauge and transfer loads to railway track interlaybese damages may
bring train derailment. Therefore, the application of self-healinghods can provide more
lifespan time and compensate for some load capacity of damagedrsléextend thei
service life until they are inspected and removed from the trackabsg-healing methods
have been proposed for large-scale beam shape structures, incladingenous and
autonomous. But according to the special service condition of steepast of these methods
are not suitable for manufacturing railway sleepers. In this study, mostechvailable
methods are reviewed and assessed based on the railway sleeperatuaimgfgprocess,
service environment, loading condition, and lifespan. Finally, sprospective methods
have been proposed to manufacture self-healing concrete ra#lespers such as the
application of nanomaterials, vascular methods, and the LatConX system.

Keywords: Self-healing concreteoncrete railway sleeperailway track

1 Introduction

One of the main roles of railway sleepers is to transfer loads coming fromgpassin
trains to the track interlayef%-3]. Moreover, sleepers keep standard track gauge
to avoid extra rails lateral displacement that may result in train derailment [4, 5]

A135A



F. Yangt al. A Study on Possibility of Application of RecenliiggNetbads
for Self-Healing Concrete Railway Sleeper MagufaReview

Therefore, railway sleepers are one the critical components of railway tracks.
Normally, track inspection is based on million gross tons (MGT) in spaeific

periods of time, unless an emergency damage causes emergency maintenance action
[6, 7]. Damaged sleepers are detected using several methods such as gieasurin
machine, ultrasonic, visual inspection, etc. [6, 8]. Therefore, self-gealitway
concrete sleeper may avoid sudden failure of sleeper and compensate some load
capacity of damaged sleepers to save track until next maintenance operation.
Eequipping conventional sleeper with self-healing feature can increase the final cost
a sleeper, but due to the healing process and avoiding the sleeper daitiar
operation it can compensate its higher cost [9].

1.1 Railway Concrete Sleeper Characteristics

Railway sleepers include timber, steel, concrete and composite sleepers [10, 11]
Concrete railway sleepers have been used extensively. AlImost each year 20 million
concrete sleepers are used in railway tracks construction [12]. These concrete
railway sleepers are under static, quasi static, dynamic and impact loads that provide
a complicated loading condition [13, 14]. Concrete sleepers have three main critical
zones as positive bending moment zone in rail seats and nagative bendiagtmom
zone in middle of sleeper in which railway damages have been mostly observed,
shown in Figure 1.

Positive bending moment

Negative bending moment

Figure 1
Critical zones in concrete railway sleepersviéh potential of damage

1.2 Self-Healing Concrete Methods Classification

Self-healing concrete is mostly utilized for concrete composites that can repair
minor cracks without the need for external intervention. Autogenous healihg
autonomous healing are two types of self-healing techniques. Autogenoug healin
in concrete refers to the hydration of unhydrated cement. Autonomdirgghea

the other hand, requires a trigger to start the process [LAut6homous healing,
unlike autogenous healing, relies on embedded atypical designed additions rather
than unhydrated cement to fix bigger cracks. Autonomous healing stratagees h
outperformed most autogenous healing methods in crack healing [17]
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Most autogenous healing methods are confined to cracks with a width tifdass
P

1.2.1  Autogenous Self-Healing Methods

Table 1 lists some of the recent autogenous self-healing fracture repair teshniqu
including four categorizations as mineral powder, fibers, nanofillers and curing
agentsAutogenous healing methods can heal crack up to 60%. The craokied
by autogenously healing were observed in various diameters suctbanr.fo

PP WR P P P PEPFERUGLQJ WR WKH DQD
and investigation of different authors [18].

Table 1
Overview of recent autogenous self-healing methods

Healing Sample . . Crack
method dimensions Healing materials| width Results Ref.
; ; Blast furnace slag 40%60%
mm and Limestone | 60 -m healing for air | [19]
powder cured specimen
30 days of
continuous
moist curing
was enough for
_— , specimens to
Mineral mm Fly ash _p achleve_ [20]
owder ultras_onlc pulse
P velocity results
higher than
reference
specimens.
expansive agent, The 0.22 mm
geo-materials 0.22 crack of
N [ F P| (montmorillonite) | concrete was [21]
- mm
and chemical self-healed at
agents 33 days.
Final healing
1 1 ) 60-80 improvement
mm Carbon fiber -m ranged between [22]
2.3% and 5%.
" Only after the
Fib ?ggﬁvei;lslﬁber crack width
ers ici
! alcohol (PVA) was suffg:fntly
Toq and hybrid fiber | <0.1 ”a”IF’n"Veth y ol 23]
mm reinforcing mm ?ﬁa' rg ke very
(polyethylene iny gihs
(PE) and steel gr%ur_\ f%
code (SC) ridging fibers
could
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mechanical
property be
recovered.
As the healing
period increases
from 0 to 14
days, the
healing ratio
] increases from
- steel-fiber P 1 9.4% to 36% [24]
for most
multiple micro-
cracks widths
smaller than 50
P

Healing
1 1 40-50 processed
mm Carbon nano tubg M between 2.3%

and 5%.

Hydration was
PVA fiber, continued by
(I Superabsorbent 104 —m absorbed water
mm polymer (SAP) and to
(hybrid) precipitate
CaCOa3.
The 110 %
mixture is
slighty  more
hydrated than
the 55/0.30
saturated combination
PP 1 lightweight because the
mm cylinders | aggregates - 11.0 percent
Curing (SLWA) mixture
agents contains a
minor amount
of  additional
water in the
LWA.

The  findings
show that
internal curing
and a shrinkage
reducing

- additive  work
together to
reduce cracking
potential
significantly.

Nanofillers [22]

[25]

[26]

water-saturated
- - lightweight
aggregate  an
super-absorbent
polymer

[27]
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Polyethylene
Glycol

Healing

concrete mee
the  minimum
strength

requirement as
25 MPa and
even with
strength  much
above 25MPa.

(28]

1.2.2

Autonomous Self-Healing Methods

Table 2 shows recent research in autonomous self-healing methods. Autonomous
methods can heal wider crackes up to 1.16 mm, especially in vascular technique
that more healing agent is provided in damaged zone. In micro capfshpance,

shell which carries healing agent has a significant role. Some shells or cargos are
easier to break and release the epoxy due to crack and followed by lagging

flows into the cracks due to a capillary effect, which is the flow of aditjuiough

a confined space without the aid of external forces such as gravity.

Table 2

Overview of recent autonomous self-healing methods

Healing Application Crack
method method Cargo | it results Relf.
In this method the
Electrolyte 0.3 fastest crack healing
solutions | ZnS0O4 and P P «| speed is during the [29]
+ Direct MgSO4 0.05m first 5 days and the
El d L current ’ cracks are completely
ectrodepositl healed after 20 days
ontechnology —
Electro MaCl2 100 Magnesium ions
chemical g-le. formed at the mouth
o solutionin | -mto
deposition an 200 of a surface-opened| [30]
treatment crack and continued
electrolyte -M
processes to the crack Interface
NiTi and The main crack |
NiTiNb recovery began at 79
shape 0.5 f& DQG UHD [31]
memor - mm 100% in the NiTi,
Shape memory alloy (SMyA) 38.774.1% in the
alloy NiTiNb specimens.
embedded deformed
technology shape The NiTi fibers
memory showed the maximun [32]
alloy fibers, - - enhancement of 679
NiTi and after heat treatment.
NiTiNb
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Capsule
technology

horone
diisocyanate
(IPDI)
microcapsul
es

Araffin
wax,
polyethylen
e wax, and
nano silica

Micro
cracks

Concrete containing
microcapsules
exposed to sulfate
attack provided a a
shield in the pores
after 14 days.

(33]

epoxy resins
microcapsul
es

StDVB
shell

Micro
crack

The hardened epoxy
bridged the cracks, a
the dominant
elements of C and O
accounted for 95% o
the mass in the
surrounding cracks.

(34]

dicyclopent
adiene

(bCPD) and
sodium
silicate

The modulus of
elasticity of the
concrete improved by,
11% and 30% using
sodium silicate, and
the healing agent for
DCPD

microcapsules.

Vascular
technolog

polymeric
healing
agents

poly(methyl
methacrylat
e) tubes

1.16
mm

Chloride resistance
was increased in
cracked concrete

beams using mixed-ir
capsules (glass or
PMMA) packed with
a water-repellent
chemical.

(36]

Methyl
methacrylat
e

hollow
glass tubes

In samples containing
released adhesive,
flexural toughening
was increased for the
second loading event
while most of the
nonadhesive controlg
showed a decrease i
flexural toughening.

(37]

Cyanoacrylaj
te, Sodium
silicate

Heat
shrinkable
tube

In a 3-point bending

test, the results reved

that pressurizing the

network increases th

flow of healing

agents to the point
where they fill the

majority of a 0.2 mm

crack.

(38]

Microbial
technology

Bacteria

porous
expanded

0.15
mm

The cracks healed
using mechanism
bacterial concrete

(39]
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clay which occurs due to
particles metabolic conversion
of calcium lactate to
calcium carbonate.
Microbial recycled Thg average crack
et | conerete | 05 | Teamasones Ty
S aggregates| mm % . :
precipitation (RCAs) area healing ratio wa
(MICP) 84 %.
Ml);tlj;g of The carrier made
o] sminae s
powade cement, fly . [41]
calcium ash. and - materials may protec
source iron 'sand the loaded spores fo
powder at least 516 days.

2 Recent Studies on Large Scale Self-Healing Beam
Shaped Structures

Because the crack width and service circumstances of large scale structeres diff
from those of experimental samples, a specific approach for proadifipealing
property is required. Based on the polyurethane encapsulation that is intégrated
the matrix with eight concrete mixes, Huang et al. [42] investigated an autogenous
approach for manufacturing self-healing concrete sleepers. In the lapprator
artificial and man-made cracks have been generated. Modal impact excitation,
ultrasonic pulse velocity, and visual inspection were used to track crack healing.
According to the findings, modal impact excitation is the least effective method for
crack monitoring, especially when the cracks are small. In another stadiyré
development promotes capsule rupture, release, and subsequent harfiéméng o
polyurethane inside the crack, according to Tittelboom et al. [43]. Theadseco
method involves mixing superabsorbent polymers (SAPSs) into the concresa Th
SAPs absorb water that enters the crack, swell, and close it. They also cause ongoing
hydration and calcium carbonate precipitation when they release their water content
later. Smaller cracks are more likely to heal than larger cracks, as seen inZigure
Crack closing ratios of 486% were found for crack widths of 0-56-P ZKHUHDYV
ratios of 10-30% were obtained for crack widths of 200-250P
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@) (b)

Figure 2
(a) Layout of long tube PU capsulgb) Crack healing ratio [43]

Al-Tabbaa et al. [44] disscused a larger national effort to produce biomimetic
cementitious infrastructure materials. In Fig. 15a, the daily average air tem@eratu
acquired from local meteorological stations is shown with the mean crack width
recorded over the monitoring period. During the first four momigpsessions,
crack width readings consistently decreased between November 2015 andyFebruar
2016. The average normalised crack width is shown in Fig. 15b, alonglaiyh
rainfall totals. One of the most critical factors for successful autogenous sitighea

is the presence of water.

(@) (b)

Figure 3
(a) A schamatic of self-healing capsulés) crack width measurements throughout the 6-month period
[44]

The long-term behavior of a new self-healing concrete material system was
compared to that of regular reinforced concrete by Hazelwood et al. [45].r>atCo
(LCX) is a revolutionary material system that combines reinforcing steel and shape
memory polymer (SMP) tendons within a cementitious matrix. The tendons'
shrinkage process is activated when a beam has been cast, cured, and loaded,
providing a compressive force to the cementitious matrix. Long-termlaions
demonstrate the LatConX system's potential effectiveness in minimizing fracture
widths in reinforced concrete structural parts. However, when a polymeraiink
stress of 100 MPa is used and 50% of the damage is healed, the resaltthaa
65%reduction is possible.
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@) (b)

Figure 4
(a) A schamatic of self-healing beafb) Long-term behavior simulations of LCX beam [45]

The fracture process in self-healing concrete with implanted brittle capsules was
explored by Dai et al. [46]. The validated numerical model reveals that the ratio of
capsule slenderness to concrete-capsule interface strength is a critical characteristic
for a successful self-healing process since it allows complete control ovethghen
capsule breaks. The longer the capsule is, the longer it will takeetk.b
Furthermore, increasing the length of the capsules has been faassistomprove

the overall fracture energy of the beam, even after it has been fokgrb(Fig.5).

(a) (b)

Figure 5
(a) An overview of tubes layout in the middle of begh) schematic view of the healing tubes setup
in numerical modeling [46]

Siahkouhi et al. [9] studied application of embedded different size PU tubes self-
healing method to construct a self-healing railway sleeper. Final results showed that
different size of PU tubes is needed in rail seat or middle of sleeper. Lioeg tu
have a better performance in middle of sleeper and short tubes have a better
performance in rail seat (Figure 6).

@) (b)

Figure 6
(a) short tubes at middle and rail seat, (b) long tubesdille and rail seat of sleepers [9]
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3 Compatibility of Self-Healing Methods for Sleeper
Manufacturing

3.1 Manufacturing Process

In this section, differences between manufacturing of self-healing coramdte
concrete railway sleepers are compared. Studying different methods through mix
design, mixing and molding methods, and curing bring a brightvwerof self-
healing sleeper manufacturing.

3.1.1 Mix Design

By applying self-healing technology or incorporating the appropriate healing
methods, concrete's ability to heal itself can be achieved and enhanced [47]
Typically, the conventional concrete mix design approach is used to calculate the
self-healing concrete's mixing proportion [48lowever, some healing methods
affacts the concrete performance, for instance, rheological performérfiesio
concrete decreases in presence of geo-materials with swelling characteristics or
other small particle size materials such as micro and nano materials [49]
The mechanical properties of concrete may improve or degrade dependimng
circumstance when mineral admixtures are employed as a partial replacement for
cement, resulting in a small drop in cement content. [BOhcrete mechanical
strength may suffer with the addition of capsules .[®idqter/cement (W/C) ratios

of 0.3 to 0.37 are considered in concrete railway sleeper mix design, i@sultin

low flowability and slump tests of 7 to 9 cm [52] small change in the mix design

for sleepers can make a major difference in flowability.

3.1.2 Mixing and Molding Methods

The features of freshly formed and cured cementitious composites are siglyifican
influenced by the method, speed, and length of the mixing progess;ding to
earlier studies [53]The fluidity and strength of cementitious composites are
decreased while the number of pores in the matrix is increased bydiagtenger
mixing durations [54] So it's important to use the right mixing and dispersion
techniques. The most typical method of mixing is to place materials in a mechanical
mixer until they are homogeneous enough [=lf-healing components that are
brittle should be inserted into cementitious composites by the endxofgnid
prevent them from damaging during production [Hgjttle self-healing materials

may have reinforcing steel bars, metallic wires, or fibers which are added during
fracture formation to delay premature failure and reduce crack width T97]
prevent breaking, capsules need additional protection, especially while combining
[58]. In particular, for micro and nanoparticles with large surface areasmods

fillers with high aspect ratios, uniform dispersion of healing materials is ra@gess
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for significant self-healing capabilities [5Bimilar to conventional concrete, self-
healing concrete can be molded. In order to obtain appropriate structural
compaction, fresh concrete is frequently poured into molds in a nuhlsrers,

each of which is exposed to mechanical vibration.[6@Increte railway sleeper
consumes high amount of fresh concrete and has a high frequency vipratiess.

So in case of choosing self-healing method these parameters shouldiberedns

3.1.3 Curing

Water has been proven to be a critical component in improving self-healing
performance in both autogenous and autonomous healing methddsjeanhigh
humidity is insufficient to ensure self-healing [3W]hen pre-cracked mortars with
mineral admixtures are dried in still water as opposed to flowing water, the
permeability coefficient decreases more quickly and the crack width decreases more
significantly. This is probably because flowing water eliminates calcium and
hydroxide ions, reducing the pH and calcium ion concentration, botinich are
necessary for the synthesis of healing products [61]. In terms ofiamieal
recovery, the water/air cycle curing method, followed by periodically renewed tap
water, contributed to a superior self-healing performance of strairerfiagd
cementitious composites [50Nater curing compared with wet/dry cycles curing
or wet curing, usually helps microbiological concrete in obtaining a greatturfe
healing ratio [62] Figure 7 shows how concrete railway sleepers are cured using
steam and temperature. Maximum temperature increases tdd@0at least two
days.

Figure 7
concrete sleeper curing method [52]

3.2 Self-Healing Methods Disscussion

Railway sleepers have been exposed to wear and weathering in a tough
environment. Temperature, humidity, and other climatic conditions are highly

variablein the region where sleepers are used, moreover, this structure is exposed
to the sun without protection. As a result, this service condition precludes the use
of several self-healing technologies, as shown in Table 3. Electrodeposition

R1as A



F. Yangt al. A Study on Possibility of Application of RecenliiggNetbads

for Self-Healing Concrete Railway Sleeper MagufaBeview

technology, which involves conductors (conductive concrete), electricity, and
electrolytes, is particularly well suited to repairing marine concrete structures.
Concrete's self-healing tendency with SMA requires thermal stimulation, but that
with capsules or vascular is usually activated by crack formation. However, both
autogenous and autonomous healing processes are highly capablegotridle

that are in micrometers scale wWidHowever, some methods may be suitable to
manufacture self-healing sleepers which are discussed in the following sections.

Table 3
An overview of contradiction between self-healing inoets and railway sleeper production

No. | Self-healing methods Contradiction with railway sleeper manufacturing
1 mineral powder These methods provide self-healing property
2 fibers more hydration to close cracks, for sleepers
3 nanofillers water cannot be provided externally, unless in rg
- places. Furthermore, presence of nanomaterials
4 Curing agents influence on concrete flowability, especially in c3
5 mineral powder of sleeper concrete with low w/c. These meth

mostly are used for microcracks but in case
sleepers their crack sometimes is opened in
scale.

The existence of micro capsules may decrg
mechanical performance of concrete. Moreo
they may damage during mixing and manufactu
concrete railway sleeper. Healing material captiv
cargo inside of concrete should not be influenceq
curing temperature of concrete sleepers. Bacter
not suitable for concrete railway sleef
manufaatiring as it has short lifespan and nee
special growing environment.

6 Electrodeposition
technology

7 Shape memory alloy
embedded technology

8 Capsule technology
9 Vascular technolog
10 | Microbial technolog

4 Future Prospective

4.1 Self-Healing Tubes

One of the method which can be used for self-healing concrete sleeper
manufacturing is application of vascular methods such as long and short atbes th
can provide enough amount of healing agent [63]. Sleepers are underidyoads

that can enforce agents captive inside tubes to come out and covexamadakue

to a capillary effect which is the flow of a liquid through a confineacs without

the aid of external forces such as gravity.
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4.2 Nano Materials

Application of nanomaterials such as carbon nano tubes (CNTs) can be an optio
to manufacture self-healing concrete sleeper [6], just in case that external water ca
be provided for sleepers. So this method is not suitabkedesert area. Moreover,
convenient to heal microcracks in long time.

4.3 LatConX System

The system comprises cementitious beams with Unbonded pre-oriented polymer
tendons. When hydration reaction strarts due to the initial curinggsate crack

is closed by thermally initiating the shrinking mechanism of the constrained
polymer tendons [64].

Conclusions

This study reviews the potential self-healing methods to manufacture a self-healing
concrete railway sleeper. First, these methods are categorized and then they are
compared with concrete railway sleeper manufacturing process, lifespan and
loading conditim. Autonomous self-healing methods are suitable for higher crack
width than autogenous, but they depneds on some inside triggers suc asdo

short tube PU encapsulation, micro capsules, LatConX system, bacteria etc. There
are several parameters influence on application of self-healing methodsticgro
sleeper such as water that cannot be provided externally, unless in rainy places,
presence of nanomaterials which may influence on concrete flowability, especially
in case of sleeper concrete with low wi/c, existance of micro capsules which
decreases mechanical performance of concrete and they may damage timing m

and manufacturing, healing agents captive in cargo inside of concrete whidth sho
not be influenced by curing temperature, bacteria which has short lifespaeeisd
special growing environment. According to sleeper service condition, vascular
method, LatConX system and application of nano materials can be suitable self-
healing methods to manufacture self-healing sleeper. Although in a vascular
method, high amount of healing agent should be supplied in fractueda@orrack
healing.
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Abstract: The paper dealsvith the analytical identification of the critical section of the
axle of a freight wagon. The procedure for calculating the strength of railwag &xle
accordance with the European standard EN 1310shiswn Based on this, a method for
identifying the critical section of the axle was presented. The goal iisdtohie section or
zone with the lowest dynamic safety factor. The proposed method was applieddifia spe
example ofstandardaxle of freight wagon for an axle load of 22.5 tons. The obtained
results have shown that the critical section is located in the zone of transition radius
between the wheskat and the middle part of the axle. The obtained analytical results
were verified by FEM calculation in the ANSYS software pack@ige.results of the
research presented in the paper may be interesting and should be considered for future
design, optimization and standardization of axles of freight wagons

Keywords: railway axle freight wagon critical section;EN 13103

1 Introduction

The axles of railay vehicles are among the most responsible elements in the
entire railway system. The quality of functioning and reliability of railway saxle
directly affects the safety and security on the railway. Failure of the railway ax
in running very often leads to the derailment of a given railway vehicle and
sometimes of a larger part or the whole tr@ne example is shown Fig. 1)[1].

The consequences of these events are great direct and indirect nuzierdaje,

and very often human casualties. Therefoesgarch on the problems of railway
axles takes the one of the most important places in the railway engin@ehg [

Nowadays, there are many developed methods for analyzing and investigation the
behavior of vital elements of railway vehicles and trak J]. Actual research on
railway axles is primarily related to analyzing their behavior and charaate@sti
extremely dynamically loaded elemenifartinezCasas et al. have investigated

the numerical determination of the stresses of railway axieg tise model of
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interaction between the train and trad®][ In [13] and [L4] Nikolov and Krishna
Sudha et al. have studied the strength characteristics and design of locomotive
axles. Xue et al. have analyzed the problem of assessing the reliability of axle o
freight wagon 15|, while Dikmen et al. and Yasniy et al. have investigated the
problem of estimating the lifetime of the railway axi®,[17]. Given that railway

axles belong tounsprungmasses, the problem of reducing their weight is a
constatly current topic. In 18 Han et al. have researched how to reduce the
weight of axle of a city railway vehicle. Son et al. have studied the problems of
designing a hollow railway axlel@]. In order to reduceinsprungmasses, there

are approaches to introduce new materials of wheels and axles. In this regard,
Bruni et al. and Mistry et al. have studied the design of a railway axle made of
composite material, 21].

Figure 1
Example of derailment of freight train caused by axileife [1]

The aim ofthis paper is to establish an analytical method for identifying the
critical section of the axle of a freight wagdrhe main goal is to identify the
crosssection of the axle with the lowest dynamic safety fadtordoing so, all
relevant loads for axle calculation and its strength requirements are taken from the
relevant international standard EN 131@2]] Lastly, the obtained analytical
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results should be verified by numerical calculations using FEM, which are
successfully used for a long time in thesearch of phenomena related to wheel
and rail p3, 24].

2 Strength Calculation in Accordance with EN 13103

The European standard EN 13103 prescribathoritativeloads for the strength
calculation of axles of railway vehicles. The scheme of loads for calculation is
given in Fig.2. The forces of action on the axle journals [2£]:

8
B 0.625 0.07?1-- 1
1 hot ¢ 1)
P, 0.625 0.07'§‘&-§mi g (2)
bo
H Yl Y (3)
Figure 2

Scheme of loads for strength calculatwiirailway axles22]

The reactive forces in the whelil contacts ar§22]:

Y, 03m g 4)
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Y, 015m g ()
1

Q ghbs Bbs ¥ ¥ R (6)
1

Q@ 5 Rbs Rbs ¥ ¥ R ()

In the previous expressiohsis height of gravity center of suspended madsés,
half-distance between axlox casess is haltdistance between nominal rolling
circles, R is wheel radius, andn is mass which is definedas the difference
between axldoad massrtu) and wheelset massi(sy):

mom, M (©)

Thediagram of bending moments of the axle in the yz plane is given i8.Fig.

Figure3
Diagram of bending moments of axle in yz plane

The bending moments in the plane yz, caused by the loads of axle defined in Fig.
1 are defined by the following expressions:

M, O (9)
M, Rb s (10)
M, Pb s YF (11)
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M, PRb YR Q ¢ (12)
M,s O (13)
M, P, b s (14)
M, Pbs Y R (15)

The maximum bending moment in the plane yz, caused by the braking with shoe
brake is defined by the following expression:

M PO3F b s (16)

xbr

where: p — friction coefficientbetweenshoeand wheel, Fs = By Py — braking
force, Bx—braking coefficientPy = (M + mys) § /2 —wheel static load.

The maximum bending moment in the plane xy (B)g.caused by the braking is
defined by the following expression:

M, O03F b s~ 17)

zbr

The torsion moment of the axle (Fig. 4), caused by the braking is defined by the
following expression:

M, 03P, R (18)

ybr

In any axle crossection, the equivalent stresg must be less than or equal to
permissiblestress lger:

e Vo (19)
The equivalent stress is determined by the following expression:

32M,
313

¥ S (20)

where:

M, JMZ M? M?2 —equivalent moment in considered crssstion

d —axle diameter in considered cresesction
S —stress concentration factoréonsidereadtrosssedion

The stress concentration factor depends on the location of the codsidess
section and is defined by the expressions:

4 Y Y1

5 ,..10x 25X 15 0% 1’ X

Y

D
q (21)

L
D
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Figure4
Diagram of bending moment of axle in xy plane and diagrBtarsion moment of axle

The explication of parametedsD andr in expression (21i given in Fig5.

Figure5
Explication ofparametersl, D andr

The permissible stress is defined as the ratio between the enduranci fionia
given axle material, and the safety factor
K

N (22
s

per
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3 Analytical Identification of Critical Section

The subject of research is thiandardaxle of a freight wagon for an axle load of
22.5 tons, shown in Fid. In order to perform analytical identification of critical
sectionof the considered axlefive representative crossections SAS5 for are
selected forstrength calculationlt is important to note that these cresstions
are selected in the placesavh pressed joints or transition radii between different
diameters of the axle are present.

Figure6
Subject of research standard axle of a freight wagon for an axle load of 25 t

The input parameters for the calculatiorthod strength of the considered axle are
given in the Table .1

Table 1
Values ofinput parameters for calculation of strength of consdeaxle

mar =22500kg axlelload

mws=1074 kg wheelset mass

Axle material EALT

ho =1900 mm height of center of gravity of suspended massdadéd wagon
2b =2000 mm distance between axlaox cases

25s=1500 mm distance between nominal rolling circles

D =920 mm nominal wheel diameter

The obtainedvalues of parameters for tideterminatiorof axle stressespbtained
on the basis of expressions given in @mapter 2, are given in the Table 2.

The expressions for the determination of equivalent moments in considered cross
sectionf the axleare:

2

o 2
v \/ 0.886 M,,~ 0.086M, °  0.086V § 23

© 0.252 »10.252 ©

—-159-



M. % Lét lali Analyticdtlentification OfiticalSectiorof Axle ofFreightVagon

~ 2 2
Mo 0.5425M,,” 0.1425M 0.T425/1§, (24
© 0.252 »10.252 ©
MeS3 \/ M B M xbr ’ M 2ybr M 2zbr (25)
2
0.632 M ," M
M es4 0 7)(35 = M x4 M ><br"§ M )z/br M ibr (26)
MeSE \/ M b M xbr ’ M 2ybr M 2zbr (27)
Table 2

Obtainedvalues of parameters fdeterminatiorof axle stresses, obtained on basis of expressions
given inChapter 2

Parameter Value Parameter Value Parameter Value
m: [kg] 21426 Mx[kNcm] 0 Bk 0.75
P1[kN] 161.32  Mx2[kNcm] 4033 Fs[kN] 82.77
P2[kN] 101.42 Mx[kNem]  6933.76 u 0.1
H [kN] 31.53 Mwx[kNcm]  4009.63  Mxor[KNcm] 62.08
Y1 [kN] 63.06  Ms[kNcm] 0 Mar[kNcm]  620.78

Y2 [kN] 3153  Mws[kNem] 25355  Myr[kNem]  1522.97
Qi[kN]  180.97 My [kNcm] 3985.88
Q2[KkN] 81.77 Pu [KN] 110.36

The obtainedvalues of safety factors and equivalent momenthéconsidered
axle crosssections are given in the Table 3.

Table 3
Obtained values of safety factors and equivalent monienisnsidered axle crosgctions

Crosssection  Stress concentration factr  Equivalent momenile [kNcm]

S1 1.11 1413.49
S2 1.36 2342.13
S3 1.00 7186.56
S4 1.19 6739.52
S5 1.00 4391.32

Finally, the obtained values of equivalent stresses in considered axle cross
sections are given in the Table Bhe table also gives the values of endurance
limits defined by R2] in considered axle cros®ctions and safety factor as a ratio
between endurance limit and equivalent stress.

The obtained results have shown that the most critical sectitive afonsidered
axle is located in the zone of transition radius between the ysbatland the
middle part of the axl&one between crossgection S3 and S4 shown in Fig. 6).
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Table 4
Obtained values of equivalent stressasdurance limits and safety factarsonsidered axle cross
sections

. Equivalent stress Enduranceiinit ~ Safety factor
Crosssection

K[kN/cm?] 1K [kN/cm?] s
S1 7.28 12 1.65
S2 7.93 12 1.51
S3 9.15 12 1.31
S4 15.25 20 1.31
S5 8.35 20 2.39

This result is in agreement with maogses of failures of railway axles that have
occurred in the past, where the axles have fractured right in the identifiefllzone
25-21.

4 Verification of Analytical Results

The obtained analytical results were verified by FEM (finite element method)
calculation in the ANSYS software package. The formed numerical model
consists of the considered axle and a pair of wheels. The model is composed of
14035%inite elements and33962nodes (Fig7).

Figure 7
Numerical FEM model140359inite elements an@d33962nodes)

The obtained numerical results for the equivalent stresses of the axle in the
considered crossedions fromChapter3 are shown in Fig. 8.
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Figure 8
Obtained numerical results feguivalent stresseés considered crossectionf axle

A comparative view of the equivalent stresses obtained by analytical and
numerical way is given in Table 5.

Table 5
Comparative view of equivalent stresses obtained by analytical andinalhweay

Analytical results FEM results

Crosssection WkN/Cn?] W[KN/cn]
S1 7.28 7.58
S2 7.93 7.82
S3 9.15 2.08
S4 15.25 16.6
S5 8.35 10.96

The obtained FEM results have shown good degree of agreement with the
analytical results. There is only one exception in section S3, where thetcontac
surface with the wheel is present in the numerical model. Therefore, avaluer

of equivalent stress is obtained in this sectiorgeneral, it can be concluded that
the analytical and numerical results are in agreement and that the analytically
identified critical zone of the axle in chapter 3 is valid.

Conclusiors

The paper presents an analytical method for identifying the crigeaion of axle

of a freight wagon. The method is based on the requirements of the European
standard EN 13103 for axle strenghmalytical results fostandardaxle of freight
wagons for an axHpad of 22.5 t have shown that the critical section is located in
the zone of transition radius between the wisealt and the middle part of the
axle.In this zone, the axle has the lowest safety factor of about 1.3, expressed as
the ratio between the endurance limit and the equivalent sTeissresult is in
correspondence with many cases of failures of axles from exploitation that have
broken just in the identified zon&lhe established analytical procedure was
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verified by the results of FEM calculation, while the analytical and numerical
results are in correspondendéhe outcomes of the paper should be taken into
account in the further design, optimization and standardization of axles of freight
wagons.
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Nomenclature

Symbol Meaning

P1, P2 [kN] vertical forces on thexée journals

H [kN] lateralforce on the axle journal

Q1, Q2 [KN] vertical forces in the wheedil contacts

Y1, Y2 [KN] lateral forces in the wheedil contacts

ho [cm] height of gravity center of suspended masses
b [cm] half-distance between axlmox cases

s[cm] half-distance between nominal rolling circle
R[cm] wheel radius

ma [kg] axle-load mass

Mws [KQ] wheelset mass

Mx [kNcm] bending moment in the plane yz

Msxbr [KNcm] bending moment in the plane yz caused by the braking
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1] friction coefficient between shoe and wheel
Fs[kN] braking force
Bk braking coefficient
Pw [kN] wheel static load
Mzor [KNem] bending moment in the plane xy caused by the braking
Mybr [KNcm] torsion moment of the axle caused by the braking
¢ [kN/cn?] equivalent stress
Iger [KN/cr?] permissible stress
Me [kNcm)| equivalent moment
d[cm] axle diameter in considered cresection
S stress concentration factor
I [KN/cr?] endurance limit
s safety factor
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Investigation of Empirical and Analytical
Methods Accuracyfor Surface Settlement
Prediction in Train Tunnel Excavation Projects

Ali Maroof 1, Danial Mohammadzadeh S5,
Nader Karballaeezadelt", Kiarash Sabourian Bajgirans,
Amir Mosavi®" and Imre Felde®

JDFXOW\ Rl &LYLO :DWHU DQG (QYLURWRHQWDO 6KDKI
THKUDQOBRDQRRI#VEX DF LU

28QLYHUVLW\ Rl $SSOLHG 6FLHQFH DQG 7THIFIXK® RORJ\ (G
"RUNHUYTV +RXVH : ODVKKDG ,UDQ
'DQLDO ORKDPPDG]DGHKVKDGPHKUL#PDLO XP DF LU

S'HSDUWPHQW RI &LYLO (QJLQHHULQJ ODWIKKIDG %UDQFK
ODVKKDBQP RKDPPDG]BBWKCGULIDX DF LU

4)DFXOW\ Rl &LYLO (QJLQHHULQJ G6FIDHPQFH$TDEG SHVHDUF
8QLYHUVLW\ 7HKUDRQIQNDUEDOOBKBKURHRIGHKW DF LU

5_.RKQ YRQ 1HXPDQQ )DFXOW\ Rl ,QIRUPDWLF¥ [EXGD 8Q
% XGDSHVWSPIXWD PIRIKER EX G [) HKOG HREXIG D K X

&RUUHV SR QYE&RYJ

Abstract:Ground deformationdue to tunnelingis one of the mostgnificantchallenges in
tunnel desigrin soft ground along with, the predicting thelated effects of tunneling on
nearby structures. One of the methods of predicting ground settlement inrigrprefiects

is to use analytical and numerical methods. By measuring the amount of settlethent wi
accurate instruments and baekalysis of behavioral measurement data, in addition to
estimating the state of settlement of the ground and surrounding structusegoésible to
determine the geotechnical parameters of the soil and structure in the désigcoming
sections and future designs. In this study, an attempt has been made to verifgsinedne
settlements caused by digging the tunnel of an urban traipbjnesing back analysis. For
this purpose, comparisons with predictions obtained from empirical and analygthbds

and the Geotechnical Engineeringinite ElementAnalysissoftware (PLAXISas used.
Theresults show that oftethe empirical methods obtain values more than the measured
values for ground settlement

Keywords: Tunnelexcavation surfacesettlementbackanalysis PLAXIS civil engineering;
infrastructures transportation mobility
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1 Introduction

'LVSODFHPHQWY WKDW RFFXU LQ WKWKQORXOQGJ IKAW KYD V
LQ XUEDQ HQIYRQRQPHQKMH PRVW LPSRUWDQW FKDOOHQJ
WXQQHOV LQ VRIW JURXQG WKDW XVXDORI\ GHIRWGWYV LQ
VHWWOHPHQW DQG LWV LPSDFW RRQFWHEBWXMWIKH UX UEDQ
JURXERA QH YLEUDWLRQV IURP UDLOZD\ RU WRDPZD\ WL
QHDUE\ XUEDQ VWUXFW2%U HH CL@E O HD FIRUHIFDIAWLQJ R
DIRUHPHQWLRQHGWRL \DSA/BIVIVP IS8 WWLEQFL XX PORVVHV D
FRQVLGHU SURWHFWLYH PHDVEBUHWW R VHKHIGEIF H AWR/H D E F
RQ QHDUE\ VWUXFWXUHV VXFK DV H[LVWRQQ GWSIOQE OV
RQ WKH H[WHQW RI WKH VXUIDFH VHRWHWIDIHIPFQW FSIUWR KLY
FKDQJH RI ORFDWLRQ RQ WKH VXU IDMU DIFE EX VKIR& O/GN
EH FKHG DQG VHWWOHPHQW VKRXOG EH SUHYHQWHG
UHVXOWLQJ IURP WXQQHO H[FDYDWLRQ LY@ UWRKWRIW J
PHWKRGV LQFOXGLQJ H[SHULPHQWDO PHW®XRGY EDVHG
HPSLULFDOHPSGUVYAPMIIPIBIWRREBMULFDO PR G HED\G
SK\VLFDO [IBRG®OWKHVH UHODWLRQVKLSY SDUDPHWHU
SURSHUWLHY DQG LWV GHSWK WKH JURXQIG ¥RWGRYLRQ
RU FRQYHUJHQFH FDXVHG E\ WXQQHO GLJJLQJ DUH HII
VHWWOHPHQW LWV GZIUWEWQ ROK HD /& QQRFD VELHSH QG RQ
FRQGLWLRQV VWDWLF VWUHVVHV LQ WXUIR XQREX DIBWIHQUG C
FRQGLWLRQV WXQQHO H[FDYDWLRQ PHW KRIEF ROUEEH & K H
GDWD SURYLGHV WKH SRY D DEWQ E EQ P R RRFIMLIQYIG D W D
DQFDOLBEDQ®W YDQAIGEWHULFDQ@]PHWKRGV

2Q0H RI WKH EHVW PHWKRGV IRU HVWLPDWLQJ WKH JUR
VHFWLRQV LV W KH G DFXP B Q DD 0L WPRREH GURDIO @ B W K H
PHDVXUHG LQ VLP%DBN B R QD SWBIVR FDRD WWHW WH FFQ RV V
VHWWOHPWMKQK YDXMVKDQ G I[N/ VEULEWWLRQ WKHYRRQLWRUL
ZLWK WKH *DX®DIUDPHXHWYW ,Q WKH SUHVHQW UHVHD
VHWWOHPHQWY LQ WKH QRUWKHUQ SDUW RRPODVKK® G F
ZLWK WKH UHVXOWV Rl HPSLULFD® 28 ®0OCFHLQFWDICFDO U
PRGHOLQJ 8VLQJLMIOK WPHRNEXEIMIV RXQG VBQBDENPHQW YV
DQDO\WLV WKH UHTXLUHG SDUDPHMWH WK HRQYHSW HGLFWLLR
KDYH EHHQ GHWHUPLQHG DQG LW ZP®IQVEH G RAPILDDH V
IXWYHAWLRQV ZLWK D KLJKHUKGWH I GO ISERY LLGHH Q FIZ
VW U D WRNWHWMWOHPHQW SUHGLFWLRBWIKRGEHIRUPDWLRQ F
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2 Project Specifications

7KH ODVKKDG XUEDQ WUDLQ OLQH KDWWHIMHRUWK RI
PHWHUV DQG D GHSWK RI EHWZHHQ HDRQ@HQPIHWHUYV
JUDLQIHWME 86&6 FODVVLILFDWLRQ XS WR D GHSWK RI  F
WR PHWBMUQIGVWKNH XQGHUJURXQG ZDWHU OHYHO LV L
DOPRVW PHWHUV EHORZ WKH ORZHWWK 8 HYHRP HRW WKH
VLWXDWLRQ RI WKH WXQQHO SODFHPH QWK HQWXIQH) HOR X Q
WKH W\SH Rl WKHU DDOH DVIGPWKH XQGHUJURXQG ZDWHU «
VKREZDY ,Q WKH ILUVW VHFWLRQ Rl WKH WRQQHO H[FDYDW
PHWHUV ORQJ PRUH WKDQ WULSOH URZOORIGVB QG OH
PHDVXUHG ,Q WKLV UHVHDUFK WK H W\MW\DQ HPHIDON | MVGK T
DQG FRPSDUHG ZLWK HPSLULFDO UHODWLRQVKLSV DQG

CL-ML

14.1 m

YJLIXUH
7KH FVRFWLRQ Rl WKH JURXQG SURILOH DQG WXQQHO

3 Surface Ground Settlement Calculation

SHYLHZLQJ WKH WHFKQLFDO OLW H U D/WWOUHHP HRQWW I IH VEX DWW
IURP WXQQHO H[FDY D VWIROWREIN] FDOLRKWKRGY ,Q \
PHWKRGY UHODWLRQVKLSV KDYH EWMWQ HFUHQAM GBW R GL @VHK
WKH VXUIDFH DQG GLIITHUHQW GHSWKV RHWKIRPLURXQG

HPSLULFDQD/GA\RMLFDO DQG JLYHGBQRDBBWRR®WD WLL\R P RV \
QRWLFHG WKDW WKHVH PHWKRGV FDQ EHPBIQIWLFN DQ
DSSUR[LPDWLRQ ,Q WKLV SDUW WKMW 30U DFHWHJIWW O
LQFOXGLQJ *DXVVLDQ FXUYH LQIOHFWLRGQPSIRMD)W YROX
ZHUH FDOFXODWHG XVLQJ H[SHULPHQWDOXOW®DWLRQYV
REWDLQHG IURP WKH PHDVXUHG GDWD LQ WKH VXEVHTX
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3HFN VKRZHG WKDW WKH JURXQG VHWWOHPHQW FXUYF
GLVWULEXMWLR&®H ¥YXHYWHWVOHPHQW SURILOH LV LQFUHDVH
KLIKHVW YDOXH RQ WKH FHQWUDO D[LVYHIBWKH WXQQH!
%DVHG RQ WKH GDWD REWDLQHG IURP WKV AMHODAVPHIHP H C
SURILOH WKH VHWWOHPHQW LV GHIRQHG MFFRUGLQJ WHF

_a
5= Bpe% AU

ZKHSWH LV WKH PD[LPXP VHWWOHPHQW DW IWKWK¥HUWLFC
GLVWDQFH IURP WKHLE[IMMK R IFW K MDMWXQUMHORLQW RI WKH
7KH WURXJKLZ VMERK GLVWDQFH IURP WKH FOIQMMILRQLQH R
SRLQW RI WKH FXUYH 7KH WRWD D 2BE6 WK RD WHKON MK B/
W R[20]

7KH IROORZLQJ HPSLULFDO HTXDWLRQRINMWHOVRUIDRBRYV
VHWWQHPHQW

e
5=( §x A6U) 28 2

,Q HTXDWLRQHTXDO WR WKH WRWDO YROXPH RI JURXQG
PHWHU RI WXQQHO OHQJWK 7KH YRQXWHRRWWRB WO\ OWQ
Vs GHSHQGV RQ WKH W\SH RI JURXQG DQGRWPKWKEHJLOOLC
LQWHJUDWLR@4R!I HTXDWLRQ

8= 7€ Efoe
$OQRWKHU GLPHQVLRQOHVY SDUDPHWHU FDQBEG YROXP
ZKLFK LV HTXLYDOHQW WR WKH DPRXQW_.RN RRIQMV UDFW L
VXUSOXV YROXPH LQ WHUPV RI WKHGWWNKRQH®LRD QKR C(

GXJ JURXQG DQG LV FDOFXODWHG DV WHPHH Q WURFXHWDWWD J H
Vs GLYLGHG E\ WKH Y R XPHHURX QALKAI ONQQ @VHKO

8 Re Efe <4 Boe
8= 37 eaa O°W0lgPre P

"KHZHLY WKH GHSWK RD@XH WXGQEDDPHWHA RI WKH W
FRPELQLQJ WKH DERYH HTiXRZ/LWRN DRI RR QY L GIH X DQWL F
EH GHGWR HE VBR(ISD WIKHH W H U

. o.3é3:A "
,Q RUGHU WR LQFUHDVH WKH DFF XU DUFR IRW LSRUNG RF WWLKH)
JURXQG FDXVHG E\ WXQQHOLQJ WKHUHXHNVDRQMWHG WR F
PHQWLRQHG SDUDPHWHUV 'LITHUHQW MPHWMREV RI REWD
WKH WXUQ LW BHS RMQOM RH Q WQFSX BDHLP X P Sl WOMOHH P HQ W
JLYHQ LQ WKH IROORZLQJ VHFWLRQV
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3.1 Determination of Ground Settlement Measurement
Parameters

3.1.1 Inflection Point Parameter ()

7KH LQIOHFWLRQ SRLQW iRIKIWKHEHBIQV V QY E VRKLIDMWHG |
UHVHDUFKHUV 295HLOO\ DQ GGH\W HUWR.S RV WE H T R DOVH.RQL
i LQ D WXQQHOZBWK D GHSWK RI

i=0.43%+1.1 Zy P IRERKHVRRQV
i=0.284-0.1 Zo P IRU JUDQXOD

2WKHU HTXDWLRQV SUHVHQWHG E\ R DVWBIRHWHIWH D UDFKHH U
JLYHQ LQ 6HFWLRQ

3.1.2 Volume LossParameter (VL)

,Q DGGLWLRQ4WRLARXDIWLBQHVHQWHG WR GHWHUPLQH
/RIDQDWKDQ DQG 3RXORV SUHVHQWHG HTKIHMDIGRQ WR
W X Q[QOH OMKLY HTXDWLRQ LV GHSHQGHQYW BQGWIKM LVYHH V
REWDLQHG IURP WKH VXP RI WKUHH SRPHS EQKQQYE WKE L
WXQQHO FRYHU UHVXOWLQJ IURP KHK M BQQ HOHRRYH UQD @
WUDLO VKLHGGP QKM RQOWHMKDSH FKDQJHV RI WKH ZRU
TXDOLW\ Rl WXQQHO H[FDYDWLRQ

@R +0.59%- @& 4gR +¢?
@ T 4R

ZKHYBQGDUH WKH YROXPIH ORWE YDG®LOHY RLWWHKHNV X Q Q H(
JDS SDUDP@® HW LV REWDLQHG DFFRUGLQJ WR HTXDWLR

C= e+ TPyt i

ZKHGHLY WKH IUHH VSDFH XMWV IHTK LW R B HQM) VQR W K H
GLPHQVLRQDO HODVWRSODVWLF GHIRUPD®/XIR Q RO DWK iH G\
ZRUN VNLOO 'XH WR WKH XVH RI WKH (3%RIWXRIQHOLQJ
GHIRUPDWLRQV RI7X/IKWH DWXYX@HG MDFEHEH HTXDO WR JHUR
VNLOO SDUDPHWHU LV DVVXPHG WR EW LRXRO JWR XMU R
EHKLQG WKH WXQQHO OLGLIQU ZHWKPPHRIEG\E WRUBHD DV
HTXDO W® WKH DERMH IRUPXOD

7DEOH SUHVHQWYV WKH UHVXOW RI YRBR®H)®RVV FDOF
WDNLQJ LQWR DFFRXQW WKH GDGHU\HQ R BAHIWZ R KW HUK U
WKH WXQQHO OURXWJIL @MWERERG WKH GLIIHUHQFH EHWZ
GULOOLQJ UDGLXV DQG WKH OLQLQJ UMGHFWLRQO LQM
VSDFH EHKLQG WKH VHJPHQWYV

Q:VL:
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7DEOH
9ROXPH ORVV FDOFXODWLRQG BEBXIOEGWRFWKCH /RIDQDWKDQ I

Conditions V(%) g(m) R(m) D(m)
1R JURXW LQW
&RPSOHWH LQ
1RUPDO LQMH

3.1.3 Maximum Settlement (Shax)

$VVXPLQJ SDUDPHWHU L LV HTXDOVWHRTXDOPWWHUV DQG
DQG WKH VHWWOHPHQW FXUYH [7V DQKGGE R ®LHGVKGLIQJY
YLIXUH

'LVWDQFH IURP WXQQ

h\ d
N £

—— O / ——\/| =1 —r—\/=2
30 25 20 15 10 5 O -5 -10 -15 -20 -25 -30

FHQWHU P

6HWWOHPH®V

YJLIXUH
6HWWOHPHQW FXUYH EDVHG RQ 3HFN V HTXDWLRQ

JXUWKHU /RIJDQDWKDQ DQG 3RXORV SURSRWIQG/HTXDWLF
(10]

* 574"
B @7 4 W(1- 1) 4°5 4 5 AACE

ZKHOMW WKH OR#W BROXPRQ V UDWLR RI WKW WRHO DERY
UDGLXV RI WKW WHKID GHIG WK Ryl LW KW K\M XCEMIDU D@ G L VW D ¢
WKH WXQQHO D[LV 8VLQJ WKH YROXPHXORVWRFDOFX®DW
DVVXPLQJ IXO0 LQMHFWLRQ DQG FRQ VHW WOHPHW WHL W X
SUHGLFWHG DFFRUGLQJ WR 7DEOH

7TDEOH
BUHGLFWLRQ RI PD[LPXP VHWWRXPCRQW EH\T/ROWORPK'KDQ DQG
Vi # R (m) H (m) y (m) Sz=0(m)
0

2WHR DQG OR\D DOVR SURSRVHG HTXDWLRQ WKWR HVW|I
WXQQH21pDUFK
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S a0~ ( 8(0.85— 1) U &/
ZKHUHY WKH GHQVLW\L R IWKKHGH DB WW I W \R K RMKGII WX Q Q H (
PRGXOXV RI #\KH3RDUYWRKQ W% IWMWLRRHDQELHQW UHODWH
DFWLYDWLRQ VSHHG RI WKH VXSSRIHDHQVOGM BAHIWZ WK Q
DQG EXW IRU WKH FDVH ZKHQ@WBFHN HLMW LYRHIXPDS
WR RQBysx DQ@KH VHWWOHPHQW RQ WKH WXQQHO FUHVW
JURXQG VHWWOHPHQW EDVHG RQ HTXDWLRQ DUH SUH

7DEOH
BUHGLFWLRQ RI PD[LPXP VHWWOHPHQW E\ 2WHR DQG OR\D |

NO. % # (kN/m¥® D(m) E(KN/M?)  Sacn(m)
1 18 35000
2 18 35000

ODLU HW DO SURSRVHG HTXDWLRQ200 WR FDOFXODWH JU

(U3=(Q2))(+NATS
ZKHYYHY WKH XQGUDLQHG VKHDU VWUHQU@EH B U\D G/LH VK
RI WKH MXYQWKI® UDGLDO GLYSD®EWPMHIQIVVIVQDEE DG LWV UD W
=S, 8VLQJ WKH DERYH HTXDWLRQ WKHVBPRXURX@®RE Y HU

VXUIDFH LQ WZR VDWXUDWHG DQG XQO/BWNKVYDQYWBG-FRQG
7TDEOH

7DEOH
BUHGLFWLRQ RI PD[LPXP VHWWOHPHQW XVLQJ ODLU HW DO

Conditions Sy (kN/m?)  G(kN/m?) a(m) r(m) N / D [(m)
6DWXUD\ 70 13000
QRWDW X 100 22000

*RQ]DOH] DQG 6DJDVHWD SURSRVHGLMWIKXBRKRQLR QB QB
LQWHUQDO I[22LFWLRQ DQJOH

1 N/ 2l if Ng< Ng (elastic)
=30 ‘{NCL/ 21)[ Ay/ Ny O( (1-sin /sin @/ sin /(1—sinG))]  if Ng> Ny (elasticplastic)
ZKHUH LQ
e — L gne KO ) 0a= 2 22RP) - o107 KiP
40 1"0BJ 0T I—0BIE (r Lp=l) ' 2 Lgr 22Rp 0 OO

Po LV W-HOHU R®Q@G VWUHVV Rl WKH HDUWK YHUWWKIHO DQG +
WXQQHO IDEH \S WH\AV RIRIH WIRD DQJOH RIGADWWEGDO UL
VKHDU PRGXIOXWKBIQGODUGQHVY LQGH[ 8VLON,,VRLO XQVD

LV HTXDO WR DQG LQ WKH FDVH RI| DSRBWHLWKEKIDQZRUN
EDU LW VKRXOG EH FRQDIQGHUG®I GVRN WHKHNH QD VWRHF §
OHVV WKDQ EDU LW VKRXOG EH XVHGPWREWODVWR S
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JURXQG GLVSODFHPHQW KDV EHHQ FDOFXIOWOVWWKHUIG LQ W.
HTXLYDOHQW WR EDU DYHUDJH ZRUNMQALRRBK HDVME SUH V
ZLWKRXW DSSO\LQJ WXQQHO IDFH SUHVVW®RI SSXJHLQJ P
7TDEOH

7TDEOH
BUHGLFWLRQ RI PD[LPXP VHWWOHPHQW E\ *RQ]DOH] DQG 6DJI
Excavator Soll Po Pi G C EQ 4
conditions conditions  (kN/m?  (kN/m?)  (kN/m?)  (kKN/m?)
'LWK ZRUNRIR3Y —
FKHVW SUWHYWXUH 273 180 22000 100 25
1R FKHV' QRQ
SUHVVXL VDWXU 273 0 22000 100 25 0
Excavator Soll 0
conditions conditions Ne Nee I No Nee  (mm)
'LWK ZRUNRIR®Y — 120 2
FKHVW SUHYWXUH
\
1R FKHV' QRQ 920 ,

SUHVVXL VDWXU
&KRZ DOVR SUHVHQWHG HTXDWLRQ[23]WR FDOFXODWH YH
5=— (U &<)/a )(U+ <

ZKHUH WKH GHQVLW LR/ WKH CGUBRKIQWE UVRW WH H/ K\HBRIUQ H C
PRGX®YXV WKH GHSWK RI WKH WXQQHO DQG WLV WKH GL\
XVLQJ WKLV HTXDWLRQ WKH VHWWOHCPHQW RXBYH FRR) |
WKH WXQQHO D[LV 7KH PD[LPXP VHWWWHPH®W RQ WKH
DFFRUGLQ@QIWMRH&®IORVLRQVKLS

4 Field Measurement ofSettlements

4.1 ObservedGround Surface Settlement

7R PHDVXUH DQG PRQLWRU WKH GHIBGHPDBWILARD PRHWWKKRHG |
ZLWK DQ DFFXUDF\ RI RQH PLOOLPHWHLWL WD WZIBMK® XVH
GHSWK RI DERXW FP LQ WKUHH URZV PHWHKULN ORQJLW
PHWHUV VE@PWWH.YH VHFWLRQV DQG D WUDQVYHUVH Gl
SDWK RI PHWHUV EHIRUH WKH DUWUL®N® RO WNHEH LAQWILLC
WKH JURXQG DQG JHUR UHDGLQJ RI WHKHWAH KSRLIEW KD\
7KH SRVLWLRQ RI WKH VXUIDFH VHWWRRZP@ QQWHIDIXJH SLC
3[24] 7R SUHYHQW WKH LQIOXHQFH RAHNVKHQWKURQHAKB S DQH/
DUH IDVWHQHG XSRQ WKH HDUWK RQOWRQWWKMHUSBRQM
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WKH VXUIDFH VHWWOHPHQW QHDU WEBHGLVYWWOQ®H \RWU XF
PHWHUV IURP WKH WXQQHO D[LV KDV DO¥RWUEHH® PM DV
WKHVH SRLQWYV ZDV RIWHQ JHUR

YLIXUH
7KH SRVLWLRQ RI WKH VXUIDFH VHWH/OOBIRX\@W DLVIHDS LQW U H HAW 5E WL
DUHD G DQG WXQQHO HQWUDQFH H

$00 WKH LQIRUPDWLRQ XVHG LQ WKHIW BPSWYH RUSWKEJU
SRLQWY 7KH UHVXOWYV RI WKH JUR X@HI W X0UQ B FUHL Y KI'W W D
RI WKH DN DQOHOUHVHQWHG LQ WKRKKLBUDRIJKNOR RDYLHKWHID F'
IURP] UHSRKMW VHWWOHPHQW RI WKH JURXQG LQ WKH FH
WKDQ WKH SRLQWYV RQ WKH ULJKW D QG PHQW VQGWYX HR |
SRLQWY RQ WKH OHIW DQG ULJKW WLHIMW OLHWP B Q WR R W\WK
SRLOROORZV WKHVXDPHW\SURFHVV

6HWWOHPHQW

3RLQW 1R 12
0 5 10 15 20 25 30 35 40 45 50

YJLIXUH
7KH PHDVXUHG VHWWOHPHQW RI WKH JULR K Q/GWKSH NDXRMQLHWD D KLHY F H Q W

4.2 Distribution of Settlementin the Longitudinal Section
,Q VKLHOG WXQQHOLQJ WKH WRWDO JURMXQ&XWHWWOHF

VWOZBHWKDQJLQJ WKH VKDSH RI WKH IURQW DQG WRS R
UHOHDVH RI WHQVLRQ WR TKLR>FRW S ROWRW ZDOB
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RI PDFKLQHV ZLWK WKH DELOLW\ WR DXSOV §8%HVVXUH
PDFKLQ®IEXFWLYH GLVSODFHPHQWVY EHKLQG WKH VKL}
GLVSODFHPHQWY DUH WKH UHVXOW IRIEBI®/GHMOR /K® G
GULOOLQJ GLDPHWHU DQG WKH GLDP HWRH U HRSI X\WIK HV K KL H
IULFWLRQ EHWZHHQ WKH VKLHOG DQGDWABLOURXQG D\
URWDW LKQH QWK H. Q6 FWUWXHW HQW GXH WR WKH VSDFH EHI
UHVXOWLQJ IURP WKH GLITHUHQFH RQGWNKKHGWDR B\WHNU @ |
W R 7KHVH GLVSODFHPHQWYV FDQFEWWEEBRFE® RY BW
WLPH FDXVHG E\ WXQQHO OLQLQJ GHIRUPDWELRQ DQG VR
7KH VHWWOHPHQW GLVWULEXWLRQ LQDWHKIE GR@I WXG L
VKRZQ LQ HI[\WXADH \[26] G $IEJRPW RI WKH VHWWOHPHQW RF
WKH DUULYDO RI WKH FXWWHU KHDG QJGWKH QQILQYK®IJIH[F
DQG VXEVHTXHQWO\

'LVWDQFH IURP ZF

6HWWOHPH

<—— ([FDYDWLRQ 'LUHFWLRQ

JLIXUH
7KH GLVWULEXWLRQ RI WKH DY H U DG b WLHW WAOHPHHW HY F DWKIHW.LIRFOX & W
SUHVVXUH EDODQFHG VKLHOG (3%

4.3 The Settlement in the Cross-Section

'XH WR WKH SUHVHQFH RI WRKQWHRO SIDFPH B H W SHOQE IHRX
ORQJLWXGLQDO D[LV LQ HDFK URZ WHKH \DI\S WRO[HP B Q\N
FXUYH FDQ EH GUDZQ 7KH VHWWOHPHIDMK FXRLZY R | RS L\ K H
LV GUDZQ LQ )LIXUH D DQWGKHQDMHXDBHH \EH WX\ONHKPHILD W
LQ FWR¥WLRQV WKH EHVW DGDSWHG *DXVRIXIME GLVWULE
VHWWOHPHQW FXUYH GXH WR WKH WXQQK GVKIHFDYDWL
*DXVVLDQ FXUYH (TXDWLRQ
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JLIXUH

D OHDVXUHG SURILOHV RI WUDQVY HIH M HVXW MDH-HH QRWRM OMIPH Q WR XEB) G
LQ WKHHPRVRQ DBPIQHWHKEH EHXWWLDQ GLVWULEXWLRQ FXUYH

5 BackAnalysis of theSettlement Rarameters

&RQVLGHULQJ-WHKPWLREHRIFYRWWOHPHQWY UHODWHG WF
DSSUR[LPDWHG E\ WKH *DXVVLDQ GW VLW US EWXW.LEROH AXR) YK
WKH HTXDWLRW®KBXVODWMRAVBFHGLFW DQG EDFN DQDO\
VHWWGHRHOMQJ GDWD REWDLQHG IURP ILHOG PHDVXUH
WKH LQIOHFWLRQ SRLQW RADW KEH * R E W\DLLIDH & XALYHK W K
GHULYDWLYH RI HTXDWLRQ DQG WKRPYRDXPWLRRVV S
7KH PD[LPXP VHWWRWPOIQWKBE PHDVXUHG GDWD DQG W
LQIOHFWLRQ SRLQW KV RD WHK HR BAMAXILQOHHIG GHBEQ&W\/KH HTXD
7KH JUDSKV UHODWHG WR WKH EDFN [HQDHOUV LRI RV KWK H
*DXVVLDQ FXBOMPW ORNMPXP VHSN.WOMPE GWKIDPHWHU

REWDLQHG E\ ILWWLQJ WKH GDWD ZLWKRYXRQELOBIXNVVLDQ F
7KH DYHUDJH RI WKHVH UHVXOWYV LV VXPPDUL]JHG LQ 7
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YLIXUH
7KH SDUDPHWHUY UHVXOWLQJ IURP X\K B FED ¥ N VD\® O B PHLQAVR F XAUKYHH * |

7DEOH
7KH DYHUDJH UHVXOWYV RI WKW KHED FINXD § DDQVE X UE\HDWS R SMWKLH) PHD V X |

Component i (m) K VL (%)  Smax(mm)
9DOXH 6

6 Comparing the Analytical and Predicted Values

1RZ DFFRUGLQJ WR WKH UHVXOWY REWBDQBB8HWRRWKH
RI WKH VHWWOHPHQW FXUYH RRWIARPE® UBIKPZWWHK WWEBO
WKH PHDVXUHG GDWD LW LV SRVVLBDMHF¥®R ISRIGI\G RF WV KVH
SURMHFW 7KH FRPSDULVRRIRDWYXWLPIQDNVXWHH LYDIO KR W L
SDUDPHWHUV PD[LBRB WHRWWBDHPHRWY SDUDPHWHUV ZL
REWDLQHG IURP WKH H[SHULPHQWDO URQNMWLRQV LV JL®

6.1 Gaussian @rve Inflection Point (i)

7KH SUHVHQWHG PHWKRGYV [RQ G DMKIHP A VGIFX D DMRGWL & B C
WXQQH®@GRSEWK P DQG WKH RVXRIQHOPUE®MING RQ WKFE
VXJIJHVWLRQV RI GLIITHUHQW UHVHDKHKIDUWD B HW HUW H VIHK
FDOFXODWHG E\ DYHUDJLQJ WKH [HD @KRYBIWLERQX M DIOX H
VXJIJHVWHG WR EH HTXDO WR
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(A oB
Ber 3

7DEOH
9DULRXV HTXDWLRQV IRU SQWGILFWLQJ WKH LQIOHFWLRC

=5.75

Equation K i(m) Reference
(E4 =( <42 42 (J=0.8 PK) - ~5 3HFN [7]
E0.43<+1.1 - 215HLOO\ BRG 1HZ
(E4) =( <2 44< - &ORXJK 6EKPLGW
$FFRUGLQJ WR WKH GLDJUBP %RVFDUGLQ R8G &RUGLQJ
E 0.25(1.5 <,+0.5 4 - $WN L QRRVPY] V
E (0.4 PR5)<, ~ ~6 ODLU 7RVPRU
E05< 7 ODLU EBUY DO
(Ed =(</2 H*< (JI=1) 7 $WWZHOO [31)DL

$FFRUGLQJ WR WKH GLIITHUHQW PHWKRG®WRRI FDKH XO |
VHWWOHPHQW FXUYH LQ 7DEOH WKIRWHTXDWDRRQYV SUH)
$WNLQVRQ 3RWWYV KDYH EHWWHU DJUHHPHQW ZLW

6.2 Volume Loss Rarameter (VL)

7KH YROXPH ORWYV ISDBDG®HAXHIWHG RIQWKRIE \E BWIRY RG MG

LBHFWLRQ DQG WKH UHVXOWY DUH SUHVHQWHG LQ
7TDEOH
&RPSDULVRQ RI WKH YROXPH ORVV W>XLIWWK \WHKE PEEBNXHHBQW UHVE
Researcher(s) ProposedV. (%)  MeasuredV. (%)
2Y5HLOO\ DQG[AHZ 1-2
ODLU 7D\OR20] 1-2
ODLU [32] >1

/X QDU G L[33]
/RIDQDWKDQ DQGL®BF
ODFNOLQ[15]

$FFRUGLQJ WR 7DEOH WKH HTXDWLRQV SURSRVHG E\
DQG 3RXORYV KDYH D EHWWHU ILW WKDQ RWKHUV

6.3 Maximum Ground Settlement (Smax)

7KH UHVXOWY RI FDOFXODWLQJ WKH P B UHPXHPQWHGWLGH P |
6HFWLRQ DUH DOVR SUHVHQWHG LQ 7DEOH
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7DEOH
&RPSDULVRQ RI WKH PD[LP)XGAL NHWMWQ® JIJSHWRISIGIW WHWKEWKH REVHUY
Researcher(s) ProposedSmax (mm)  Real Smax (mm)
3HFN [7]-VL 20
2WHR DQG ORAD 6
ODLU HW [20] 13 6
*RQ]DOH] DQG 6D[2D)\ 2 ~
/IRIDQDWKDQ DQGLBF 68
&KRZ 18

7KH HTXDWLRQV SURSRVHG E\ 2WHR DQ®UOR\PORVHWQG
WR WKH DYHUDJH PHDVXUHG YDOXHV

7 Numerical Studies

IXPHUEEQMWHPHQW )( PR&WGOILROI RWMRPEODWLRQ DQG
SUHGLFWLRDRQRIXFHREX GBIRUP D VBVR Q JEQ MWPHOULHF®IOQB H W K R
LW LV SRVVLEOH WR FDOFXODWH W HKHJGRX\YGLEGWD R B QRA
WR WKH WXQQHO VSDFH GXH WR WKH FRPSOWKQQW®O UD
FRQVWUXFWLRQ PHWKRGYV DQG WKH LQL@GDREDWWWHYVV
LQKRPRJHQHRXV EHKDYLRU ,W LV DOVRQER\NQHEOH WR
EHKDYLRU GHSHQG L WR G R\QLPMUXE W XRQV L

7.1 Numerical Modeling

$ PHULFDO DQDO\VLV Rl WION RDOXFMMH GCHRQR/NFRREW UR
PHDVXUHG - WQX®XQFHHEL QUIHAL W & HFADHIBAX G B WRHU® RW L R Q

QXPHULEGO®BFFRUGLQ) WR JHRWHFKQLFDO VWXGLHV W
RIWHQ OHDQ FOD\ ZLWK VLOW DQG WLKMWR R | R HVK®
VSHFLILFDWLRQV Rl WKH HTXLYDOHQW HWRLWDV ODUHUV |

SUHVHQWHG LQ 7DEOHYV DQG $OWIRJD-IITD(F§OQ/GRVXUFK
DV D GLVWULEXWHG ORDG DSSOLHG LQ WKH PRGHO

7DEOH
(QJILQHHULQJ SDUDPHWHUV RI VRLO OD\HUV
Layer depth Soil Y& Moisture  Cohesion | nternal Elasticity Undrained
(m) (KN/m?) (%) (kN/m?)  friction modulus (kN/m?) shear strength
~16 &HML 20 35 25 36000 100N1 P
~25 60 19 27 1 35 64000
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7DEOH
6SHFLILFDWLRQV RI WKH FRQFUHWH VHIJPHQW RI WKH WXC

Description E (kN/m?  EA (KN/m)  EI (kNm%m) W (KN/m/m)
&R QFUHW N HRPYH 35000000 12250000 125000

,Q WKLV VWIXFEHQWEZRQDO 30D[LV VRIWZDUH ZDV XVHG $F
WKH PHQWLRQHG VRIWZD U HV MWD WK i FSRWW UKIEOLVR\QRD @ C
Y D U LFRRQN W PR BEYH KH ERXQGDULHV RI WKH PRGHO LQ
GLUHFWLRQ IURP WKH FHQWHU RI WW.H HWX ®& HOU D G HXF/RF
WKH WXQQHO DQG LQ WKH YHWWRFD O B HUHFOLLR/QR MWE R H
'"HIRUPDWLRQ RXWVLGH WKLV UDQJH FDPREH QJQRKHHG )
15QRGH HOHPHQW ZDV XVHG DV WKH EDVMFKHOHPHQW
FRQFHQWUDWLRQ RI VWUHVV D URKQBO\GKKH WK @UHD VW
&RQVLGHULQJ WKDW GXULQJ WKH WZR SKDWIMORI GLJJL
DURXQG WKH WXQQHO LV ORDGHG DQG WHW ZKIHOG HQLQ
SULVWLQH ORDGIHORDGE QIR MALULQIEHKDYLRU PRGHO FDC(
PRGHOLQJ 6WDJH@ FRQVWUXFWLRQ DQDO\VLV LV GRQH
VWUHVVHV PDLQWHQDQFH RI WKHWKX8 Q8O LIQVWIBXQLW 1
WKH ILQDO VHIJPHQW LQMHFWLRQ RI WKR QV SIRF MW KHI K L Q
WXQQHO FRYHU 7KH LQLWLDO VWD JK DI WHR BWRIGH ® WK H
UHDFKHV WKH HTXLOLEULXP WKH VHWWOWRHQWH[BHFRP
VWDJHV LV PHDVXUHG UHODWLYH WFRD WK HWIKGIL W XK@ H/QV |
PRGHOHG E\ WRBG WKL QHXQQHO LV XQFRYHUHG $W Wk
PDFKLQH KDV HQG X UM GPERRPBIQORD G PAQML GHUHG WR EH C
35] ,Q WKH QH[W VWHS WKH LQVWD O ODKWHL RQNMH FWHK IR QV X
EHKLQG WKH VHIJPHQWY FDQ EH PRGHOHG E\ DSSO\LQJ
LQMHFWLRQ SUHVVXUH EHWZHHQ 7KH QBG XEFMG LYR B/ KPIHS
LV FDXVHG E\ WKH GHIRUPDWLRQ RI WKMLRRQQSDFBILQL
EHKLQG WKH WXQQHO OLQLQJ DQG ZRWWRIOE D EHLOPIW |,
Vi ZDV GHWHUPLQHG EDVHG RQ WKH UHDOW®MF B QRE W D
FRQWURO DQG DSSOLHG LQ WKH QXPHULFDO PRGHO

7.2 Results

&DOFXODWLRQ RI WKH VHWWOHPHQW ZLRO{LWKA QXPHUL
YHUWLFDO VHWWOHPHQW RI WKH WX@YHRQREQ QUKW RVW &
WXQQHO FUHVW LV HTXDO WR PP DQG® W¥XH FPAWWOHPHI
7KH VHWWOHPHQW FXUYHV RI WKH JURXQG DUH SUHVHQ
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YJLIXUH
&XUYHV Rl YHUWLFDO VHWWOHPHQW RI WKH VRLO PDV

7KH JURXQG VXUIDFH VHWW O H P HQWF 6URY WK 1B EDRyYHU BVIKH
UHDO PHDVXUHG GHIRUPDWLRQV QHWWHNVRHW YK KUH® VGDGY
DQG WKH FXUYH UHVXOWLQJ IURP WKIHQ QXPXWHFDO PR
7KH EURDGHU FXUYH IURP WKH QXKHDWLMKH PREHMOLDY I
FXUYH WKDW LV LQ WKLV FDVH WKH MHIRXHBK DILRW KRR
WXQQHO WR WKH LQIOHFWLRQ SRLQWKRI WRWDFEX BYEWK |
WHK VHWWOHPHQW SURILOH LV RIWHQ FRQVLGG WHKEL WR E
VWXG\ WKH WRWDO ZLGWK RI WKH VHWWOHWYW X B/L 8§V RD DG
DERXW L IRU WKH H[SHULPHQWDO HTXDWLRQV DQG PH

Distance from tunnel axis (m)
30 20 10 0 -10 -20

\ /c 0
N\ /
A //
A\ /4
N/

-30

Vertical Displacement (m)

ILWWHG JDXVVLDQ-FXDYHUDJH RI DFWXDO GDWD
QXPHULFDO RXWSXW

YJLIXUH
6XUIDFH VHWWOHPHQW FXUYH REWDLWKIG QXRM B IHLOIK YRGB OXGIE Ut
GLVWULEXWLRQ FXUYH
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Conclusions

$PRQIJPDKH[LVWLQJ) PHWERBWRFPEBORKYRQ ZLWK WKH PHD
YDOXHV WKH PRVW DSSURSULDWH HI[ISSW KPNGRWETHHQ@ QG
LGHQWRM KB HRI(FWKHWWOHPHQ®SDUDRWW MUW
JURXTKG FRQNVEPXY EHRQVXPPROIBIRELG DV

x 7TKH DYHUDJH PD[LPXP VXUIDFH VNW® OHPHQWRWEGW
DERYH WKH WXQQHO FHQWHUOLQH LV HTXDO WR PP

Xx 7TKH DYHUDJH KRUL]JRQWDO GLVWDQFHFKXKIUWHK H MAXKJIQLQ
WKH D[LV RI WKH WXQQHO SDUDPHWHBHWHUN HVWLF
7TKHUHIRUH WKH VHWWOHPHQWY RIWIREB WHKRRMO LQ
LOQVLIJQLILFDQWHDRM D B8HWWINYVY HTXLYDOHQW WR L L
RXWVLGH LW FDQ EH DVVXPHG WR EH VDIH

X 7TKH DYHUDJH YROXPH OROW ES-DHU® FBWARXODWHG WR EH
RI WKH WXQQHO YROXPH ZKLFK LV OHVVVRKDQ WKH
JURXQG

Xx 7TKH EDFN DQDO\VLV ZLWK WKH QXPHULGW® RRGH® VKF
VHWWOHPHQW FXUYH REWDLQHG IURPHWKH QXPHULFD
ODUJHU WKDQ WKH H[SHULPHQWDO WXOYGDWDXVVLDQ F

X %\ XVLQJ WKH FDOLEUDWHG QXP HULEBPOXPRGHI® \ LSV H G |
JURXQG VXEVLGHQFH
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Abstract: The increasing demand for higipeed railways has riseto solve theé'ageold"
problem of bridge abutments, the step between the bacldilttenbridge deck. Examples
provethat inadequate technical solutions can generate damage that majredgngterm
speed restrictions or lead to short maintenance cycles, significantly imtgetse total
cost of ownership. The problems associated iwtith transition zones require complex
andysis. The complex interaction of structural elements witlfiedifit stiffnesses and
different dynamic behavior varies over time due to the-tiependent behavior of the sail,
and in addition, a bridge deck and itennecting elements can be couostedin several
sequencesThis study investigated a typical singlgan railway bridge and its soil
environmenusing PLAXIS 3D geotechnical ffie elemensoftware Different constitutive
soil modelswere used to approximate the behavior of HrElge and the cawnecting
elementsTo model tk soil behavig the HSsmall constutive model was implemented
Loads of the structure are transferred onto the subsofiCbgm diametepiles modéded as
embedded pilesSx different construction schedulegere analyzed usng timedomain
analyses The importance of highpeed railways was highlightednd a250 km/htrain
speed wasapplied using dynamic analysisihe study focues on theeffect of different
construction schedules on settlement, consolidation thméghavia of the transition, and
the substructure movemernithe resultof this studyshow that geotechnical approaches by
themselves are not enough to solve the problem of the transition tighkghting the
collaboration of geotechnical, structurahd railway engineers.

Keywords: numerical modelingrailway bridge time dfect transition zone

1 Introduction

Track or railwaytransitions are locations along the track characterizedrby
abrupt variation of their stiffness, such as rail tracks changorg stiff to soft

structuresor vice versg1]. This abrupt changgenerateglifferential settlements
and increased dynamic loading thextpeditestrack degradation through the

-187-



E.Kockhet al. Impacfssessment BhilwayBridgeConstructioichedd,
based on 3BGeotechnic&initeElemenModeling

progressivedeterioration of track geometry and materia?$ [3]. The typcal
rallway transition zone is the bridge approabht experienessuddenchanges in
track stifiness. Track stretures on the embankmenend bridge side reveal
different layer geometries angroperties. Additionally, differential settlement of
the found&ion and unsupported ties have bedound nearbridge abutment§4].
These conditionssignificantly impact rider comfort and operational safetying
operaion. Railroadershave reognizedthattrack geometry issuesd differential
movementat railway transitons preent a significant chalfge totrack profile
maintnancg5] [6]. The bump problenat the transitin between the embankment
and the bridge is an important concern for railways @gbiways. These bumps
can lead to a rough riding surfaceeating hgh-spee discomfort and high
maintenance cost3][8]. Transitions should provide a gradual stiffness variation

At the bridge abutments, the stiffness of the rail support suddenly changes,
causing vertical accelerations in the passing velaicteaddibnd stresses on the

rail. Even after a short period, the sum of these streleseds to esidual
deformations irthe substructure that degrade the track geom@fry [

According to the EuropedRail Researchnstitute [10], the factorghat affect the
behavor of the track in transition zonesan be sepated into four groups(l)
external to the track (axle loads, atleer conditions, speed, and vibrations), (2)
geotechnical issues (s@pade and soil conditions), (3) structural ditions
(bendig stiffnesslateral movements and interaction between track and bridge) or
(4) rdated to the tracldesign and layout (stiffness, location o&dk dilation
devices or presence afntinuousweldedrail).

Several different solutions for traition zoneshavebeen poposedand applied.
These transitionsmooth the sfiness variation betweethe "flexible" approach
section andhe "rigid" section over the structure. Transitions based on smoothing
the stiffness variation on théexible" side include

x Usingoversizedsleepes or changing theispacing
x Installingunderlayments of hahix-asphalt, geotextilesr soilcement
x Addingrails, approach slabs, and othesk[[L1]
Transitions based on loweringethtiffness on thé&rigid" section include
x Placingsoft railpads urder sleeper pads
X Installingplastic sleepers
x Laying downballast mats12] [13]

According to Liand Davig[5], transition zones must address the specificnetd$
issues of thérack discontinuities to be effective. Thehavior of the railwg track

and infrastructure under the combination of high speed and repetitive axle
loadings evolves due to a complex seditructure interaction problem &h
challengegeotechnical and structurak® [14].
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Many numerical studies havedised on the influgce of the vertical stiffness
variation on this problemlp-17@ +WREZ few have addressednzore critical
aspect: Differential sétlements impact and longerm development1B] [19].
Intrinsically, the complex interaction of structural elensentith different
stiffnesses and different dynamic behavior varies over tioe to the time
dependent behavior of the soil. In addition, a bridge abutment and its approaching
elements can be constted indifferent sequences, and theref the nature and
direction of the interactions can vary. Time is perhaps the writital factor in
analyzingthe interactions between abutreartd bridges [20].

In current practice, bridge designers aiculate the internal forces of the
supestructure wih structural finie dement software. This techniquasually
separates thanalyseof the superstructure, Bstructure, and specific aspects of
the foundationGenerally, thesuperstructure softwamodels thefoundation ad
the soil environmant by linearsprings andepleaces the kackfill with an external
load [21]. Such a modelonly cruddy approximags the actual soilstructure
interaction lehavior. Moreoer, superstructure designeausuallyignorethe dfects
of the constructionseqene ard timedepen@nt processes suclas soil
consolidation[22]. Modern threedimensional geotechnical FEM packagem
modelthe kehavior of the soinore realisticallyby applyingadvanced constitutive
models. They can considdrainageinitial stress condibns, unloadig-reloading
phass, and sal-structure interactionFor dynamic behawr, linear or norlinear
time history analges allowinvestigatingwave propagation enomena in the
subsoil and their effects on theucture 23].

This paper presents model andsimulation resuft d a typical singletrack
railway bridge and its soil environmerithis researchinvestigatedthe effect of
different construction schedulefocusing on the settlement, consolidation time,
transition behavior, and substructunevemers.

2 Methodology of Modding

2.1 The Bridge andits’ Soil-Environment

The basic modelof the lkridge and connectindongitudinal section othe open
track appeain Figure 1. The typical soil environmengenerates a timeritical
analysisfor the castrudion scheduleA 10 m thick soft, medium plasticity kay
layeroverlaysa 10 m thick saturated sand layer. Theugdwater level lies at the
surface of the upper layerhe deng sancembanknent measures 5.3 m high with
a 1:1.5 slpe The 15 m long &ckfill on the crest, Ing béhind the kridge
abutmers, was"built-up" from very dense sand. Theffective thickness of the
embedded ballast is 0.35 m.
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The height of the bridge abutmemiggns withthe embankment, and pdehlwing
walls connectto them.Pilessupport the lautments,arranged in 2 rows of piles
eachwith a centercenter separan of 2.4 m. The piles measur@.6 m-diameter
and 11.2 m longThe software models theiles as embeddetbeamelements
typical for this problenj22]. Data fromload tests and past penfimancedeermine
thevalues ofsoil skin friction andtoe resistancelhe pile caps, bridge abutments,
wing walls, and supersicture consist ofconcrete solid elements withYeounds
modulus ofE=30 GPa. The superstruotuwas costructel with steel supporand
railway bedding, with an opening of 15.6 m. To model the seaditructure
interaction interface elements were placed behind the abutment and the
wingwalls Rine=0.8 were applied for the backfill. Based on severalumerical
modelng of pile load test Rine—=0.95 was usedfor subsoil [22] The model
represented amtegral brilge with rigid connections between the abutmend
superstructurg24] [25]. The maolithic assembly of integral bridgediminates
theneed forexpansion joints and bearin{g].

Figure 1
PLAXIS 3D model of the bridge and its soil environment

Beam elementgepresentrails with flexural andtensile rigidity based ortheir

crosssection(60E]). Theprestressedeinforced concretsleepergB70 type) are

also maleled as beaml@merns with an adequate moment of inertend cross

section.Table 1lists input properties fothe rails and sleepersThe séepers were
positionedin themodelwith a spacing 060 cmintervals

To analyze the effect of thmodel depth, 15 m, 20 m, and 25 m wageistigated.
For the selection of the applied model, the applied criteria for the incraiment
displacement was.@ mm. After the analysis, the overall model dimensions
measure 96 m long, 75 m wide, and 20 m ddd® model contained38466
elements an®2482 nodeswith a mesh size of 2m. Standard fixities anénergy-
absorling boundarieseduced wave reflectioris the domain
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The +DUGHQLQJ 6RLO PRGHO ZLWKe&MAEID@GttMveUDLQ VWLI
model wasused to describe the soil behavjair]. The input paramets for the

mediumdense embankment and the dense backfill were determined based on

[28]. Previousresearch providegroperties of WA\SLFDO +XQJD[29)DQ VRIW FC
[30]. The bédlast layer was maded as elasteplastic with Mohr-Coulombyield

parameterq31]; the reinforced concrete elements (pile cap, wiwgll, bridge

abutment)used alLinear Elastic modelThe Poisson ratio was = 0.2 for all

layers as recommended by PLAXIR3]. Similar to [31], static E moduliwere

applied for the dfferent soil types. The geotechical properties of soil layers

appeaiin Table 2

Table 1
Input parametersf rail and sleepe
Parameter Sleeper B70 Rail 60E1
A (M?) 0.0513 0.0077
(KN/md) 25 78
E (GPa) 36 200
I3 (m?) 0.0253 0.00003
I2 (mf) 0.00024 0.00000513
Table 2

Gedechical propertief the layers

Subsaoil Subsoil Embankment Backfill Ballast
Parameter Dense sand Softclay Medium Dense sand| Gravel
densesand
Model HS-small | HS-small HS-small HS-small MC
E MPa 100.00
Eso™ MPa 51.00 6.00 36.00 48,00
Eoed®f MPa 51.00 4.80 36.00 48.00
Euref MPa 153.00 24.00 10800 144.00
Go'®f MPa 117.80 40.00 100.00 11440
m - 0.43 0.80 0.51 0.45
0.7 - 1.15E4 25E-4 14E-4 1.2E-4
C'ref kPa 1.00 30.00 1.00 1.00 10.00
'ref deg 39.00 25.00 35.90 38.00 40.00
% deg 9.00 5.50 8.00 10.00
k m/day 2.00 2E-4 1.00 2.00 10.00
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2.2 TheConstruction and Load Phases

As mertioned, a bridge constrioh process could have various &bnuction and
loading phases due to different constraints or goals. The variants may have
advantages and disadvantages regarding the constrtictie, the costs, anithe
displacements threatening the structiB& different onstruction methods and
schedle variantswere chosen for analysis from many different ogtiom all
variants, five constructbon stages werddentical but occurred in different
sequencefor eachvariant

1. Pile and abutment installationl¢a with deep mking or verticaldrains)
duraion of 10 dys always precededridge Superstructure.

2. Bridge Superstructure 10 days

3. Lower Embanknent (0.02.6 m) 10 days sometimesfollowed by
consolidatiortime to 90%porepressure reduction

4. Upper Embankment2(6-5.3 m) 10 days sometimesmmedately after
Lower Enbankment always followed by consolidation time to 95% pore
pressure reduction

5. Ballast 10 daysSleepes and Rails 10 days;Train Loading (ahaysthe
final three stage#n sequence)

Note that the coadidation stages were not predigdéhe same duréion since he
embanknent sequencenccurredat different times, either consecittely, or with
other activites scheduled betweenetiplacement of thiower and upper gtions.
The consolidation stages' duia depended entirelgn the aveiage pore pressure
reduction wihin the soi.

Each variant uses a shgy different sequence of construction in arde sudy
their effect onthe settlement and performance of thebankmeat and brige.
The six variantsr@ listedbelow:

Variant 1. Piles and Abutment, Bridge Superstructuré.ower Embankment,
90% Consolidation, Upper Emikment 95% Consolidation,
Ballast, Sleepers arflls, Train

Variant2. Piles and Abutment, Lower Embankient 90% Consolidation
Upper Enbankment 95% Consolidation Bridge Supersructure
Ballast, Sleepers arfls, Train

Variant3. Lower Embanknent RestPeriod of 60 days, Uppernibankment
Piles and Abutment, Bridge Superstructure Backfill, 95%
ConsolidationBallast, Sleepss andRails, Tran
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Variart 4. Piles and Abutment, Lower Embanknent 90% Consolidation
Bridge Superstructure Upper Embakment 95% Consolidation
Ballast, Sleepers arfgls, Train

Variant5. Deep Soil Mking, Piles and Abutment, Bridge Superstructure,
Lower Enbankment Uppea Embakment 95% Consoliation
Ballast, Sleepers arfgls, Train

Variant6. Vertical Drains Piles and Abutment,Bridge Superstructuré,ower
Embanknent Upper Embakment 95% Consolidation Ballast,
Sleepers anRalls, Train

Variarts 5 and 6 requie less consolidatin time sirce thesoft clay are staitized
by deep mixing odissipate pore pressumore efficiently withvertical drains.

The consolidatiorstages usgypical time-dependent betvior with coupled stress
and re pressure changes. The fitrain loading stage ia dynanic calculaton.

The deepmixing ground improvement was modeled as such: the improved
material was regarded as a Linear Elastic model witBOB4Pa young modulus
and much higher permeabilitk=8.6-102 m/day. It can reslt from a cement or
lime tredament caried outappoximately in a 3.0x 3.0 m, 60 cm diameter raster
and 10 m length columr8®]. The raste of the vertical drains is 2.8 2.0 m, and

the length is bedded 1.0 m inteetlower sand.

Figure 3 presats sketches stwing the sequence dflacenent for the main
componens of the bridye and its soil environment

Figure3
Schemnatic drawings of the investigated variants
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The LM71 Eurocode load modeépresentg themoving trainwith eightdynanic
point loals of 125kN vertical force [33]. PLAXIS 3D charactetes dynamic
loads using a timdorce signal. In the wdel, every dynamic point load has its
multiplier, which turns the loads on and off, simulating the effette rolling
vehicle. The dynamic time step must be changed to simulate different travel
velocties while the distance between dynanpoint loadsis canstant B1]. For
analyzing the effect of the constructiggthases of a bridge construction, the
vehiclés sped was set to 250 km/l train with 250 kmh sped passes 1.6 m in
0.023 sec; hence tharte interval nust be chosen.023 sec fothe fixed gnamic
point loads. The total elapsed time between the first and the last load3834 1
sec. An additionlatime of 0.6176 sec was considered toloml complete
dissipation of the waves induced by thegiagtrain.

3 ResultsRelated to theSettlements

Thefinal settlenents of variant Jare $iown in Figure 4and 5. These refer to the
loading situatiorwherethe tran reaches the middle éfie bridge The selement
behaviorwas similar for the other varits becausehe construction phases barely
affeded the final settlements, except for theognd improvement (variant 5).
The essential settlement data aremsiarizel in Table 3. The following
conclusons can be maghccording to the Figures and the Table.

The open tck has thanost significah settlement, ~24 cm, hich is obviously

less in case of a gund improvement. Much less displacement can be seen behind
the dutmens, and directlybehind the butment the sé&lementof the backfill is
~10-15% of the settlement of thepen tracklt is becaus¢he embankment fill is
much smallehere because of the abutment and the sloped embankment, and the
bridge abutnent "support$ same of the embankment [fil Therefore, t can be
stated that the settlement pnogis, based on the conventional calculation of
settlement causedy the Ilad due to the trapezoidal cressction of the
embankment, overestates tle settlements around the bridge abutten
The selementsbehind the bridge abutmeimcrease rapidlya a distance of 3

m, generallyabout60 mm, except variant 5, the applied ground improvement.
Figure 5shows that out of the ~24 cm of the npgeacks settlement, ~ cm is
thecompressiomf the enbbankment, andtcm is thesubsidence of the sandyilso
layer. Thecompressiorof the backfill isless tharil cm. The bridge abutment and
the superstructurexhibit regligible magnitdes ofsettlemen(13-16 mm), which
roughly correspond® the settlemenimeasuements bthe abutments resting on a
pile foundition.
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Figure4
Vertical settlement$or the constructioschedulevariant 1

Figure5
Longitudinal section of the bridge and its surroundiiogshe construction vaant 1
(with the same scale @blors as Figue 3

Table3
The settlement of the tkaxisdependingnthe constructiovariants

Backfill from the bridge .
Construction | Open track abutment Bridge
variants to40m to05m abutment
mm

1. 248.0 97.0 39.0 12.0

2. 2490 96.0 30.0 13.3

3. 2690 84.0 24.0 9.6

4, 2460 95.0 28.0 9.6

5. 40.0 30.0 120 7.2

6. 257.0 1020 38.0 114
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4 Resultsof the Consolidation

Time may not play such agssentiatole in the case dd structure as the bridge
abutment. Due tdodays enforced onstruction timethere is no time to wait for
the entireconsolidation in most casedoreower, the project managewant an
accurateprediction whichis difficult andimpossible to produc&oorpredictons
related toconsolidationmay causeproblems with differertial setlementin the
bridge abutment and the didill and generatenegative sk friction within the
piles.

The ®nsolidation curves of theix different construction variants are shown in
Figure 6. In order to be transpateonly those curves are shown, which reve
determined on the embankmeantface 20 m from the brige abutmenbelowthe
open track. The vertitadisplacement of the backfillone, measured on the
ground sirfacedirectly behind the abutment, is less ttf2aom; terefore, itis not
shown in thefigure. The full consolidation time ofanstruction schedule variants
1, 2, and 4 is appximately %0 days; it is not significantly affected by the
sequence of the superstructsireonstructia.

The immediate segment § ~5 cm, folloved by ~6 cm consolation settlement
due to the"consolidding time" of the lower embanknent. Theseaequire about
~300 days The second phase of the consolidation settlement due toptres
embankmenis ~10 cm, and 20@50 days ar@eecessy to reacha 95% degre®f
corsolidation. The duration of the construction is approximately six monssile
the case Pbvariant 3(the embankment of the open track is built before); however
the total consolidation settlemeist2 cm more. In thease ofinstalling vertical
drains nto the subsoil (variant 6), the consolidation time is reduced byttore

the embankment can be built@me phase, and the total consolidation settlement
is ~25 cm.Following the expectations, the settlememd tte consolidation time
are drascally reduced in case of ground improvement (variant 5), and the
embankmat can be built in one @se.

Figure6 also shows that the railway superstructure's construptources further
5-8 mm incrementasettiemerg afterthe completeconsolidaion. The settlement
due to the train load, usually aroundr8n, is not presdad inthe figure but will
be discussed sepaght later.

If the consolidatio time exceeds B months, the settlement measurements are
taken, and theamstrudion phases can be set basedtiweir resilts. According to
+XQJDULDQ SUDsolidatier is doRsidleredR1Q béinished' if the
settement rate ibelow 1 cm/monh. Fgure 7indicates the settlement radéthe

same surface poit as it wadnvestigated regardindné ttlement. Note thahis

rule's origin is unknown, but it can still be recognized in the geotechnical report of
the bridgeconstrucion.
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The figureclearly shows that the settlement rate sudgencreases when a new
step of onstuction, e.g., the lii or sleepersconstrucion, starts. During the
consolidation, the settlement ratlecreasesver time

time t [day]
0 100 200 300 400 500 600

N
R . ‘

. \ N\ s
\&\
T ~—

variant 1.
variant2.
variant 3.

vertical displacement s [cm]

20

~—

25

Figure 6
The consolidation otie open trackoncerningheconstructionvariants

Variant 1shows the slowest reduction of the settlement rate. Aftesticarting

the upper prt of the erhankment, the shape tife curves is similain the case of
variants 2 and 4, but variant 2 shows a slightly faster reduction. The sudden
reduction can be observed in the case of variants 5 and 6 due to the prior ground
improvemen (deep mixilg and vertichdrains). For variant 3, the settlementerat
reduction is relatively fasafter the superstructure placement due to the early
embankment construction

The figure also showsthat the settlements are still increasing even aftetatae
(95% degree of consolidation consolidatiom. Partly because it veanot "full”,
partly as therailway supertructure also induces consoliatm settlements, and
partly due to the presence of the train lo@de figure clearlyconfirms the fade
pracice of the 1 cm/month rule; the expected incretaesettlement is arouh5
cm after reaching thgivenvalue

This analysis aimed to show that the construction tinmebeaopimized based on
the tdal final settlement and thpredictionof the selement rate ithe s1bsoil can
be correctly parametrigelt could only happn in the case afgood soil analysis;
howeve, such gpredictionshould also béasel onthe settlement measurements
of the first congruction phass.
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Thesettlementateconcerninghe corstructionvariants

5 ResultsRelated to theTr ansition Zone

Analyzing the behavior of the transition zone was another goal of this study.
Figure 8 shows the effect of the train load on the open track section (20 m from
the abutmentiand the backfi zone (05 m from the abutment). Theekcted
points are locatedn the upper lagr of the ballastAccording toFigure8, the train

load produces twice the settlement on the open trgd6ki0 mm) when compared

to setlement in the backfil(5 mm). The train induespemanent deformatiori7-8

mm) remains akr the train psses In the case ofvarians 3, 5 and 6, the
remaining settlement is slightly lawvon the open track section théor varians

1, 2and 4. In the backfill zone, thEermanentsettlement is annd 2 mm.

Thevertical settlemestdue to thdrain load are shown in ¢éHongitudinal profile

in Figure9. They havea lower mgnitude near the bridge abutmeantd rapidly
change directly behind. It is because tle bridge alitmentbarelysettles undethie
train load.The effectof thetrain load is the smallest in the case of vari3, likely
due to the early construction of the embankmdnt.the case of grand
improvement, the train load httse most considerableffect, likely due to the stiff
suwbsol. The cuves are actually ovepaing directly ~5 m behind the bridge
abutment and showsgttlenent of ~7 mm. The deflection of the superstructure is
around 3 mm; thereis no significant difference in thease of the different
variants.

Based on theesuts, it seems that the correcthagior of the last section in front
of the bridge abutments cannot be solved only by applying geotechnical design.
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In this cae, accordind WR WKH QHZ iwxyQré@ulatiob, Qolbime §34],
a deck slab, such as aridion of the thickness of a highuglity -balancing layer,
as well as the reinforcement oliet superstructureg.g, additional rails or
oversized sleeperspuld help.

dynamic time t [sec]
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Vertical displacement due to the train load
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Vertical displacementslue to the train load in easkariant

6 ResultsConcerning the Substructure

Figure 10 illustratesthe horizontaldisplacemenbf the bidge abutment before
constructing the railway superstructwesording to variant 1. In the figurenly
the concrete pdl ap, thebridge abutment, and the wing wall are visible for better
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evaluaton of displacements. Thiggure shows thathe bottomof the wal moves
towards the openingbout2 mm, while the topnovestowards the embankment
approximaely 3.5 mm. Based on the mibtldpart ofthe figure, it carbe noted thia
the displacement of theidlge abtiment is smallunder 5 mm.

The horizontal displacements of the bridge abutmenthirebvant construction
phases are shown in Figurd,lrelated to variant 1. After constructing the
superstructure, a horizontal displacement of approximatelyr?an be seen, and
the bridge abutment moves towards the embankment. Following the coostructi
of the first step of the embankment, the top of the bridgetrmet still moves
towards the embankmenwhile the bottonmoves towards the bridge. It can be
observed that such a displacement istting more significantin the following
construction phases, andtdg dwe © the trainload, thebridge abutrmant tilts
towards the opening

Figure 10
+ R U L ] Rigp\&/der@ent of the lolge abutment before constructitige beam

horizontal displacement u, [mm]
-4,0 -3,0 -2,0 -1,0 0,0 1,0 2,0

6 [ L
embankment side

|
5 i \ \\
4 abutment \
superstructure 4\ \ \
1. phase of the embankment | N N
90% consolidation \ \
2. phase of the embankment \ \
95% consolidation \ \

rails and sleepers \ \ \
\
Figure 1

+ R U L ] mavevhBridof the bridge abutment concerning the constructiasegh(variant 1)

-5

°

opening side

w
T

abutment height H [m]

/
7

train on the bridge
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Figure 2 shows, according to the owstrudion phases, the horizongal
displacements of the bridge abutment relating to the state wheraithéo#d is
abowe the abutment. Except for versioh and 4, thénorizontaldisplacement of
the bridge abutment seenastie quite similar; the extemtf the diplacanent stays
under 5mm due to the early suppoithese displacements are abodt® of the
height of the wall Thelargest displacement, 20 mmnche sen by variant 2; the
bridge abutment wall moves totaltpwardsthe embankment, which induces a
passive state in the backf, and the wall gets strong support from it. The reason
behind this is thiathe corstrudion of the superstructure, togetheith the suppat

of the abutments, begins after the consolidation; till then, the settlemené of
embakment is dominant.The dfferential settlement induced by embankment
consolidation neathe base othe abutment causes its top to tetanto the
embankment. Actually, the abutment fits into thébowl-shamd setétment
depression. Constiction phase wariart 4 stows similar resuft, although the
displacement is less because the support was createdaafiénuctng haf of the
embankment.

24

N
o

=
[«2)

=
N

¢4}

I

horizontal displacement u, [mm]

variant 1 variant 2 variant 3 variant 4 variant 5 variant 6

o

Figure 2
The displacement of the bridge abutment concerningntiestigated/ariants

Conclusions

This sty investigated a typical railway idge andthe relatedsoil enviroiment,
focusing on the effect of differénconstretion schedules. According to the
analysis, several benefits apidicticalconsequences could bencluded

a) Plaxis 3D software,applying the + 6small constitutive model and
modeling the moving train, provides a realistic analysis of the current
problem. Itdescibes the global behavior of the railway bridge and its soil
environmet.

b) Due to thespatial effects and more realitic loading condition,the esults
of the settlements aund the bridge abutment are more favoratblen the
results derived fromanventional analysis or 2D modeling.
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<)

d)

f)

9)

This type of modling could allowfor optimization of the anstructim
process, thdest segenceof constructon phass, or the earliest datof
construction of the railway superstructure.

Due to thecompkx behavior of the bridge and its surroundgve should
not rely on simple design methods provide a solution tahe problem.
The amalysis preseited here indicateshe trends ofsoil and structural
displacementsas well aghe timerequied for adequateonsolidaion.

The results showed that ground improvement could be a aflst
technology to reduce constructionime, but it is more codly. Using
constructim variant 1, 2, and 4equire the most time Moreover, in the
case of variant Zhorizontaldisplacemehof the bridge abutment imight
be greatetthanallowed it mayresult in higheforceswithin the piles

Constructim variant 3, reduwcesconstruction timeand the cost isnodest
The results related to the settlement, consolidation time,handontal
movements of the bridge abmentare within reason

The results clearly shothat geotechnicabpproachesby thensdves are
not sufficient to solve the problem of the transition zon® holistic
approachcombiring geotechnical and railway suggucture toolswould
produce abetter transtion between thebridge andthe connecting
embankment.
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Innovative Approaches to Railway Track
Alignment Optimization, in Curved Sections

Mykola Kurhan, Dmytro Kurhan and Nelya Hmelevska

'"HSDUWPHQW RI 7UDQ8SIRDWQ,IQD Q DAWMWDUXHF VB RUWHUVLW\ R
7HF K Q R ORJDLBBIVQ 'QLSUR 8NUDLQH
AP E NXUKDQ G P NXUKDQ Q S KPHOHYVND #XVW HGX X|

Abstract: The dficient advancement of railway transportationimpossiblewithout the
integration of cuttingedge innovations. This study places emphasis on the application of
computer modeling for railway track alignment, enabling the determination of amaipti
strategy for rectifying curves within the plan. This approaclumssenhanced accuracy and
effectiveness in curve realignment efforts. The calculations involvedrircptrection are

not only essential for addressing track deviations but also for solving a skalténges
associated with increasing permissible trbesqgeeds. Particular significance is attributed to
the reconstruction of track alignment, especially for international rotrgessitioning from

wide (1520 mm) to standard European gauge (1435 mm). The incorporation of innovative
technologies for railway curve correction, along with line plan optimizatioosecmultiple

track sections, facilitates the realization of maximum stipulated velocities wisileiremn
safety, smoothness of motion, and passenger comfatinvestigation results detailed in
this paper were conducted with support from a grant provided by The National Researc
Foundation of Ukraine under the projet&cientific Justification of the Introduction of the
European Track on the Territory of Ukraine in the P@&r Period"

Keywords:railway; innovative activity; innovative technologies; railway cuntesnsport
corridor

1 Introduction

*OREDO H[SHULHQFH DWWHVWYVY WKDW PHQW WIWH UDL
XQDWWDLQDEOH ZLWKRXW WKH LPSOHPAM@RWRWKRQ RI L
(XURSHDQ QDWLRQV LV HPEUDFLQJ YDULRXV LQQR)Y

UHFRQVWUXFWLRQ RI UDLOZDD PRGLY QPKIQWHY L QR RHZW
W HF K Q RIDRYI MHWH IROORZLQJ

X *36 QDYLJDWLRQ IRU HQVXULQJ SUHFIMH UDLOZD\
UHGXFLQJ GHYLDWLRQV IURP WKH GHWVLHQDWHG UR
VDIHW\
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x EPSOR\PHQW RI DXWRPDWHG SURFHVV FRQWURO
FROQVWUXFWLRQ DQG UHFRQVWUXFWLRQHDOORZLQJ
SODQ SDUDPHWHUY DQG UHGXFLQJ GHYLDWLRQV 11U

X LDVHU VFDQQLQJ RI UDLOZD\ WUDFNV UDFDNEOLQJ DI
SDUDPHWHUWVDGQEREXGLQI WR WKH FUHDWLRQ RI D S
DQG LGHQWLILFDWLRQ RI DUHDV QHFHVVLWDWLQJ F

x UWLOL]DWLRQ RI PRGHUQ JHRGHWLF WHFKQLTXF
PHDVXUHPHQW RI UDLOZD\ WUDFN JHREBMWU\ DQG H
UHDOLJQPHQW ZLWKLQ WKH SODQ

X DHSOR\PHQW RI DXWRQRPRXVVPMDFKUYHURRIBRWHSE®D!
VXEVWDQWLDOO\ UHGXFLQJ WKH WLPH DQG FRVW U

X UWLOL]DWLRQ RI FRPSXWHU PRGHOLQJWKWH UDLOZD\
GHWHUPLQDWLRQ RI RSWLPDO VWUDWHJILHV IRU FXI

7TKHVH DGYDQFHPHQWY FROOHFWLYHO\ FRRLMVWOMEXWH V
DSSURDFK WR UDLOZD\ WUDFN DOLJQPEQ@D DGV IQA®J Z
H[SHFWDWLRQV IRU PRGHUQ UDLO V\VWHPYV

(DFK LQQRYDWLRQ KDV LWV VSHFLILF V@K®WHRIFDSSC
5HVHDUFK DQG ,QQRYDWLRQ 3URJUDP IRKUHBURSHDQ 5D
WKH (XURSHDQ 5DLO 5HVHDUFK $GYLVRUH&RKMFHG (55
WRZDUGV IXUQLVKLQJ LQQRYDWLYH VRO@OXBHRRMN. QKDW
PRUH HIILFLHQW VDIHU DQG HQYH WRHDFPHOHW I OROS HUYXOWMWLE
RI UDLOZD\ WUDQVSRUW KLQJHV RQ WKH DNORZIOY WDIDF KR |
DQG LWV DOLJWRH@®O@QWRQYHTXHQWO\ IRU PRGHUQ U
LPSOHPHQWDWLRQ RI LQQRYDWLYH PHWHRBYFHQRQUDF N
VHFWLRQV HTXLSISHHFL Y LRE KRRK GLQDWH VA\VWHPV HQV X
ZLWK WKH GHVLJQDWHSSUBRWILWDRQ\ EBERVEHQVDEOH

2 Statement of the Poblem

&DOFXODWLRQV IRU WUDFN DOLJQPH®WHYHRWWUBIFW LR
GHYLDWLRQVH\Z2KQAWKIFREB YD-ULRX¥XIBPKF WRONXODWLRQV D
UHTXLUHG IRU DGMXVWKXQJY I AUDG ISOW DEPH@IHUK R1 WUDC
VXSHUHOHXBWLRGUHVVLQI WKH FRPSOH[ FKDOOHQJH F
WUOWMSEHHGY DORQJ-D@L%IBQ LURDRMHD G0\ WKH UHFRQVW!
DOLJQPHQW LV QHFHVVDU\ IRU VXEVWD/XXWKDDVFKDQJ!
WUDQVLWLRQHQWWMBRXJH5LTKHHU ODWWHU LV SDUWLFXOD!L
LOWHUQDWLRQDO URXWHYV WUDYHUWIQOH BNEDGQH ZKHL
PP WR WKH VWDQGDUG (XURSHDG@ @ PP JDXJH LV SOD
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$FFXUDWH LQIRUPDWLRQ DERXW UDLOXDHWHI@WN BOLJIQ
TXDQWLWLHY GHILQLQJ WUDFN JHRRIWHED OZ R QX GFRKED €
FDWHJRULHY *OREDO PHDVXUHPHQWWOWH WIHWIRILQ HV WK H
JOREDO VIHWWNBHPDBKLF FRRUGLQDWHY ZKLOH ORFDO PH
SRVLWLRQ RI HOHPHQWY UHODWLYH WHKRHRRXWIRIU HOMHLRH Q
VSHFLILF NLORPHWHU RI WKH WUDRN PRW MMHP SIRRID W KG
GHVLIJQ YDOXHV H J YDULRXV WUDFN GXURIPPDWLRQYV
PHWKRG DSSOLHG JOREDO RU ORFD® LSPDXUDDNPHAMHRXW OUH
JRU LQVWDQFH DQ LQQRYDWLYH PHWKRBFIROD[GHWHUPL
XVLQJ *OREDO 1DYIBIBDWHRQ *AB& HOKDAMLH HUVY ZDV SURSF
VWXG® >

| WKH DFWXDO FKDUDFWHULVWLFV RIKWKGHWURFN DC
SDUDPHWHUV WKLV FDQ OHDG VRS HQ W WIKY QRUHPE OZRLLR
LQ WXUQ ZRXOG UHVXOW LQ GHFUHRPMRGWO HD\H @¥ RO DI
LQFUHDVHG IRUFHV Rl LQWHUDFWLRQHEHQW®NHR W/HKH W L
WUDFN VXSHUVWUXFWXUH 7KHVH LQRUMDYBE IRV RZH\O BF
DV RWKHU FRPSRQHQWY RI WKH W UDF N PHEW U \RW WWXKFHN X |
UROOLQS@WRFN >

6FLHQWLILF UHVHDUFK DLPHG DW LPSURXHMRU ERUYH S
FXUYHV DQG UHDOLJQLQJ FXUYHV WR HQK®QFH VSHH
SUREOHPDWLF LVVXHV UHJDUGLQJ WKHHQHWKFRILRQ R
WUDQVLWLRQ FXUYHV DUH GLVFXVVHGABXBHMPNVO LQF
DQG DQJXODU GLDJUDPV 9DULRXV WAISE \F ROQ WLUGEHUMIQN L
WKH SUHVHQFH RI REVWDFOHV 7K L\@ K®IXRI W HPRIOWAHDF.
Rl WUDQVLWLRQ@HWXHOHM PREARXPHVSHHG LV GHPRQVWUL

,Q WKH GLVV@UWDWLRQWLILF DSSURDFK LV SUHVHQWHOC
GLITHUHQFH EHWZHHQ FRQVWUXFWLQJVQHZD YWUDMHNM RU
WKH HOLPLQDWLRQ RI REVWDFOHV UHPBDUWEK® R FERIY@IH F
- WUDQVLWLRQ FXUYH &XUWWOWX IGH DISOR WY DHUGH DXQN I0G
GHWHUPLQH ZKHQ LQGLYLGXDO FXUYHV VKRXOG EH UF
7KH GHILQLWLRQ RI WKH PRVW VXLWRDEICGHGCGHQ OWR Z2RQ JW
IRU WKH UHDOL]DWLRQ RI WKH KLIKHVW SHUPLVVLEOH V

,Q RUGHU WR HQKDQFH DFFXUDF\ DQG FDOURXUOIMHWLRQ VS
FDOFXODWLRQ KDV EHHQ SURSRVHG EDVHM®E RDXWKH W RR
PHWKR& >KHQ PLQLPL]LQJ VKLIWY GXULQJ KXUYH UHDO
FLUFXODU FXUYH FRRUGLQDWHYV RLWLKRQ FREXJEFDOHIV F D@\
FRRUGLQDWHYV RI FKDUDFWHULVWLF SRLQWYV RI WKH FXL

$Q DQDO\VLV RI FXUYHV @QKPQ/G UB @ HDIOLHOZ MWKDW RYHU
FDQ GHYLDWH IURP WKHLU LQLWLDO SRVUWIWRQ GXH \
XQEDODQFHG ORDGLQJ RQ ERWK WKH LQQHU DQG RXW
HOHYDWLRQ RI WKH RXWHU UDLGDBEWDORR Y THH KV JKUVIS K
LQVWHDG Rl WKH HTXLOLEULXP VSHHG TRH YKERQ®KH H
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UHDVRQ LQYROYHV WKH LQIOXHQFH RI WKIQUIRDEOQ W\KR L
WuDLQV 7KHVH KRUL]JRQWDO IRUPHAFMLQDWHULQAWHKUHBXUY
FXUYDWXUH DW VSHFLILF ORFDWLR(MWWWKRQWHEYT DIOQWHO L
GLVUXSWLQJ WKH VPRRWKQHVV RI WUDKQY RRIYH®H QW
PRYHPHQW RQ WKHVH FXUYHV FXUYH UUDPHWRRNQW D
EHFRPH QHFHVVDU\

&XUUHQWO\ WKH LVVXH RI UHFRQVWURKEMA QJH WHJLHOZMDH
V\VWHP LV RI JUHDW UHOHYDQFH ,\RVLMWRHY RH WD IHG/Z DG
WUDFN D[HV ZLWKLQ D &DUWHVLD®@ RTUR OORFFKOLMH YHR R/XE KC
UHSUHVHQWDWLRQ RI WKH WUDFN VHORBIWMIGUPHOYHKREBDQ
SULPDULO\ XWLOL]JLQJ WKH *OREDO 1DYLIFW XRQ FADWHO
Rl WKLV W\SH RI PHDVXUHPHQW FDQ UHRXGFYHRFHQWL
7KH DXWKRUV KDYH SUHYLRXVO\ GHVFULEHG WKH PHWK
DUWLFOH SUHVHQWY D PHWKRG IRWG GKHRWHIRRQWDQJ*ERO U
FRRUGLQDWHY WKDW DFFRXQW IRUQWRKKUSYMHWHQFH RI W

$ WHFKQLFDO V\VWHP HQDEOLQJ W K HOUHVRROXWWLIRXQF R/IL R/
RI FXUYHG WUDFNV WR LOQFUHDVH WKIDWL @ /5@ 9@ ZE& RAKH G
E\ WKH DXWKRUV LQ WKHLU ZRUN > @ &RQVHGHUDWLR
FRPIRUW ZKLOH LQFUHDVLQJ VSHHG RQ FXUYHG WUDFN

,Q WKH VWXG\ > @ WKH TXHVWLRQ Rl GHWMHUPLQZDRU W
WUDFN LV DGGUHVVHG 7KH PHWKR®E QW \ERY MX R @ DYOLVQH
FKRUG LQ WKH &DUWHVLDQ FRRUG LETHVRII \F\WRWHP O % Q DW |
RQ REWDLQHG UDGLXV YDOXHV LW KDV EWHSOBVWDEOL)
VLIQLILFDQWGUROHGHWHUPLQDWLRQ DQG GRHV QRW OL
PHWKRG 6LPXOWDQHRXVO\ DWWHQWGR® HY PGQDIQ RER
DQG LWV UHOHYDQFH WR WUDQVLWLRQ FXUYH VHFWLRQ

7KH LQLWLDO GDWD VLJQLILFDQWO\ LPSBDRE&VWKH WKHN X O
ZRUN > @ WKH XWLOL]DWLRQ RI PRGH@IQJHRGBIMN.F W
JHRPHWU\ LV SURSRVHG 7KH DXWKRU LQLOJ@VRRQVLGHE
KRULJRQWDO UDGLXV RI WKH UDLOZD\ WUWDFN V D[LV
FKDUDFWHULVWLFV RI WKH WU D FIN/ DHV SQOFOW. (GHHG LEDL WK M H ¢
WKDW JHRPHWULF FKDUDFWHULVWLFV KRIGWH GHYFHWPLQH
D QHZ FRQFHSWLIRLOQWBMNAMIBRFNVKURXJIJK DOWHULQJ WKH V
PRYLQJ FKRUG KDV EHHQ LQWURGXFHG 7R HPSOR\ WK
SRLQWYVY LQ D &DUWHVLDQ V\VWHP PWHRQHTXLUHG IRU D

1XPHURXV VFLHQWLILF VWXGLHV KDYFA EHWQ BO\GLE DRWH (
FXUYHV IRU WKH LOWSHRIGXWWDRQ RIUBDYH® PROQHBDVWDQ
IRUP RI WUDQVLWLRQ FXUYH DGDSWHG WR BSHODMWLRQD
LV SUHVHQWHG 3DUDPHWHUV RI WZR+WQSEHY\RDQBUDQV
$XVWULD DUH GHILQ®G ,WQ LWKGHPRNWEDWHG WKDW Wk
XVLQJ WUDQVLWLRQ FXUYHV LQ WKHOWRORPPRWWE®HL@OR
+XQJDULDQ UHJXODWLRQV IRU VSHHGV XS WR NP K
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,Q WKH VFLHQWL WK NVDXGIAKRUV H[DPLQHG WKH FKDQJH
RQ FXUYHV IRU YDULRXVY VHFRQGDU\ DQRPDLGUDLOZD
KLIJK WUDQVSRUW YROXPHYV 7KH DQDO\IHG@EXUYHV HQF
FLUFXODU FXUYHV 7KHZCLGWHK WD R Q PRHWNHKUHDIND RIIKQFWLF
WLPH ZDV LQYHVWLIJDWHG E\ FDOFXODWLQJ GLVWULEXW

7KH SXUVXLW RI QRYHO PHWKRGV IRU VXUMHI\LQJ OLQ
UHDOLJQPHQW WR SODFH WKHP LQ WKWIXWG\@HWLIQ SRVL
UHFRQVWUXFWLRQ PHWKRG IRU H[LVWIWURWDEDY BGY ZQ W
SRLQW FORXG GDWD LV SUHVHQWHG 'QIRALION KRR PWKKIH

FRQFHSW RI WKH 3DUWLFOH 6ZDUP 2SWXPH® WLERRQ B62

ZLWK WHKWKRG RI GLUHFWHG VHDUFK S$IWHDREWDLQLQ!.
DOLIJQPHQW D WDUJHW IXQFWLRQ ZLWKHGRDY® UDLQW
LOQWHIJUDWHG ZLWK UDLOZD\ VXUYH\LQJ WKHRKIRRORJ\ 7
WLPH IRU VRRQWDOQXPXM FRXKUYHYV FRQWDLQLQJ PXOWLSC
DQDO\]HG 8WLOL]LQJ PHDVXUHPHQW ®INW. SXMML JW KG LW
UHVHDUFK GHPRQVWUDWHG WKH VXLWMNEL OIS O LFBDOILLIRE]

$ UHYLHZ RI VFLHQWLILF ZRUNVY UHY HD OXWKKRUN DHW K R
YDOXDEOH IRU WKH UHFRQVWUXFWHR® IRMHQJHVW LPPA BBL
FROQWLQIJHQW RQ VSHFLILF RSHUDWLRQDO GFRQGLWLRC
GHGLFDWHG WR RSWLPL]JLQJ LQGLYLGXBDUDP RREGVUW LW X
UDGLXV WUD QXISWURI@ HAWMW HREW WKH RSWLPL]DWLRQ
WUDFN SODQ IRUD VHFWLRQ RU PXOWLSOH VHFWLRQV L

7KLV SDSHU SODFHV HPSKDVLVY RQ WKH D®$OZBPDWLRQ |
WUDFN DOLJQPHQW HQDEOLQJ WKH GHWHIFWLQDWILRQ F
FXUYHV ZLWKLQ WKH SODQ 7KLV DSSURIDHRWMAXQHHYV HC
LQ FXUYH UHDOLD®RHBWOHIIRUWRFDO VHFWLRQV EXW L
WUDFN VHFWLRQ

3 Methods

7R H[SORUH WKH DIRUHPHQWLRQHG SKHQRRISGIB WKH V
DW WKH 8NUDLQLDQ 6WDWH 8QLYHUW. WW RO I6]H.GH Q & HWIX®
FRXUVH RI WKLV VWXG\ 7KH IRXQGDWLRQ RI WKLV
, .RUJKHQHYAL.FKKH FDOFXODWLRQV RI VSHHG OLPLWYV DQ¢
SURILOHY DUH SHUIRUPHG ZLWKLQ WKXUSKWRJ UDKAL ML QJ
FRPSXWDWLRQV FRQFHUQLQJ WKH HOUBD® LEBRZR| DMXH R
WKH FRQVLGISUBWLREQRWWDLQWY DUH FDUULHG RXW
7KH LQQRYDWLYH DSSURDFK ZLWKLQ BALIOH VB! 3W0R @ VROWR Y [
YDULRXV VXUYH\LQJ PHWKRGV IRU OLQH \SODQV XW
DGPLQLVWUDWLRQ DQG SURMHFW R UIFOW IM K DRYP\O \ V KW
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RI QRW MXVW LEXMW DOX¥MROWRAKXIFMNHVHFWLRQV RU PXOWLS(
WKH SURMHFW SODQ DFFRUGLQJ WR WDUQRMN§ W WRLWAHKUHL |
PD[LPXP SHUPLVVI@EOH VSHHG >

JRU HILVWLQJ SODQ GHVLJQ PHWKRGWLP FO KBRY IMVYRE P
Rl WKH SURMHFW FXUYH KDV QRW \HWWEHG @ \H VRVIDERAW K
LW LV QHFHVVDU\ WR GHWHUPLQH WKHQSRVHWLW&HRI \
minimXP DPRXQW RI UHDOLJQPHQW ZRUN IRUQWUDFN FR
HDUWKZRUN SODWIRUP WDNLQJ LQWEB SRERWYW WK HWL |
GLUHFWLRQV HWF &OHDUO\ ZLWKNWRR @ IUH RX AH-@K D (
FROQVWUXFWLRWQLWRIWWRQ WKIRKOG LQGHHG EH FRQVLGHU
+RZHYHU WKHUH DUH FHUWDLQ FLUFXPQWDIQFHWKW KD W
RSWLPLIDWLRQ SURFHVYV

W LV RIWHQ EHOLHYHG WKDW WKH POLREKXIPXYH G HDKOHQ@ Q P |
WKH DOJHEUDLF VXP RI DOLIJQPHQW GHYLUWODDMWIEHRQV HTX
LOQGLFDWHG WKDW VXFK D FRQGLWLRQXCRDAGFXWYNKH ZK
EHWZHHQ WKH HQGV RI WKH WUDQVLWLWRRWDFAR @XWY M/ X\
OHQJWK )RU VKRUW FXUYHV SULPDUDQGFRFIRFX® RU
VHFWLRQ DPRXQWLQJ WR OHVV WKBQYXP RI WKHMLWRWRQ\
HTXDWLQJ WRRWURH®REHWKH PLQLPXP UHDOLJQPHQW ZR
WUDFN LV VHYHUHO\ PLVDOLJQHG ZLWXR Q MIXGL YWQUDHQM W
ZRUN FDQ EH DFKLHYHG ZKHQ WKH HQWLRPXPFXXRHG VHF
Rl DEVROXWH YDOXHV RI VKLIWYV

,Q WKLV VWXG\ WKH DXWKRUV KDYH DSSOLMGMKH SUR S
SURMHFW SODQ WDNLQJ LQWR BBFRKIQWL KO VRPVRHA LDLEAVH
VKLIW YDOXHV PLQLPXP VXP RI VTXDUHEXUKHW YDOX
UHDOLJQPHQW FRVWYV 7KLV DSSUR D DK ROUHPRIZM RRIQW & H
REVHUYDWLRQV

+HQFH WKH VHTXHQFH Rl FDOFXODWLRN)WHBWWRE&VRSW |
FRQVLVWYV RI WKH IROORZLQJ VWHSV

&RRUGLQDWH VXUYH\ LV HVWDEOLVKHG EDVHG
6HIPHQWDWLRQ RI WKH ORQJ WUDFN VHFWLRQ LV |
DQG WKH UDGLXV RI WKH VHIPHQW

2SWLPL]DWLRQ RI HDFK FXUYH LV FDBULHG RXW
FRRUGLQDWH PRGHOV HPSOR\LQJ RQH RI WKH IF
PLQLPXP VXP RI VTXDUHG VKLIWV DEWRRXWH VKLI
PLQLPXP FRVWYV

8SRQ FDOFXODWLQJ HDFK IUDJPHQWJ HPYRR®OHDAHSDUD P
DQG WKH VXUYH\ RI LQGLYLGXDO IUDJPHQWYV LV I
VHFWLRQ :KHQ LQWHJUDWLQJ LQWHUGHSHQGHQW |
GLITHUHQFH EHWZHHQ WKHVH HOHPHQWYV LV FRQWU
WKH SUHGHWHUPLQHG OLPLW WKH SDWIVDP DGMX
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WKLYV UHVWULFWLRQ 7KURXJKRXW WKB RSWLPL]EL
HOHYDWLRQ DGMXVWPHQW RI WKH RXWHU UDLO .
PRQLWRUHG

&DOFXODWLRQ DQG HYDOXDWLRQ RI WHRDQ VKLIW PLC
DUH H[HFXWHG 7KH OLPLWDWLRQ PDNRHW)QEH DQG
RI WKH VHFWLRQ DUH WDNHQ LQWR VWFERXDRQUQ D!
DUH LQFRUSRUDWMGPGMUILQRQWKWHRREVY W LV S
LQFRUSRUDWH VKLIW PDJQLWXGH FRQVWUDLQWYV IR

5. 7KH PD[LPXP SHUPLVVLEOH WUDYHO VSHHGV IRU
FRPSXWHG IROORZHG E\ DQ DQDO\WLY RI WKH R
HVWDEOLVKHG FULWHULRQ

4 Results and Discussion

/HW XV FRQVLGHU DQ H[DPSOH RI FDOFW B0 WERYWH XRUQJ
WKH -+At&binka 3ROWRMIYD URXWH )BINURHQIHRVLWLRQDO OD\
RI WKH WUDFN SODQ ZDV GHWHUPLQHG RQGHUPW®H FRQC
WR DFKLHYH WKH KLJKHVW SRVVLEOH VSMIH®B ZKLOH
HPEDQNRFKBWD[LPXP DOORZDEOH KRULJRQWDO GLVSOL
DOLJQPHQW FRUUHFWLRQV GHSHQBNRWY FROQM\R X X FI\D E R/C
LWV FRQGAW®RWKH SUHVHQFH RI LQIUDVWUXFWXUH Gt#
VXSSO\ VIVWHPV VLJQDOL@YRUORZHPY DHWKRHRXJIK W]
DQDO\VLV LW ZDV VWLSXODWHG WKDW BMHIZRXOGEOH Vk
EH DFFHSWDEOH LQ WKLV VFHQDULR

JLIXUH
5DLOZD\ VHFWRJRYD\LY
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$V D UHVXOW RI WKH WUDFN SODQ Hb @G W\DUMAVEL RRQU A® IO
IROORZLQJ YDULDQWYV

'LWKRXW VHFWLRQ UHFRQVWUXFWLRQ

6WDWLRQ UHFRQVWUXFWLRQ LV FDUWMKGRXW WR
DOWHUDWLRQ WR WKH WUDFN SODQ

,Q DGGLWLRQ WR VWDWLRQ UHFRQVWUXFWLRQ F
HOHYDWLRQ RI WKH RXWHU UDLO LQ EWKYHV HQ"
PLQLPDO UDLO ZHDU ,Q WKLV FDVHGLWKBQBUDFN V
OHQJWKV RI WUDQVLWLRQ FXUYHV UHPDLQ XQFKDQ

$ORQJVLGH VWDWLRQ UHFRQVWUXFWLRQ WKH WU
SRVLWLRQ JXDUDQWHHLQJ PD[LPXP IHDVLEOH VSFH
WUDFN ZLWKLQ WKH H[LVWLQJ HPEDQNPHQW

7UDLQV RI YDULRXV W\A\SHV RSHUDWH R G WHMHNQWHFGV LR
WUDLQV RI WKH +\XQGDL W\SHVZHKHHBKWUILHY 86V I KGQHGUIRYX
Rl WUDLQV GRHV QRW VLGQUHRFEFRQREINIBUHHW EGMW ZISHRY
WKH WLPH RQO\ IRU WKH GLUHFW GLUHFWLRQ

$V HYLGHQW IURP WKH UBROWWYD R/® FWKL-R @U N BVDQNIDR Q L
\LHOGV D VLJQLILFDQW HIIHFW PLOQXWHWDLO'KH LP
VXSHUHOHYDWLRQ FDOFXODWHG DFFRWIGRQD OVRDWYH QX OL
RI  PLQMOWHYI WKH WUDFN LQ WKH SURMHBWHG SRVLWL
PLQXWHV FRPSDUHG WR WKH-/RIR WD WIHFQWL R QQ WWKHW
UHFRQVWUXFWLRQ KDV D UHODWLIHIOY PR\GHEMWXMWHBDW W
RXWHU UDLIDWYRSHWDHOBGGLWLRQDO PLQXWHV FDQ E
DOLJQLQJ WKH WUDFN LQ WKH SURMHFOKFG SRY LLVOL R'Q PO
PLQXWHV FRPSDUHG WR WKH QG YDULDQW

7DEOH
7UDLQ WUD ¥HG@ BDPMH QRULQ WKH IRUZDUG GLUHFWLRQ E\ YDU

Train travel time by variants,
Direction Distance, km minutes
1 2 3 4

ALY+UHELQN 55
+UHELQRIOW D,
SROWDMDVQR
.UDV QRKRIJRGE
Poltava- Lozova 176 138 125 107 99
Hrebinka - Lozova 362 272 243 221 207

"KHQ FDOFXODWLQJ WKH GHVLJQ Y D DIQDE B/R M K QUDLAKO FIRL
VSHHG HQKDQFHPHQW ZHUH FRQVLGHUHGWKLQL VWV W
UDQJH RI XS WR PP ZHUH H[SORUHG DYRBGLBEDO/LJQL
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IUDJPHQWY GHSUR®HQB WHGIWVYRQ DQG PD[LPXP SHUPL\
RQ WKH-3RIDWORKD DG VHFWLRQ IRU WKH GHVLJQ YDULD«
DQG

YLIXUH
6HJPHQW Rl WKID9RA@WDY® VHFWLRQ D WUDFN SODQ E WUDFN

5DGLXV P

6SHHG NP K

E%HIRUH UHFR®SMWWUHXFWHRRQVWUXFWLI

YLIXUH
3HUPLVVLEOH PRYHPHQW MSHMHBRI B QGWKHF R.&W D Y D

%\ RSWLPL]LQJ WKH RXWHU UDLO VXSHUHXHYDWLRQ 2
SHUPLVVLEOH VSHHG DQG UDLO ZHDU DBQ ,RSW@PDO VF
YDULDQWYV WKH DFFHOHUDWLRQ RI SDAYV HEIHDWH WRIWD L Q
I[UHLJKW WBDLQV ZULWKLQ * P Vo
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Conclusions

%DVHG RQ ERWK WKHRUHWLFDO DQG H[WBHULH G QWKDAV U F
WKH LPSOHPHQWDWLRQ RIIRQ QFOYLIDVE DY HF XWHHAK QR ORGEBH X
SOXQOO DOORZ HVWDEOLVKLQJ SODQ SDHRIDPHWHWY DQC
UHVXOW LQ UHGXFHG ZHDU RI UDLOVQDNHRWQ PH H AR K MO/
PLQLPL]JHG HQHUJ\ RU IXHO FRQVXPSWLRQRWQUHLIKW
FRQWWREXWHKDQFLQJ VDIHW\ VPRRWKQHVYVY DQG SDVVH(

7KH DQDO\WVLV RI WHFKQLFDO DQG WHFKWRKWWRJILFDO

LQFRPSDWLELOLW\ RI VWDQGDUGY EHWZHHQ 8NUDLC

LQIUDVWUXFWXUHY KDV GHPRQVWUDWHEBTWHQ@WLBW&EH S|

DOLIJQPHQW RI WKH WUDFN SODQ GXULRENWRBSRKAWIGPL]D

LQFOXGLQJ GXULQJ WKH WUDQVLWLRQ IURRSHKDHQDEURDG
PP JDXJH

7KH FDOFXODWLRQ UHVXOWYV DQG WKH GHYHORSHG |
WKHRUHWOWWOIONQJ PD[LPXP SHURKWLWOH GHPWOWDQ H/FSX\H
HQVXULQJ WRH WWWWDHQEIKG W W D BV IOHHW L DEX O D %1\ AR WADD Q(
WUDFN DQG UROOLQJ VWRFN FRPSRQHQWHWYV 7IKVL\D WKHR L
EDVLV IRU LPSOHPHQWLQJ (XURSHDQ VWDRGDILGWDLOZ
IRU MDKHOR QKRSWKSHHG WUDLQ WUDYHO
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\%

@* .~Q DQG 7 :KUO &ODVVLILFDWLRQ LRI &RPPXQ
5DLOZD\ 6\VWHPV YKQWHWQDWLRQDO 6\PSRVLXP RCQ
&RPSXWDWLRQDO ,QWHOOLJHQFH DQBPPRRDPDWLFYV

SS -
KWWSV GRL RUJ 6$&,
> @ $PEULANR - A4DGHURYiI 5 $QWDO (YDOXDWLRQ
5HOLDELOLW\ 3BDUDPHWHUVY $FWD 3RO\WHFKQLFD +X
- KWWSV GRL RUJ $3+

\Y

@6 )LVFKHU 1 /LHJQHU 3 %RF] E 9LQNFN* 7HUGLN
*DXJH DQG $OLIJQPHQW 3DUDPHWHUV RI %DOODVWH
5HDO OHDVXUHPHQWY 8VLQJ 6LJQDO 3¥MBHMVVLQJ 7t
9RO KWWSV GRL RUJ LQIUDVWUXFWXI

> @2 1DERFKHQNR 0 6\WV\Q 9 .RYDOFKXN < .RYDOFK
%UDLFKHQNR 6WXG\LQJ WKH UDLOURBGXWWDRN JHRI
DQ XQHYHQ VXEVLGHQFH RI -\WKWHR E§BDQ DRW UQD\®! LR |

(QWHUSULVH 7THFKQRORJLHY 9RO SS
KWWSV GRL RU3]

> @9 -yYpu 0 6\W\Q - /LX 6 )LVFKHUOOWDRRHNEUN YD
ubLOZD\ WUDFNV GXH WR ZHDWKHU FRQGLWLRQV 1
+LUQ\FKRKR 8QLYHUV\WHWX 9RO SS
KWWSV GRL RUJ - QYQJIX

> @0 6\V\Q 0 3UJ\E\ORZLF] 2 10OHEHKEKHYWRRI-60KHSHU
%DO0VOOQVWLF ,PSDFW DQG 5HVLGXDO 6HWWOHPHQWYV
ZLWK 8QVXSSRUWHG 6OHHSHUV 6XVWDLQDELOLW\
KWWSV GRL RUJ VX

@ .DPSF]\N . 5RPEDOVND &RQILIXUDWURQ RI WKF
5DLOZD\ 7UDFNV LQ WKH 6XVWDLQDELDEWLRBYHORS
6\VWHPV 6HQVRUV 9RO
KWWSV GRL RUJ \%

@0 .XUKDQ ' .XUKDQ 1 +PHOHYVND-6SNHOGRSPHQW
5XQQLQJ RI 7UDLQV LQ 8NUDLQH IRU ,RMOHIDJDWLRQ
1HWZRUN $FWD 3RO\WHFKQLFD +XQJBULFD 9RO
KWWSV GRL RUJ $3+

@2 +XEDU 5 ODUNXO 2 7LXWNLQ 9 .RYG®OIFHKIXHNY 0 $
BWXG\ RI WKH LQWHUDFWLRQ RI WKH QDHZD\ WUD
FRQGLWLRQV RI DFFHOHUDWHG PRYHBH®W ,23 &RQI

KWWSV GRL-RUJ

@' 3RWDSRY 9 9LWROEHUJ $ ODOLVKMIYPDMDLB Q9 1R
RI VWUHVV VWDWH RI UDLOV XQGHIY &RWOHUF Q/BSHI H G \
BURFHHGLQJV KWWSV GRL RUJ

\Y

\Y

\Y

\Y
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\%

@0 .XUKDQ ' .XUKDQ 0 +XVDN 1 +PHOHYVND ,QQR
IRU WKH ,QWURGSHWERQRLG 2BHUDWLRQ RQ WKH ([L
ODLQWHQDQFH LQ WKH 30DQ - 7TUDQVSRUW OHDQV

> @0 .XUKDQ ' .XUKDQ 7KH HIIHFWLYRQ@BDY W BLYDODXDW L
WUDQVSRUWDWLRQ LQ WKMNURISHIDFOVE @ QRRI *gNDRQVG
OHDQV SS

> @0 .XUKDQ 6 )LVFKHU ' .XUKDQ 7K 3DRYISHFW RI
/JLQH IRU WK+HXBNDDLBBLOZD\ &RQQHFWLRQ 3HULRGL
7UDQVSRUWDWLRQ (QJLQHHULQJ 9RO SS
KWWSV GRL RUJ 33WU

>57@$ :LON : .&F6SHFKW DQG HWF ,QQRYDWLYH PRELOH

UubLOZD\ WUDFN D[LV SRVLWLRQ LQ JOREDO FRRUC(
PHDVXUHPHQWY SHUIRUPHG ZLWK *166 DQG IL[HG
YHKLFOH OHDNRUHPHQW

KWWSV GRL RUJ M PHDVXUHPHQW

@O0 .XUKDQ ' .XUKDQ 5 1RYLN 6 %D\GDN 1+
,PSURYHPHQW RI WKH UDLOZD\ WUDBNOHFZIHB UHIQF\ E\
FXUYHV ,23 &RQI 6HU ODWHULD®RW 6FLHQFH DQG (C

KWWSV GRL RUJ ;

@% .XIYHU ODWKHPDWLFDO GHVFULSWLRD Rl UDLO
SUHOLPLQDU\ FRPSDUDWLYH VWXGLHYV
KWWS Z-ARGWYOID RUJ VPDVK JHW GLYD )8117(;7
>SRQOLQH ODVW YLVLWHG RQ @

@% .XIYHU 2SWLPLVDWLRQ RI KRULIRQWID®XDBVIQPH
LQYROYLQJ HYDOXDWLRQ RI G\QDPLF YHKLFOH UHVS

\%

\

\Y

> @+ < /L < &KHQJ ; &KHQJ DQG HWF &DOFXODWLRQ |
VXUYH\LQJ RI WKH H[LVWLQJ UDLOZ®Q OLQH &KLQD 5
SS -

> @UDQVLWLRQ &XUYHVKWWS YD LIRADAP&DIMYXW RGHVN FRF
GIRUXP WUPXQWYMMIR@ADYW WG >RQOLQH ODVW
YLVLWHG RQ @

> @ .RF & 6SHFKW - 6]PDJOLQVNL 3 &KURVWR:
'"HWHUPLQDWLRQ DQG &RPSHQVDWLRQ RUQMH &DQW ,Q
,GHQWLILFDWLRQ 8VLQJ *166 OHWKRGV BRG ,QHUWL
9RO KWWSV GRL RUJ DSS

> @ /HELG , .UDYFKHQ\D 7 'XEURYVND\D< 1 /X]KDQV
'"HPFKHQNR ,GHQWLILFDWLRQ RI WKH UDWOZD\ UHF
LPSRVLWLRQ RI KLIJK VSHHG WUDIILF RQ WKH H[LVW
9RO KWWSV GRL RUJ PDWHFFRQI
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>5@: .RF $QDO\WLV RI WKH (IlTHFWLYHQHRWYWWRD '"HWHU
&XUYDWXUH RI D 7TUDFN $[LV3IBRE@HP\ OROIHMQLRKRREZD
5DLOZD\ 58IBABUWYV SS-
KWWSV GRL RUJ (

> @ -DPND 6 /LVRZVNL 0 6WUDFK =BD¥WRRRRDDQRLH ZV
JHRGH]\MQ\FK Z RNUH ODQLX JHRPHWULL WRUX Z
SU GNR FL SSHMHDWFK DQG 7THFKQLFDO 3DSHUV RI 3F
IRU 7TUDQVSRUWDWLRQ@QR@®ILQHHUVSISQ- 8§UDFRZ

>@: .RF 7KH OHWKRG RI '"HWHUPLQLQJ +RBDIRQWDO &>
ID\RXWV RI 5DLOZD\ 7TUDFN ZLWK WKH 8WH®1 ORYLQJ
(QJLQHKBEDQJ SS -
KWWSV GRL RUJ DFH

>8@: .RF 1HZ 7UDQVLWLRQ &XUYH $GDSWHG WR 5D
SHTXLUHPHQWYVY -RXUQDO RI 9 YH\LQJ (QJLQHHU
KWWSV GRL RUJ - $6&( 68

@ )LVFKHU &RPSDULVRQ RI UDLOZBN WHDIFRGWED QVL
9RO SS- KWWSV GRL RUJ SROODFN

@6 )LVFKHU ' 1pPHWK + +RUYiIWK *D3XJHVWQ JIJDWLRZ
&XUYHG 6HFWLRQV &RQVLGHULQJ +XQJBULDQ 5DLC
9RO KWWSV GRL RUJ LQIUDVWUXFWXUH

@ /L ; 5HQ : /XR : &KHQ OHWKRGRORJ\ IRU (]
SHFRQVWUXFWLRQ ZLWK &RQVWUDLQHG 2SWLPL]DWL
$SSOLHG 6FRBGIQFHV

KWWSV GRL RUJ DSS

@6UDLQ 5DLO 6XVWWWSY:3EDQLOV\V FRPQDBQBQB KV
ODVW YLVLWHG RQ

@ 6\V\Q 2 1DERFKHQNR 9 .RYDOFKXN 0 3U]J\E\&F
,QYHVWLJDWLRQ RI LQWHUORFNLQJ HIQHPWFRI FUXVK
ORDGLQJ 5HSRUWV LQ OHFKDQLFDO (QJLQHHULQJ
KWWSV GRL RUJ UPH Y

@ 6]DODL % (OOHU ( -XKiV] 0 ORYDKHGL 5DG $ 1
%DUD@\DILVFKHU ,QYHVWLJDWLRQ RI GHDRNPDWLRQ"
GXULQJ FROODSVH XVLQJ WKH 'LIJLWDO ,PDJH &RU
SHSRUWV LQ OHFKDQLFDO (QJLQHHUELQJ 9RO
KWWSV GRL RUJ UPH v

> @9 +DYU\OLXN 'HWHFWLQJ RI 6LJQDO 'LFWRUWLRQYV
8VLQJ $1),6 DQG :3(B(QWKHUQDWLRQDO &RQIHUHQFH R
(QHUJ\ DQG 3RZHU 6\VWHPV ,(36 ,VWDQEXO 7XUN
KWWSV GRL RUJ (36

\%

\

\

\%

\%

\
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\%

@9 +DYU\OLXN ORGHO RI BURSDJDWLRQR¥P 7UDFWLR(
7UDLQV WR D 7UDFN &BDFXLW 58 MHWRLWBERRD O 6\PS
(OHFWURPDJIJQHWLF &RPSDWLE®RDOW\ ,@8RAHVIDDVD 'XI
SS- KWWSV GRL RUJ $3(0&

> @ )LVFKHU 6H®BPWLRQ 3URFHVV RI (QHUJ\ /RVV LQ (
9HKLF)®WWD 8QLYHUVLWDWLY 6HULHV OHFKDQLFDO
SS- KWWSV GRL RUJ )80 ( )

> @ )LVFKHU ' +DUDQJR]y ' 1pPHWXUKDQRFVLV O
%UDXWLJIJDP ,QY H\$W HFDIWHICR ORRIHAVHBMW/ KHUPLWH 5D L (
)DFWD 8QLYHUVLWDWLY 6HULHV OHFKDQLFDO («
KWWSV GRL RUJ )80 ( )
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Abstract: Continuous monitoring with advanced equipment and innovative scientific
techniques is essential for timely and perfect maintenance. The intaractialynamic force
between wheel and rail is one of the most widely monitored issues. In this papersdy

of ballasted railway tracks in Iran, a set consisting of two separate strain gatays and
three different positions for installing accelerometers were designedrdiog to the
conditions. After installation, the system was calibrated with a peetgted passing axle
load. The dependency of the arrays' and the equipment's installation locationheith t
velocity of the passing axle load was examined as part of the field study aftetetepe
investigation and comparisons of the setups' results. In order to gather dattheviibast
error and the highest level of accuracy, it was decided on the more appropriatevatinay
less dependence and a better installation position

Keywords Railway monitoring; Maintenance; Measurement; Strain gauges; Accelerometer
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1 Introduction

In today's world, a country's infrastructure is viewed as its capital am@halat
wealth since its capacity to develop and progress is determined by how effectively
its infrastructure performs. The rail transport industry, which sigmifiga
influences pople's everyday lives and the environment, is an essential measure of
a country's growth. As a result, a condition monitoring system muestbblished

to detect any defects that may appear as safety issues. Consequently, precise
information may be acquired by designing novel equipment or integrating eutting
edge technology into a complete monitoring system [1, 2, 3]. Both experimental
and numerical studies have the potential to produce big advances. When monitoring
railway tracks, many researchers in this fietd interested in the interactions and
dynamic forces between wheels and rails. However, little experimental resaarch h
been conducted on the dynamic effect of heavier freight trains on railacks

Strain gauges and accelerometers are twoitoramg-related technologies that,
based on their functional capacity and sensitivity, should be employed in ideal
conditions and an ideal combination, requiring a scientifically intelligent design.
Keith et al. [4]. In one research, experimental fieldistesere conducted to
investigate howheavyloads induced by large axle loads influenced the dynamic
behavior of the railway track. It is demonstrated that when various speed and axle
load changes are applied to the whedll dynamic force, dynamic defortian of

the track structure, and track vibration behavior, some of the indicatorsingflect

the dynamic behavior of the railway track increase roughly linearly with train
running speed and axle load, while others are barely influenced. Zheyahds].

The project created a wheel load detector based on a strain gauge for monitoring
wheetrail contact forces at insulated rail joints (IRJs). The laboratory iefal f
testing results showed that the design followed generally recognized théoretica
assumptions. Field data vividly depicted the wheail impact force produced
across the joint gap, demonstrating its use in recognizing the -waieebntact

impact force signature at IRJs. Maniaktaal. > @ 7KH QHFHVVDU\ IXVLRQ W
and the outlined theoretical relationships between the samples gathered by various
sensors demonstrated in a comprehensive analysis that the features of the wheel
defects used in the data generation step were entirely represented in the defect
signals reconstructed by the suggested method. Consequently, the proposed
technique enables early defect detection and identification, including sndall an
long-wave flaws. The number of sensors, the effective zone size, and théswhe
circumference, which acts as the defect signal's basic period, all impact the fusio
process. Alemet al.[7]. Wheel flaws on railroad wagons have been discovered as

a substantial cause of damage to the railroad's infrastructure and rollipgheqti

in addition to creating costly noise and vibration emissions. A sensor network is
being created for permanenstallation on the railway network. Shelling, flat areas,

and a lack of roundness are all issues. It outperforms current defect ideotificat
approaches for flat spots and predicts the other two kinds of defects. The neural
network technique explicitlysimulates the multisensory structure of the
measurement system via numerous instances, learning, and shift invariamkaet

to increase performance on wheels with flat areas andowmness. Gabriet al.
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[8]. Vertical overloads may cause track degradation and safety breaches, but wheel
rail lateral contact forces are more directly connected to running safety dixagor

to the computational and experimental data, the size of the l&tetael may be
estimaed using an independent coefficient obtained from the applied loads. Bruner
et al.[9]. The curvature of the wheel profile impacts a train's performance wusgari

ways. In a field test, the station monitors the lateral and vertical wheel/rasfatc

the point of contactina48fheter UDGLXYV FXUYH DW VSHHGe&/ XS WR N
the fourwheel positions have markedly distinct force signatures. While the strength

of the three other high rails increases with distance, the leading highsrairbag

forces unaffected by the change in running distance.®®ab > @ 7KH LVVXH V
placement and sensor needs were investigated in a study on the static and dynamic
behavior of ballasted railway tracks. It could be helpful to estimate steesder

from the train passage to the track using predictive computatiortdIsma&eorges

et al.[11]. Weighing in motion systems would assist in solving the shortcomings of
conventional static weighing, such as costs and traffic management. -iveigh
motion systems, however, do not allow direct measurement of the static load sinc
the dynamic interdion between the train and the track results in dynamic loads
added to the static ones. Investigating the effect of track unevenness and train speed
on the weights measured by the weighmotion system. A rigorous statistical
investigation based on multiple computations was done to achieve that purpose.
In order to estimate the static load, a technique to rectify the direct result dupplie
by the weigh in motion system is presented. This strategy is based on the results and
patterns discovered throughout the extensive parametric investigation. Mboaleh

[12]. The successful operation of a field test system methodology and the'system
optimization should be thoroughly evaluated with regard to various types of trains.
This is influenced by the type of sensors and where they are set up. Mbaleh

[13]. The installation of sensors along a railway track's entire length wil adlat

time monitoring of the states of its technical components, and tposal of a
diagnostic sensor system based on railway track sitegia analysis. Avsievicht

al. [14]. The initial stage in data processing is to determine the speed of a passing
train after identifying it (time, date, and direction). For the purpose ofileing

train speeds, each peak of a vertical acceleration signal represents the passage of a
train axle above the considered accelerometer. Bérad. [15]. The ability to

predict failure of track infrastructure components can be improved through
maintenance prioritization and procedures, thereby enhancing the safetway rail
operations. Edwardstal. > @ ,W PD\ EH KHOSIXO WhaXdH DQ DOWF
method based on the local response function method that can forecast accusate stres
results in particular locations without the need for direct measuremergtdhtse
locations. Menghinét al.[17]. The degree of fit between actual and estimated track
forces and irregularities is demonstrated through gwjrgoint graphs of actual

and estimated values, and indicators of the accuracy of estimates are generated
using RSquared values, which represent the percentage by which the variance of
mistakes is less than the variance of actual values. Gadaale[18]. When
performing calibration and the primary test according to the desired iplen,

crucial to take into account the impact that imbalanced vertical loads have on the
data recorded in the monitoring system. Séval.[19]. A signal analysis approach
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based on the analytical domain and monitoring equipment suitable for conditions in
the environment will be productive in providing a suitable instrument for studying
experimental norstationary vibration signals comprising shock. Saégldl. > @
Physical calibrations are crucial in the strain recovery process, in addifitacing

the strain gauges optimally to reduce uncertainty in the simulation model. Nieminen
et al [21]. The installation of sensors should take into account the bedbisite
installation, and the layout of the sensors really offers a platformifgples
installation and a more accurate data recording systemetlag[22]. The smart

rail pad demonstrated excellent signal response to fluctuations in loadihgrwit
DYHUDJH SHUFHQW HUURU RI W FDQ EHO MVAHRGX (RVUHOR
to measure wheel loads. Schalkwgk al. [23]. In order to track the structural
performance of the track and to identify changes in traffic voluamesloading
circumstances, analyzing rail pada crucial component of railway structural
design—that are fitted with various types of sensors iy wemeficial. SelSanchez

et al.[24]. A simulation study is conducted as part of the additional analysis of the
findings to establish the precise location of the sensors based on the rgils fati
life, the likelihood of mistakes and redundancy, and various railway traffic
situations. Pillaiet al [25]. Comparison of the distributed acoustic sensor (DAS)
results with point location measurements made using a conventional strain gauge
and deflections determined via imaging and digital image correlation),(DIC
provides accurate distributed strain measents with the capability for
continuous spatial and temporal coverage across substantial tracts of traek. Thes
measurements translate to estimates of track deflection and load etdhes @
When a sizal@high number of strain gauge pair installations are made in the track,
a realistic assessment of the static load may be made. Therefore, a statistical
correlation must be taken into account when calculating the static load from weigh
in-motion (WIM) systers with fewer sensors. This means that the estimation of the
static load interval should take a certain level of confidence into account for each
of the vehicle wheelsets. Pint@&bal [27]. Shear strain data at specific locations
has been used to develop mechabi@sed algorithms to estimate the speed and
wheel loads of trains passing over a bridge under study. The speed estimation
algorithm uses shear strain at quarter span and tiaxésain's speed variation into
account. For wheel load estimation, two algorithms are studied. The shear strain
algorithm only makes use of the peak value of the shear strain measured at an axial
location close to the bridge. [28]. With the advancement of the transportation
industry and the demand, the settlement and wear of the ballast caused by dynamic
stresses at high frequencies is still an important issue orshiggd tracks, leading

to high maintenance costs. Khairallabeal.[29]. A more thorough, redalme, and
current understanding of the railway track condition would be made possible by
predictive maintenance operations carried out with cuttithge monitoring
systems. As a result, maintenance expenses would go down dééuaugentions

would only be made when they were truly necessargefth discussion will also

be given on monitoring systems that keep track of temperature, stresses,
displacements, strain measurements, train speed, mass, and posikiargusts,

wheé flaws, rail settlements, wear and tear, and the condition of railroagelsrid
DQG WXQQ HMfeldinvestiga@ion Two stiff common crossings were the
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subject of experimental observations under the dynamic stress ofspgigt train.
According to the findings, the maximum displacements within a specific velocity
range increased by 2.5 times. Due to the relative displacement measurements
between the rband the sleeper, the different dynamic impact loading for the wing
rail, and the lack of a difference in displacements between the trailing and facing
travel directions, measured maximal strains are not as explicit as the displacement
results. Kovalchulet al [32]. Ingenious methods and routimespections are two

of the key factors that influence the cost of railway maintenance, according to both
laboratory and numerical studies. Modern monitoring techniques, prognostics, and
health management strategies provide a wealth of opportunities foovimgp
inspection and maintenance procedures. [33, 34].

However, there are still lots of required optimization for different stages of
measuring wheetlail force from software and hardware points of view. Most
researchare presented with a fixed arrays of sensors, which is one of the major
challenge in correct data acquisition. It also needs to consider track maintenance
issues. The challenge of correct data acquisition mainly lieerigos array and
arrangement design, which determines quality of the signal. In this paper, different
arrays and locations ohé strain gauges and accelerometers are studied for data
collection. The results are analysed and discussed and sensitivity againsy veloci
are also considered.

2 Field test

2.1 Scope ofStudy

Figure 1
The test site and its location relative to Mashhad railway station
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The location of the study areehich is between the Chaman and Sarkhes bridges

and 2,392 meters away from the Mashhad railway station, is shown in more detail

in Figure 1, along with its position in relation to the Mashhad railway station.

The aforementioned location has two input and output lines that are connected to

the Chaman concrete deck bridge on the west side and the railway switches on the

HDVW VLGH UHVSHFWLYHO\ 7KH SDVWIPQK VDQIEL § HASW H (
equipmentvas installed on tangent railroad part in the exitline

2.2 Railway Track System

Figure 2 depicts the layout of a ballasted railroad track. The sleepers are attached
two rails (there is arlastic pad between the rail and the sleepers). This set is
situated on a ballast layer, allowing for the safe and easy passage of trains.
The characteristics of the ballast layer, rails, and rail pads affect the thacinic
performanceTo keep track performance, maintenance actions are needed which
are mainly focused on tleeia between two sleeps. The tamping machine is used

to keep the ballast layer quality in check which uses rail weth@area between
sleepers rd support. There are also some actions required for bolt tightening.
Considering all of this, the rail web in the area on the sleeper would be the safest
place forsensor installation. The sensor must be able toig@ccurate data on

this location, tooThe following is a quick list of the test site pavement's technical
specifications:

f 5DLO W\SH 8,& KHDY\ UDLO ZHLJKW LV NJ P
f Sleeper type: Mono block concrete sleeper, total weight of the sleeper is
NJ

f Fastening type: Weslo type spring fastener, its weight is J U
f Ballast type: Mostly made of porphyry and metamorphic rocks

As mentioned in the Introduction, accelerometers can measure track dynamic
performance, whereas strain gauges are typically less sensitive to track dynamics
and track structure failures. As a result, both kinds of sensors should be used to
measure all static and dynamic components of a contact force measurement

Figure2
Railway components details
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2.3 TestEquipment

As previously mentioned, the instruments were installed on a tangent part of the
railroad so the operation conditions, such as speed and bogie normal function,
would be under control, and any abnormality within the bogie and wheels would be
monitored with higher accuracy. Specifications for used strain gauges,
accelerometers, and data logger can be foundalies 1 to 3.

Tablel
Strain gauge technical specification used for field test (detailed)
Applicable Metal, Glass,
specimen Ceramics
Backing Special plastics
Element Cu-Ni
Operational Temperature
temperature - a f& compensation a fé&
(°C) range (°C)
Strain limit 1 - strain) Appllca_ble CN, P2, EB-2
adhesive
Fatigue life
at room 7 “ T~ strain) Gauge length
(mm)
temperature
Gauge 1.2 Backing length 5
width (mm) ' (mm)
Backing
width (mm) 2.2 5HVLVWDQFH
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Sensitivity

Frequency
Response (+3dB

Frequency

Settling Time

Table2
Technical specification of the wired accelerometer used in fsld t
$& -1A
Spectral Noise @ 14
P9 J +] J ¥+]
) +] Spectral Noise @ 2.3
+] J ¥+]
) Spectral Noise @ 2
Response +] +] J ¥+
Dynamic Range “ J SHDN Output
Impedance ohm
Bias Output -14
<2.5 seconds Voltage vDC
Voltage Source 18 9'& Case Isolation | ! %hm
2- P$

Constant Current
Excitation

Table3

Technical specification of data logger used in field tes

Analog inputs

ADC type

Sampling rate

Ranges

7\S 615 # N +]
Input coupling

Input impedance

IEPE mode

TEDS

Overvoltage protection

Typical power consumption (max.)

8 ch voltage, IEPE, current (with eghunt)

ELW 6$5 ZLWK N +]
E\SDVV N +]

Simultaneous 1 MS/s

WK RUG®R¥

9 “ 9 “ 9 * 9
89 dB
DC or AC (1 Hz)

0

4 or 8mA excitation; Sensor detection (Short: <4 V; Open:

19V)
Supported in IEPE mode

9 FRQWLQXRXYV 9 SHDN PV

15 (22W)
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24  Tested Rail Fleet

The fleet used in this project includes Siemens locomotives and passenger wagons
are made in Germany, whose pictures are shown in Figure 3 and their technical
specifications are ifiables4 and 5

Figure3
Passing locomotive and wagons used in the test program

Table4
General specification of Locomotive used in field test

Ax-to- Ax-to- Wheel
Loco Min AX AX diamet | Axle
type Madein | speed | Max distance | distance er load
(km/h) | speed | of two of two (mm) | (tonne)
(km/h) bogies | axlesin
(mm) a bogie
(mm)

Fleet

Locom | ER24pC| Germany | 44,

otive
BO-BO
Table5
General specification of Wagsnsed in field test
Max Wagon Wagon )

Fleet | V290N Made | Min speed| weight- | weight— | Bogie | Axle load
ee e type in speed | (km/h empty full type of (tonne)

(km/h) ) (tonne (tonne@ wagon
Wag | RL11 | Germa| 45 0 11.25
on ny
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3 Test Han

The following key factors should be taken into account when meashangheel
rail contact force

f Repeatability of measurements, taking train wheel radius and speed into
account.

f Installation time should be minimized; the instruments shoulthtetfere
with maintenance vehicles if lortgrm measurement is required.

f To be able to avoid the need for expensive speed detectors, the vehicle's
speed should be calculated with the highest degree of accuracy.

f The force calculation method should be able to analyze all data as quickly
and accurately as possible and report the results.

f The configuration should be safe and not require routine manual
calibration and maintenance.

The sensor formation was designed with the previously mentioned issues in mind.
Figure 4 shows a schematic representation of the rail web with the installed
equipment and sensor configuration. All the accelerometers are in vertiaiair

and strain gauges are installed as-bailige circuit. The strain gauge arrays in this
papercome in two varieties: "V" and<". In comparison, the<"-shaped array is
concentrated on the bending strain, and theshéped arrays deal with shear strain
when there is a wheel passalyermally, calculation of wheel vertical force focuses

on bending strain, which has an interference with maintenance issues. The V array
is introduced to cover this shortcoming.

\/ ( Strain gauge

,,,,,,,,, <I
I Accelerometel

Figure4
Configuration of strain gauges and accelerometerbereil web

To make sure that no data is missing, it is necessary to measure in a complete round.
So, for every passage, the whole wheel surface is scanned. The designed sensor
arrangement and localization are done to ensure the mentioned condition is met.
This arrangment is also able to analyze the wheel multiple times with the help of
different combinations of installed sensors, so the error would reduce noticeably. |
means a higher calculation volume with no change in the response time of the
device. With the configuration shown in Figure 5, one side of the passing train is
completely covered, allowing for accurate comparisons. Accelerometers are very
sensitive to the track structure's defects, in contrast to strain gauyes vesults

are essentially independearitsuchdefects. So keeping track's quality high in the
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instrumented area is crucial. The accelerometers' installation position caelplso
determine the wheel's dynamic component. In order to investigate the dynamic
component of the vertical forces of the wheels, three different accelerometer
positions are taken into account: 1) on the rail foot in the rail's position on the
sleeper, 2) on the sleeper, and 3) on the rail foot, between the sleepers

[4]

(|
bid

® Accelerometer
@ Strain gauge

(o]
=T =T
HEg R
3 4 5 6 7
102 3
TR, 2,3,4:(

Figure5
Locations of sensors and their types

In order to control operation conditions like speed and bogie normal function and
to more accurately monitor any abnormalities within the bogie and wheels, the
instruments were installed on a tangent traclt,issVKRZQ LQ )LIJXUH
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JLIXUH Figure7
Instrumentation location on tangent track The drezin used for system calibration

As shown in Figure 7, the system was initially calibrated using a drezin (adight r
YHKLFOH ZLWK NQRZQ D[OH ORDG 7REHGXUBHYRUEEHYV
also includes load and speed. Using locomotives from passing trains with axle loads

of 19.75 tons, the main calibration is carried out (9.875 tons per wheel).

Table
Calibration condition for drezin
Test condition Number of tests
V=5 km/h 2
9 NP K 2
9 NP K 2
9 NP K 2
4 Result

4.1 Strain Gauge Results

Results ofrecorded data caused by drezin passage is illustrated in FRjdoes

strain channelsThe sudden jump in the diagram is caused by shear strain, which is
proportional to the axle load and velocity as the wheel passes over the sensor. These
quantities can be found and measured to determine the wheel load. By calculating
the phase differendeetween these sensors, velocity atsobe determined.
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Strain (micro strain)

-60
-70

< array

Figure8
Measured strain for<" array (ip) and "V" array §own)

The drezin used for primary calibration weighs 4.8 tons and has a wheelbase of 2.7
meters. By plotting the shear strain mentioned in Figures 8 in terms oftyeloc
Figure 9 is obtained. The value shown for each speed is the average of all channels
and passages. The dependency of the two mentioned arrays on velocity is relatively
low and linear. It should also be noted that the proposed "V" arrangement has a
lower dependency on velocity compared to tk& arrangement. These would
enable measuring the statomponents of the signal with highercuracy due to

the probable error in the velocity calculation. Additionally, the mean squaiad err

for "V" array is lower than the conventional™array.
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Figure9
Linear pattern for velocity drezin passage resultsorce (up) and Strain (down)

The results of the entire passage for a passenger train pulling a locomotive weighing
WRQV DUH VKRZQ LQ )LJXUH -top atKfor GhBrdeX Hid LQ )LJIXU
Figure 5 with the "V" arrangement, and the rest are for Chanaélsizh the "<"
arrangenent, respectively. The train passages are completely recorded by both
arrays, which display the same pattern. Therefore, theshdped array can be
considered an alternative to the -stiaped array, which conflicts with track
maintenance activities

Channel 2
(<array)
S o
T
|

Time (s)

Figure
Strain results for a passenger train

Figure 11 displays the strain results proportional to vertical loads for a los@moti

(79 tons in weight) for various passages. Higher speeds and axle loads can produce
the same patterns and outcomes (compared to primary calibration). Despite the
differentvelocity dependencies, the pattern is still linear. While this parameter has

increased for the<-VKDSHG DUUD\ IURP WR LW KDV (
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WR | R Wsh¥p&dHarra. So calibration is required for various
speed ranges. These findings demonstrate the benefits ofsh8ygéd array's lower
dependence on speed when needed. It should be noted that more research should be
done to deermine how sensitive this arrangement is to track failures. Similar to the
drezin test, as it is shown in figure 11, values for error is lower in "V" array.

Figure 11
Linear pattern for velocity in vertical load calculatiehocomotive passage resyl&orce (up) and
Strain (down)

4.2 Acceleration Results

As earlier described, accelerometers are much more sensitive than strain gauges to

the track structure's defects, the results of which are essentially independe

them. So keeping track's quality high in the instrumented area is crucial.

The accelerometers' installation position can also help determine the wheel's
dynamic component. In this research, the authors installed accelerometers at three
different positions: on the rail foot in the position of the rail on the sleeper, on the
sleepe, and the rail foot in the distance between sleepers, to investigate thddynam
component of the vertical forces of the wheel and rail (see Eduaad 5). Figure

12 shows the three positions' time domain and Short Time Fourier Transform
(STFT) B vaOXHV 7KLV WUDQVIRYRDW RZQ (K®R/ZDZLWK D
SRLQW RYHUODS 7KH ZLQGRZ W\SH LV *DXWWIDQ DQG W

The wheel passage is clearly shown in Figurd1th other words, the rail and rail
pad had a lowpass filtration influence on the acceleration signal as it passed
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through them. There is also much noise in Figurea &Rd 12c. This illustration
emphasizes the importance of signal filtering in order to identify various filure

The characteristics of the track superstructure have a significant impact on the
acceleometer's response as well. In summary, it can be said that moving the
accelerometer from between the sleepers (channel 3) to the sleepers (channel 1) has
no detrimental impact on the precision of the measured signal.eBults from
channel 2 can be usedth minimum preprocessing

500

ACC channel
g
Frequency (kHz)
° ~
i

nnel 2

Powerlfrequency (dB/Hz)

ACC chal

annel 3

ACC ch:
2

Powerffrequency (dBfHz)

-1000 0 (|
0

Time (5) Time (s)

Figure 12
Acceleration results for a passenger train

So, the strain gauges-&ray and sleeper mounted acceleration can accurately

measure static and dynamic forcesadfeetrail system. Combining results from

WKHVH WZR VHQVRUV ZRXOG UHVXOWhy whiél (drJXUH 7K
PRQLWRU VWDWH a VWDQGV IRU PDRGW HQUDLREH W\FKH
and >5 is immediate action. Te presented array and setup could provide condition
monitoring of rail fleet to increase safety and reduce maintenance costs.
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Figure 13
Converted results in impact fact@cceleration’s unit is mishence wheel number's is piece)

Conclusions

In this study, with thédnelp of a field test, the results of two different strain gauge
arrangements and accelerometer installation positions and their differences in
measuring the dynamic force between the wheel and the rail were investigated and
compared. In Iran's Mashhad vedly station, the railroad track was instrumented

for a field test, and the results were analyzed in two steps: 1) a light rail vehicle
(drezin) with low weight and speed, and 2) a passenger train with relatively high
axle load and speed. The results are summarized as follows:

"V" and "<" arrays were put to the test as half bridges for strain gauges. Wénen t
are only minor velocity changes, the "V" arrangement is practically velocity
independent.

The "V"-arrangement has an advantage because of its installation location, which
causes less interference with track maintenance operations.

The "V" array showed lower error compared to the "<" array.

The results must be calibrated for various speed ranges. In contrast to thay<" ar
the "V" array also demonstrated a decrease in velocity dependence with increasing
velocity. Further research is required into the "V" array's dependence on the stat
andcaliber of the track.

For the acceleration, the installed accelerometer on the sleeper showed lower noise
and dependency to track dynamics, which will require less data preparation.
The reason is the filtering phenomenon of the passing signal through raihgad
sleeper.

The presented arrays can be used for optimum condition monitoring of-rafieel
system.
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Abstract: As an important means, the vehidleunted imaging technology is usually used to
acquire the status data of cracks on lining surfaces of lamgde railway tunnels in
operation. Taking a «m railway tunnel as a test sample, this paper firstly verified the
performance of a vehiclmounted lining crack inspection system, and analyzed the key
performance parameters such as crack inspection rate, length recognition acauaiage
positioningerror, etc. After its effectiveness was verified, the inspection system was used
inspect the lining cracks of operation railway tunnels with total length d&nd5The test
results show that 60% of cracks with the width of less than 0.3 mm could be inspedted, whi
thefigure for the cracks with the width of more than 0.3 mm was 93%. At the confidence level
of 90%, the errors in crack mileage and longitudinal crack length are g0athd +0.7m
respectively. There exists splicing redundancy between circumferential crackise amcbr

is proportional to the number of channels spanned by the cracks. The statistitagf li
cracks ofoperation railway tunnels with total length of & show that circumferential
cracks, longitudinal cracks, oblique cracks and water seepage cracks accounted for 55%,
23.1%, 16.9%, and 1.5% of the total, respectively. According to the lining craek stat
assessment criteria, singiespected cracks are daified as those that need "focus" and
"attention" respectively. In consideration of the impact of crack shapteedining structure
safety, data utilization strategies for different types of cracks are propoded paper.

Keywords: operation railway tunnel; lining; surface crack; rapid insp@ttinspection data
utilization
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1 Introduction

As in 2021, the operating mileage of railway tunnels in China had totaled up to
19,000 km The tunnels put into operation in the past 10 years and 20 years
accounted for 64% and 81% of the total tunrmespectively[1].

Due to differences in construction periods, uncertainties in construction qaiatity,
complexity in geological and hydrological conditions, the tunnels in operation have
various types of defects and diseases. After a-teng evolution, most of tunnel
linings are subject to damages mainly including cracking, water seepage,
deformation, etc. Shear cracks are the main diseases that affect the overall
performance of liningConcrete shear failure is a premature, brittle failure that leads
to the progressiveollapse of the entire structure. In most cases, severe cracking
emerges, and propagation takes place immedi§#lyTherefore, tunnelining
conditions are related to diseases’ development rate and impact, and reed t
observed for a lonterm [3].

At present, the diseases of tunnel lining are mammgpeced manually. However,

the inspectioraccuracy is limited due to the restriction in skylight time, lighting
condition,inspectiondistance, etc., thereby resulting in the increasingly prominent
contradiction between thaspectiontechnology and the scale of operating tunnels
[4]. Digital Image Correlation Method (DICM$ a new technique that can be used

to detect the pattern of cracks in conci&lg6]. Karolyfi et al. [7] [8] studiedthe
correspondences between formwork geometry and concrete composition irethe cas
of fair-faced concrete elements, and proposed an evaluation method for
discoloration of the faifaced concrete surfaces using digital image processing
techniquesNow the apparent imagingspectionsystem based on the mobile
platform can be used to obtain the data on the distribution of apparent lining diseases
such as cracking and water seep@j¢10]. The development of machine learning
technology has made it possilite conduct the largecale periodiénspectionof
tunnels via the apparent imaging technology. In this regard, a ktudfesand
practices have been carried out at home and alptdpfl2]. The inspection speed

of the equipment used in these studies is mostipkm/h, and relatively few fast
detection equipment with detection speed abové&rh. In 2013, the Spanish
company Euroconsult developed a #raidd tunnelinspectionvehicle with an
inspectionspeed of up to 3@m/h [13]; In 2020, JR East launched the fourth
generation tunnéining inspection systefTuLIS) equipped with 12 sensors (lasers

+ cameras). With mspectionspeed of 2&m/h, it is mainly used tmspectlining
surface conditions and 3D shapes of turseeition[14]. In 2018, China Academy

of Railway Sciences developadinspectionvehicle for highspeed railway tunnels

[15] to inspectthe defects behind the lining, and surface diseasesindpisction
vehicle features aeological radarinspectionspeed of 3km/h, an imaging
inspectionspeed of 5&m/h, and a crack recognition accuracy of .

Digital tunnelinspectiorhas received extensive attentlmecause it is conducive to
more efficient, objective and scientific analysis and management of tunnel
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conditions. In 2016YRVIS Research Center and Vienna University of Technology

in Austria jointly developedraintegrated geometric vielwased system for visual
analysis of tunnel lining damage data on the basis of using the visual analysis tool
Visplore and the 3D redime rendering engine Ardvarkl16]. The digital
management software developed by German company SPACETEC for the purpose
of tunnelinspectioris mainly composed of Tunnéifo, Tu-View, Tunnetinspector,
Tu-Drive and other moduled7].

2 Lining Surface Inspection System(LSI system)

This paper introduces a system for raipisbectionof cracks on the railway tunnel
lining surface. This system is used to quickly capture-Higfinition images of
lining surface and automatically identifping surface defects.

2.1 Integrated SystemHardware

TheLSI system mounted on the wheegdck tunneinspectionvehicle comprises a
high-definition acquisition module, a mileage positioning module, and a data
processing moduld={gurel). Among them, the higtefinition acquisition module
consists of 8 CCD linscan cameras, lighting units, and synchronization control
units. The 8 cameras with a lasessisted illumination instrument are controlled by
the synchronization unit, which camsure the data collected via each channel are
related to the same lingrsection. The mileage positioning module is used to obtain
the pulse count of the encoder mounted on the axle, calculate ttieneatileage

and speed, and realize the longitudinal mileage positioning of images. This syste
supports a maximunmspectionspeed of 8&m/h.

Figurel
Lining surfacenspectionsystem
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2.2 Data Processing an€rack Recognition

Lining surface cracks are identified mainly through automatic recognitidn an
manual verification. Automatic recognition is based on the optimized SimplarL_ine
Iterative Clustering (SLIC) algorithm as a gradibased supepixel segmentation
algorithm, ad the lining crack dataset CLERACK is constructed. In addition, the
ResNet18 network architecture and Caffe deep learning framework atdouse
crack recognition, and the DeeplLabv3 framework is used to extract crack data
through the segmentation network. Through automatic recognition, the images
indicating the existence afackswill be preliminarily screened out, and abnormal
areas of the image with suspected cracks will be marked. After the mistakes of
automatic recognition are corrected through manual verification, it is p@gsibl
confirm thecracksand calculate their lengths, widths, areas and other characteristics
parameters.

3 Performance Analysis of Lining Surfacelnspection
System

In order toverify the performance of tHeSI system, the data on actual distribution
of lining cracks of & km railwaytunnel in operation were obtained via site survey
and Amberg imaging equipment. Thehgsedata were compared with the results
of LSI systenmunder the condition of 5km/h, to assess key performance parameters
such as craclospectionrate, length measurement error, mileage positioning error,
etc.

3.1 Site Survey

The 4km site survey areaf railway operation tunnel was test@km inward from
the largeandsmallmileage entrancef tunne), covering the plain concrete section
and reinforceatoncrete sectiofFigure 2) The scope of site survey covers the left
and right side walls of lining, namely an area 3ipward the sidewalk slab.

Figure2
Schematic diagram of the distribution of site surveyices
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Site survey of the tunnel includes the measurement of crack number, mileabe, widt
and length. Specifically, the width was measured using a crack width frigter(

3a), and the measurement accuracy was 0.01 mm, with details sh&iguie3c.

In addition, the crack length was measured based on the expanded view of the lining
section Figure3f) obtained by an Amberg laser scanrég(re3d, Figure3e).

a. crack width meter b. site survey ¢.0.21mm crack

d. Amberg laser scanner e. laser inspection

f. expanded view dhe lining section

Figure3
Inspectiondevices for site survey, and effects of field application

Tablel
Statistics of cracks with differestates
Statistics Circumferential cracks Longitudinal cracks Total
Repaired cracks 251 6 257
Unrepaired cracks 216 0 216
Total 467 6 473
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Figure4
Distribution of cracks by width

Through the site survey, a total of 465 cracks on the left and right lining walls of the
4 km survey areaverefoundand recorded, including 459 circumferential cracks
and 6 longitudinal crack@ablel). So far,249 of 465 cracks have been repaired by
epoxy mortar igure 5b), indicating the remaining 216 ones need to be repaired
(Figureb5a). The widths of measurement positions of the 216 ones range from 0.1
mm to 1.5mm. The distribution of cracks by width is showrFigure4.
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a.unrepaired cracks b. repaired cracks

Figure5
Comparison of cracks with different states

3.2 Crack InspectionRate Analysis

As shown inFigure5, the cracks’ characteristics are significantly different before
and after repair. Therefore, the repaired cracks were not selected to ahalyze t
inspectionrate.As the sample216 unrepaired cracks mentioned above were used
for inspectionrate analysis. Analysis results showrFigure6 andTable2. Crack
inspectionthrough thelL Sl systemis based on the neural network and manual
intervention.

After training, the caffédbased neural network algorithm can be used to effectively
identify the abnormal area of an image, but is unable to directly screen out the cracks
In other words, manual intervention is required to ultimately identify the cracks.
However, manual intervention was affected by subjective factors such asgberso
experience and operational standardization, thereby making the final crack
inspectionrate be lower than the system prompt rate. Such a decreasing trend
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became increasingly apparent with a decrease in crack width. For example, the
crack inspectionrate was 92.6% when the width was greater tham®8 but
reduced to 60% when the width was less thamOrB(Figure 6)

Table2
Analysis of cracknspectionratesthrough theLSI system

Crack width | Sitesurvey | System promptratd Systent+ manualinspectiorrate
(0,0.3] mm 148 81.8% 60.1%
Above 0.3mm 68 98.5% 92.6%
Total 216 87.0% 70.4%
(a) Width (0, 0.3] mm (b) Width (0.3C’@ PP (c) Overall
Figure6

Analysis of cracknspectionratesthrough the S| system

3.3 Error Analysis

3.3.1 Mileage Error Analysis

In order to ensure the consistency of analysis samples, 251 circumferentiabrepaire
cracks with obvious characteristics were selected for mileage error analysis.
According to thecrackmorphology and locatiorthe LSI systeminspected crack
correspond to the site survey results one by ané then the mileage difference of
the starting point of the lowest circumferentiedckis calculated.

Results show that mileage errors of ttf# systemare normally distributed, with
an error mean of 0.Bn, a standard deviation of 0.42, and a mileage deviation
between-0.8 mand 0.9m when the confidence level is 9Q%gure7).
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Figure7
Statistical analysis of mileage errors in repaired cracks

3.3.2 Length Error Analysis

Laserscanning makes it possible to accurately obtain the geometrical shape of a
lining section. In additionimage distortion can be avoided by projecting pixel
points along the lining section, so as to ensure the measurement ac&ardey.
samples, 115 repaired circumferential cracks whose starting points could be clear
identified through laser imaging were analyzed, to extract the data of crack length.
The regression analysis of crack lengths determined through laser imagingland
systemis itemized inFigure 8. As shown in the graph, the crack length identified

by theLSI systemis systematically enlarged by about 27% than the actual crack
length determined through site survey. In addition, the upper and lower bounds of
the 90% confidence interval are also indicated. It can be seen that on the basis of
systematic amplification,he crack length identified by theSI systemhas a
dispersion of-0.4~1m.

The crack lengths identified through th&l systemwere further analyzed for
staged fitting Figure9 shows that the systemdan error of 5%, and measurement
results changed by step significantly with an increase in crack length. When the
crack length covered one channel, two channels and three channels, the
measurement errors were about m51.2m, and 1.8m, respectively. Analysis
results show that theSI systemis based on the data acquired through multiple
cameras, thus resulting in a strong correlation between the measuremeanérro
crack length.
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Figure8
Regression analysis of circumferential crack length

Moreover 5 repaired longitudinal cracks whose starting points could be clearly
identified through laser imaging were analyzed. The regression analysis of crack
lengths determined through laser imaging &64d systemwas madeKigure 10).

The longitudinal crack length obtained by lining scan imaging is highly correlated
to that identified through thieSI system The upper and lower bounds of the 90%
confidence interval are indicateshdthe crack length identified through thé&l
systemhad a dispersion of £0m. Longitudinal cracks are distributed along the
line direction, and generally located in single channels of Life system

The results of comparing the lengths errors of circumferential cracks and
longitudinal cracks further show that the length error of circumferentiak<riac
caused by the redundancy of image stitching.
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Figure9
Staged fitting results of circumferential crack length

Figurel0
Regression analysis tiingitudinal crack length
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3.4 Summary

According to theapplication results oLSI system in 4km test tunnel key
performance parameters such as cratkpectionrate, mileage, length, and
measurement error were studied in this section. The results show:

(1) 60% of cracks with a width of less than 0.3 mm couléhbpeced through the
LSI system while thefigurefor the cracks with a width of more than 0.3 mm was
93%.

(2) The mileage deviation ranged fref8.8 mto 0.9m.

(3) The systematic length error of circumferential cracks caused by the redundancy
of image stitching was 27%. The circumferential crack length had a dispersion of

0.4~1 mwithin the 90% confidence interval.

(4) Also, the longitudinal crack length had a dispersion of #0.Within the 90%
confidence interval.

After automatic recognition and manual verification of the lining surface isnage
collected at ainspectiornspeed of 5&m/h, it was found that thiespectionsystem
could meet the requirements for fast railway tunnel lining ciregjiection In view

of a large error in circumferential crack length recognition, a priority witjiken

to the research on the technology of maliannel image stitching with little
redundancy, to improve the accuracy of circumferential crack length recogniti

4 Tunnel Lining Apparent Inspedion Data
Utilization Strategy

4.1 Characteristics of Apparent Cracks in Operating Tunnel
Lining
Through theLSI system, a total of 6,629 lining cracks werspeced along thé&5
km railwaytunnel. Specifically, circumferential cracks, longitudinal cracks, oblique
cracks, massive cracks and water seepage cracks accounted for 55%, 23.1%, 16.9%,

4.9%, and 1.5% of the total, respectively. There were 8.3 cracks per 100 meters on
average Table3, Figure11).

Table3
Lining crack inspection results of the k& operation railway tunnel

Cracktype Quantity | Density (Quantity100m) [ Proportion
Circumferential crac 3598 6.5 54.3%
Crack Longitudinal crack 1498 2.7 22.6%
Oblique crack 1101 2 16.6%
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Massive crack 327 0.6 4.9%
water | Circumferential crack 49 0.1 0.7%
seepagg Longitudinal crack 36 0.1 0.5%
crack Oblique crack 20 0 0.3%
Total 6629 8.3 100.0%

Figurell

Distribution of apparent lining cracks in operating telisn

Figure 12
Evaluation standard for crack inspection grade of Raitwaypel in China

Crack ratings AA, Al, and B are specifiedAssessment standard for structure
deterioration of railway bridge and tunniart 2: Tunnel (Q/CR 405.22019).
The specific rating standards and disposal measures are shéiguial2. Only
the cracks under development can be rated as A. Siraglectionis not enough to
ascertain whether the cracks continue to develop. Therefore, the-issgeed
cracks are classified as those that nefxtus' and "attention" respectively.
Thestate assessmettiteria are itemized imable4. According to such criteria, the
A-grade cracks along thB5 km railway tunnel were further distinguished.
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In addition, crack grades and disposal urgency were optimized to a certain exten
After such optimization, there were 1,919 cracks worthfooifls accounting for
28.9% of the totalTable5). As a result, it significantly reduced the workload of
routine inspection by the maintenance unit.

Table4
Lining surface crack rating criteria

Crack type Action proposal

Focus rated as AA if monitoring results sho
the sign of development

Focus rated as AA if monitoring results sho
the sign of development

Cracklength L U12m

Crack width: / U5 mm

Crack length: 5n” / @12 m Attention, rated e_lsAA if monitoring results
showthe sign of development
Crack length: L5 m, and Crack Attention, rated as Al if monitoring results
width:5 PP /e mm show the sign of development
Table5

"Focus" and "Attention" cracks

Crack type Focus Attention Total Proportion offocus

Circumferential crack 930 2668 3598 25.8%

Crack Longitudinal crack 397 1101 1498 26.5%
Oblique crack 218 883 1101 19.8%
Massive crack 327 0 327 100.0%

Water Circumferential crack] 20 29 49 40.8%
seepage Longitudinal crack 16 20 36 44.4%
crack Oblique crack 11 9 20 55.0%
Total 1919 4710 6629 28.9%

4.2 Data Uilization Strategy

Inspectionresults show that there might be thousands of cracks in a single tunnel
due to the environmental effects, construction defects and external fonegs, th
posing some challenges to the analysis and management of lining conditions.
Moreover, the development of cracks is neither continuous, nor cé&taaks will

not continue to develop unless they are affected by external forces or in case of
significant changes in environmental conditions. Therefore, it is suggested to
inspectthe tunnel lining conditions through th&I systemonce every six months,

so as to understand the service status of lining in a timely manner.

In consideration oL Sl systemperformance verification results, and the impact of
crack shapes on the lining structure safety, data utilization strategidsféoent
types of cracks are proposed based on the mechanism for péngpukctionof
lining surface conditionsTable6).
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(1) The cracks with a width of less than @Bn are fine cracks having little
impact on lining safety. Thus, it is suggested that only the cracks with a width
of 0.3mm and above are worthy of attention in the disease recognition process.

(2) In consideration of systematic errors, the longitudinal cracks with a length
increment of no more than 7, and thecircumferential cracks with a length
increment of no more than 1n2 shall be deemed as normal cracks in case of
periodicinspection

(3) Circumferential cracks occupy a large proportion but have a low impact on
structural safety, it is suggestecctimduct the comparative analysis once every
two years, to effectively reduce the workload of the maintenance unit.

(4) Longitudinal cracks and oblique cracks are mostly stress cracks.
Particularly wherongitudinal cracks penetrate through the lining surface, the
overall performance of lining under stress will decline, with a huge locad stres
After the inspectioneach time, it is necessary to focus on analyzing the
development trend of such cracks, assess them according to the critetia liste
in Table4, and put forward the disposal measures in a timely manner.

(5) Water seepage indicates that the cracks have been penetrated through by
the water source behind the lining. Therefore, it is suggested to strengthen
manual inspections before and after rainfall or during the freezing andthawi
period, and to place emphasis on the crack development and local deformation
of surrounding lining.

(6) Most massive cracks are near construction joints, and are likely to fall off.
Thus, it is suggested to take corrective measures in time.

Table6
Comparative analysis cycles for different types of cracks

LS| Check
Crack type zﬁ?;[/eer; Comparative analysis cycle items/Actions
C'rCUCT;(éLem'al Once every two years Crack length
Longitudinal Deformation
crack and Once half a year d K width
Oblique crack | ©nce andcrack widt
half a
strengthen manual inspections befqreWater seepage
Water seepage| Year . .
crack and af_ter rainfall or_dunng_the andloca}l
freezing and thawing period deformation
Massive crack Take corrective measures in time, Ch'.sel oranchor
reinforcement
Conclusions

(1) After automatic recognition and manual verification of the lining surfaegés
collected at ainspectionspeed of 5&m/h, it was found that thiespectionsystem
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could meet the requirements of the maintenance unit. Results showhé¢hat
inspectionrate of the cracks with a width of more than 0.3 mm, longitudinal crack
length error, systematic length error of circumferential cracks, and siispere
93%, +0.7m, 27% and-0.4~1m, respectivelyThe analysis of crack length errors

will facilitate the subsequent identification of crack development conditions.

(2) The statistics about tHsb km railwaytunnel show that there were 8 cragks

100 meters on average. In addition, circumferential cracks accounted forf 86 o
total, while oblique and longitudinal cracks took up only 40%. Based on the existing
criteria, new criteria of crack classification for aperiadgpectionwere proposed.
According to the new criteria, the cracks are classified as those thatfoees "

and "attention" respectively. After such optimization, there were 1,946ks
worthy of focus accounting for 28.9% of the total. As a result, it significantly
reduced the workload ebutine inspection by the maintenance unit.

(3) Based on the periodinspectiormechanism, this paper proposes corresponding
analysis cycles for different types of cracks, to ensure the timely analysie of t
cracks affecting the lining structure safety, and to reduce the workload of the
maintenance unit busy dealing with excessive circumferential cracks.

(4) Tunnel lining defects are characterized by a complexity in types, a large number
and a large difference in the impact on lining safety. In the process of risk
investigation, cancellation confirmation, and follayw observation, it is necessary

to develop system for digital managemenimépectiorresults, and build a closed

loop digital management model integratingspectiondata display, integrated
analysis, disease database construction, site review, and track monitoring.
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Abstract: Currently, the expanding scale of railway tunnels in operation raises higher
requirements for effective management thereof so as to ensure their safe opausatiam.

this context, this paper compares and analyzes the tunnel inspection systems, condition
assessment methods and technical equipment prevailing in many countries including
Japan, European countries, the United States and China. Study results show that in terms
of tunnel inspection systems, various countries have set their respentiet ifuspection
cycles according to the tunnel integrity, service duration, service stspaed level and
other factors. In particular, Japan and Europe have designed the tunnel inspection
procedures, putting forward requirements for the professional competence aftamspe

In terms of condition assessment, Japanese standards are more hieraaclkicistematic

in the integrated application related to lining crack, deformation and defect, but are
insufficient in the assessment of serious internal lining defects. In confragipean
standards focus on the impaof diseases on the overall performance of the tunnel
structure. In addition, Chinese standards highlight the skigliecator assessment, but
ignore the correction of assessment results in case of multiple deteriotgfien. It's

worth noting that Japan and China have respectively developed their owmaaiited
tunnel inspection devicedo replace manual inspection. Based on a comprehensive
comparison of tunnel inspection systems and condition assessment methdterenft di
countries, according to the scale, inspection device technical level and service
characteristics of China's railway tunnels, this paper proposes a framewor&iloghy

tunnel inspection regulation, while optimizing and supplementing the contents and
requirements of relevant tunnel inspection regulation.

Keywords: Railway Tunnel; Inspection System; Inspection Device; Condissgssment
Method
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Introduction

By the end of 2020, the total mileage of China's railways in operation reached
145,000 km. Over the same period, a total of 16,798 railway tunnels &3t 3,
high-speed railway tunnels had been put into operation, with a total length of
about 19,63kkm and 6,00km, respectively. All these indicate that China has
become the country with the largest scale of railway tunnels iratiperin the
world [1, 2]. In China with a vast territory, environments along railway lines are
complex and changeable in climatic, geological and hydrological conditions.
Similarly, tunneling is vulnerable dtomany complex factors such as corrosion,
freeze thawing, etcDue to differences in construction periods, construction
standards, and uncertainties in construction quality, railway tunnelpeiration

are exposed to various types of defects and dis3lsdn fact, any minor defect

or disease of tunnel lining might affect the safe operation of a railway in operation

[4].

The railway infrastructure inspection system is vital for and of great signdéc

to the safe operation of railways in China, as well as scientific and rational
guidance in maintenance and reg&jr After analyzing the service characteristics
and maintenance modes of Chinese bridges and tunnels, Lu Chunfang [4] pointed
out that preventive maintenance is a trend of maintenance and repair-ephagh
railway bridges and tunnels in China. In addition, Chen Qi [6] et al. proposed to
optimize the technical rules and procedures of infrastructure maintenaretteto b
achieve the safety management, monitoring and inspection, application of
machinery and devices, and production organization, etc. Also, Chen Dongsheng
[7] proposed several management modes for-bged railway maintenance in
China according to the foreign experience in this regard. Ma WdRjin
summarized the existing technologies for railway tunnel inspection,tonioigj,
assessment and disease treatment in China, and then proposed a technical system
for disease treatment of railway tunnels in operation.

Despite the constant progress in tunnel damage identification technology and
quality inspection methofb-14], currently tunnel conditiondata are acquired
mainly through manual inspection, and there still exists a certain gap to achieve
targeted maintenance and preventive maintenance of railway infrastructure due to
the deficiencies imspection method efficiency, and accuracy. Furthermore, as the
railway maintenance management units face increasingly pressures in reducing
production costs and improving the efficiency of maintenance and repair, it is
found that conventional inspection systems, devices and condition assessment
methods are becoming hard to meet the requirements with the scale development
of tunnels. In view of this, it is necessary to optimize the inspection systems and
improve the condition assessment standards on the basis of comparing and
analyzing the railway tunnel inspection situations of different countries.
Specifically, it is required to study and establish a scientific affitient
inspection system in line with the scale of railway tunnels, so as to timely identify
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railway transportation safety risks, objectively understand the law of tunnel
structure performance evolution, and provide a reasonable guidance in the targeted
maintenance of tunnels.

1 Tunnel Inspection Systems

In order to ensure the safe and efficient operation of railways, many countries
including Japan, Europe, the United States and China have establishezhdiffer
tunnel infrastructure inspection systems. In particular, along with the geveld

of inspection technologies and devices, they have successively updated their
respective professional inspection standards and systems since the beginning of
the 2% Century.

1.1 Japanese Tunnel Inspection System

Upon entrustment by the Railway Bureau of the Ministry of Land, Infrastructure,
Transport and Tourism of Japan, Railway Technical Research Institute (RTRI)
founded the Research Committee on Maintenance Management of Railway Civil
Engineering Structures and the Research Committee on Track Mairdéenan
Management in 2000, initiating the research on identifying the inspection cycles
and integrity of civil engineering structures and tracks. In January 2007, the said
Railway Bureau promulgated the Standards for the Maintenance Management of
Railway Structures [1516] (hereinafter referred to as the "Standards"). Focusing
on the safety, usability and restorability of structures, the Standards claify t
railway structures maintenance management system and procedures, including the
basic concepts, inspection methods, integrity assessment criteria, r@ad&en
management measures and records, etc. The required performance, pedgorman
item and judgment criterion of the tunnel structure are detailed in Table 1.

Table 1
Required performance, performance item and judgméstion of the tunnel structure
Required Performance items Judgment criterion
performance
Stability of tunnel No risk of tunnel collapse
structure
Structure boundary No invasion into the boundary
No uplift, subsidence and movement of
Safety Line stability railway subgrade that might affect the safe

operation of trains

No spalling of concrete, maintenance
Spalling stability materials and so on that might affect the sgfe
operation of trains

Safety in case of watg No phenomenon of water seepage or freez
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seepage and freezing that might affect the safe operation of train

Usability in case of | No phenomenon of water seepage or freez
water seepage or that might affect théunctions of devices in
freezing the tunnel

No dirt that would seriously hinder the norm
inspection

Usability Dirt on the surface

Impact on surrounding

- No impact on surrounding environment
environment

Easiness in posatisaster repair of damaged

Restorability | Postdisaster recovery| tunnels

Tunnel inspection falls into several categories, i.e., preliminary itispec
comprehensive inspection, individual inspection and random inspection. Among
them, comprehensive inspection can be divided into comprehensive inspection
and special comprehensive inspection. Specifically, a preliminary inspestion i
required before any railway structures newlyilt, renovated or expanded is put

in to use. The comprehensive inspection is conducted regularly, to identify the
integrity of the entire structure, and the necessity of individual inspection, while
the special comprehensive inspection aims to improve the accuracy of integrity
identification. In contrast, an individual inspection is conducted in the course of
any comprehensive inspection or random inspection, and is specific to a railway
structure with an integrity rating of A or any other railway structure for which
such inspection is deemed necessary. In addition, random inspection aims to find
out exceptions arising from the occurrence of a natural disasteexaample, a
random inspection is required if concrete spalling might seriously affectfiétg sa

of any third party or adjacent engineering might affect the target structure.

The cycles of preliminary inspection and comprehensive inspection aredetail
Figure 1. Specifically, a comprehensive inspection is generally conducted once
every two years, and the first special comprehensive inspection is conducted
within 10 years after the railway structure is put into operation. If the results of
special comprehensive inspection show the target structure has the required
performance, the comprehensive inspection cycle may be extended accordingly.
The process of tunnel inspection and maintenance is shown in Figure 2.

In accordance with Japanese standards, qualified tunnel inspectors with rich
experience accumulated through receiving training over years shall be able to
identify tunnel risks comprehensively according to various factors, and

particularly have the skills of special comprehensive inspection conducted to
extend the comprehensive inspection cycle.
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Process of Japanese structure inspection and mainéenanc

1.2 European Tunnellnspection System

Although their tunnel maintenance systems vary to a certain extent, European
countries generally follow the principle of moderate separation of "management,
inspection, and maintenance", and actively promote the business outs¢lir¢ing
Whereas EU standards and International Union of Railways (UIC) standards are
integrated, the tunnel inspection systems of European countries are generally
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consistent with the tunnel inspection requirements raised by UICCoHe for
Management and Maintenance of Tunnels in Servicié Codé for short) [18]

(UIC Code 77910) specifies the contents of management, maintenance,
performance improvement, and operation of tunnels in operation. Inspection
constitutesan important part of tunnel maintenance. According to the Code, the
inspection work is composed of planned monitoring and unplanned monitoring.
Further, planned monitoring consists of routine monitoring, annual monitoring,
detailed inspection, and special monitoring. The content, personnel and period of
each inspection are shown in Table 2. If it is hard to identify the tunnel conditions
after the conventional condition assessment, some geotechnical and geological
professionals and experts shall be organized to conduct the supplementary
inspection and theoretical analysis.

Table 2
Types of European tunnel inspection

Inspection type Duties Implementer Cycle
. General inspection of tunnel .
Routine ; S - . Line
. in combination with line Lineman . .
monitoring . . inspection
inspection
Reviewing various inspectiof
Annual results in the detailed Tunnel

1 year

monitoring | inspection report, and making inspector
supplementary explanationg

Issuing a detailed inspectio
report, updating and
distributing the disease Professional
records taall the parties of engineers,
maintenance management| assisted by
and clarifying the experts if
maintenance work necessary
recommendations and their
urgency in the report

Inspecting the sensitive areg
(such as the areas featuring
the rapid disease development
or marked “unstable” in the
inspection report) more
frequently, taking
corresponding safety / /
measures (such as train speed
limitation) if necessary,
before disposal (generally
accompanied by the
measurement of geometry
such as convergence, crack

Detailed

inspection years

Planned
monitoring

Special
monitoring

Carrying out any special External /

Unplanned monitoring | . . ;
inspection, or any meticulouj experts or
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inspection of structures or | specialized
parts thereof in unforeseen| firms, with
circumstances (such as assistance
occurrence of a natural needed if
disaster or sudden appearance necessary
of some special problems)

1.3 American Tunnel Inspection System

In 2005, the Federal Highway Administration of the U.S. Department of
Transportation and the Federal Transit Administration jointly promulgated the
Highway and Rail Transit Tunnel Inspection Manualtle Manudl for short)

[19]. In the Manual, tunnel inspection was expounded from the perspectives of
structure, machinery, electrical engineering and others, and the inspectors,
responsibilities, devices, preparations, and safety measures mtevduced.
According to structural requirements, new tunnels shall be inspected once every 5
years, while old tunnels shall be subject to the stlistance inspection once
every 2 years. In addition, old tunnels shall be inspected on a daily, weekly and
monthly basis.

In 2008 American Railway Engineering and MaintenaindéNay Association
(AREMA) published the Railway Bridge Inspection Manual [20], recommending
some methods for the inspection of railway bridges and tunnels (including tunnel
structures). The Manual mainly introduces the general concepts of bridge and
tunnel inspection, and different types of inspections for specific structures.

Unlike the railways in Japan, Europe, and China, American railways are owned by
private companies. Thus, for their own sake, such private companies would
minimize the maintenance costs. Specially, annual maintenance cdwisges

and tunnels only account for about 10% of the overall costs. In adtiicause
American railways are privately owned, and the official tunnel structuiegra
methods issued by the U.S. railway authority involve the potential liability issues,
currently there are no uniform rating methods for railway tunnel structures. Thus,
various railway companies in the United States usually establish their own
procedures for the inspection, maintenance, rating and safety management of
tunnel structures in accordance with general guidelines released by the federal
government as well as their internal management rules.

1.4 Chinese Tunnel Inspection System

In China, railway bridges and tunnels are maintained and repaired basthe
speed grades, namely higheed and normal speed. In addition, types and
frequencies of tunnel inspection are specified. The tunnel inspections for both
high-speed trains and normgpeed trains are basically the same, including
periodic inspection, temporary inspection, and special inspection. In accordance
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with the Rules for Maintenance and Repair of Bridges and Tunnels for Normal
speed Railways (TG/GW 162018) [21], important tunnel devices shall be
inspected once every six months. In addition, each tunnel shall be
comprehensively inspected during the comprehensive maintenance period.
However, the inspection cycle may be appropriately extended if a line only allows
the passing of freight vehicles and the annual transport volume is less than 5
million tons. In accordance with the Rules for Maintenance and Repair of Bridges
and Tunnels for Higispeed Railways (Trial) (TG/GW 142011) [22], important
tunnel devices shall be inspected once every quarter, while the inspection
frequency for others depends on the structural position. For example, tunnel
entrances and exits shall be inspected once every six months,tuiikds and
surroundings shall be inspected once a year. In contvdkt normatspeed rail
tunnels, highkspeed rail tunnels are inspected more frequently, and the inspection
cycle for each part of the tunnel structure is clarified. However, the rearitem

for temporary inspection and special inspection are the same for both normal
speed rail tunnels and higipeed rail tunnels, depending on the environmental
conditions and service time thereof.

1.5 Comparison of Different Inspection Systems

In accordance with Japanese tunnel inspection standards, comprehensive
inspection cycle shall be 2 years, and a special comprehensive inspection shall be
conducted in not less than 10 years. In addition, the comprehensive inspection
cycle may be extended if conditions permit after the special comprehensive

inspection, and basic qualifications and skills of relevant inspection personnel are

specified. Throughout the inspection process, inspection personnel focus on

inplying and predicting the causes of changes in tunnel performance.

In accordance with European tunnel inspection standards, mainly the tunnel
diseases specified in the detailed inspection report shall be reviewed, and the
detailed inspection cycle shall bebdyears. The process of condition assessment
based on conventional condition assessment, supplementary inspection and
theoretical analysis is proposed, and the responsibilities and roles of differe
positions are specified.

In accordance with American tunnel inspection standards, the-dibtaihce
inspection cycle shall be-2 years, depending on the service time of tunnels.
However, because American railways are privately owned, currently there are no
uniform rating methods for railway tunnel structures.

In accordance with Chinese tunnel inspection standards, inspection cycles for
high-speed railway tunnels and norasgleed railway tunnels shall vary to some
extent. Specifically, the comprehensive inspection cycle of-&iged railway
tunnels shall be one year, while the inspection cycles of nespeadd railway
tunnels shall depend on the time of comprehensive maintenance.
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2 Tunnel Condition Assessment

2.1 Japanese Tunnel Condition Assessment

In Japan, the structure integrity is identified according to the inspedsuits,
change causes and prediction results. The integrity ratings include A, B, §, and
Among them, A is further divided into AA, Al, and A2. The tunnel integrity
identification criteria and corresponding maintenance measures are itemized in
Table 3.

In accordance with Japanese standards, mountain tunnels and urban tunnels shall
be inspected and assessed separately. The integrity of mountain tunrfelstésl af

by external factors and environmental effects. Specifically, there are 9 types of
external actions, mainly including surrounding rock pressure, landslide, water
pressure, frost heave and adjacent construction. Also, there are 7 kinds of
environmental effects, mainly including concrete carbonization and hianrafar
erosion. In addition, tunnel conditions can be identified according to the
deterioration forms under typical external actions such as rock mass bias,
landslide, unbalanced water pressure, and frost heave. Based on the analysis of
change causes, the tunnel integrity can be further assessed.

Table 3
Criteria for assessing the tunnel integrity
Integrity Tunnel conditions Maintenance measureg
Threatening the safety of passengers and mag Taking emeraenc
AA affecting the normal operation of trains and 9 gency

having other possible dangers measures

Performance reducing due to ongoing changes, or
Al performance losing due to heavy rain, water| Taking prompt actions
seepage, earthquake, etc.

Performance reducing in the future due to | Taking measures when

A2 .
possible changes necessary
B Changes that might lead to integrity A Taklr_lg measures such 4
monitoring as necessary
Prioritizing the
C Minor changes inspection thereof next
time
S Fine integrity N/A

In accordance with Japanese tunnel inspection standards, if the tunnel lining
integrity is rated as A, individual inspection shall be carried out in the process of
comprehensive inspection once every two years, to achieve the itemized
assessment of integrity (AA, Al, A2).

Crack is a common tunnel disease, and the criteria for assessing the degree of
crack deterioration are shown in Figure 3. The integrity assessment of mounta
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tunnels with cracks is detailed in Table 4. The development status depends on the
ratio between the lining deformation u and the development time t. In case of 10
mm/year<u/t or 2nm/month<ult, it is deemed as very fast development; in case
of 3 mm/year<u/t<l0Omml/year, it is regarded as fast development; in case of 1
mm/year<u/t< 3nm/year, it is determined as slow development.

crack wi dt hj

| |
| I
I I
| | | extra-longcrack
| I

Smn o — — — — ——— === T -
I I

medi umcrack | long crack |

\ \

8mm i i
| | crack width

5m 10m
Figure 3

Criteria for distinguishing extrlbong cracks, long cracks and medium cracks

Table 4
Integrity assessment of mountain tunnels with cracks

Degree of Development N - .
deterioration status Deterioration prediction Integrity
Extradong cracks, or Yes Instability of current tunnel AA
shear cracks, serious No Being unable to identify its stability Al
crushing before next inspection
Very fast Instability of current tunnel AA
Long cracks, development
crushin i i ify i ili
g Fast Being unable to |d§ent|fy |t§ stability Al
before next inspection
Very fast Instability of current tunnel AA
development
Medium cracks Fast Being unable to |d§ent|fy |t§ stability Al
before next inspection
Slow High possibility of reduced stability
. - A2
development before next inspection
d Very fast Instability of current tunnel AA
evelopment
Being unable to identify its stability
. Fast . : Al
No obvious cracks before next inspection
Slow High possibility of reduced stability
. - A2
development before next inspection
No Stability of current tunnel B~C

The deterioration location, initial defect, and structural form shadl hés taken
into account for the purpose of integrity rating. In addition, assessment results
shall be corrected if necessary. In the case of vertical pressure, landslide and other
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circumstances caused by any mountain movement, the integrity rating will be
reduced by one grade. If the depth of cracks in a masonry tunnel made of bricks o
concrete blocks exceeds 160n, the tunnel lining thickness, location and scope,
and deterioration degree shall be taken into account, and the integrity may be
reduced accordingly by one grade. If the tunnel lining has initial defects such as
material deterioration and insufficient thickness, the bearing capacityiraf tiill

be undermined. In this case, the integrity will be assessed based orettivesff
thickness (the thickness with an intensity greater thaiMB8), and assessment
results can be appropriately corrected, as shown in Table 5.

Table 5
Correction of assessment results for initial defects of lining

(IMMTHFWLYH WKLFNQHVV s HIIH®MettdiHo\aSSasEmeak iFesNts W

RU HIITHFWLX250MmH L F Integrity reducing by 2 grades

" @2/3 Integrity reducing by 1 grade

1IRWH (ITHFWLY HdesdgoliFd@ssy VvV~ W
ts WKLEFNQHVV ZLWK DQ L®RAHQVLW\ JUHLE

2.2 European Tunnel Condition Assessment

In some European countries, tunnel conditions are assessedVbgrades.
The overall conditions of and corresponding repair measures for each grade of
tunnels are shown in Table 6.

Table 6
Tunnel condition rating and repair measures

Overall L )
Grade . Description Repair measures
condition
No problem, or insignificant | Maintaining the current
| Favorable o
problem conditions
Existence of some nen Minor maintenance to avoid
I Reasonable - L
structural problems (diseases) deterioration
Structural diseases, serious 0
" Poor massive deformation or Repair required within 5
cracking, largescale water years
seepage
Dealing with as soon as
possible to stabilize the
Severe structural diseases, conditions within one year,
v Very poor | risks of collapse in important | with regular special
structure areas inspection required for
special monitoring of
hazardous areas

—269-



G.Songet al. Review of Railway Operation Tunnel Inspection System and Comiéitriviethess

2.3 Chinese Tunnel Condition Assessment

In accordance with the Assessment Standard for Structure @atem of
Railway Bridges and Tunne]23] (Q/CR405.22019) tunnel deterioration can be
rated as A, B, C, and D according to the impact on structural functions and traffic
safety, and grade A can be further divided into AA and Al. Different repair
measures for different tunnel deterioration grades are showabile ¥, and the
deterioration rating depends on the highest deterioration level of a single disease
In accordance with the Interim Regulations on the Safety Rating of Railway
Tunnel Linings [24](TYH [2004] No. 174) lining defects and diseases shall be
quantitatively graded. In particular, the severity of lining defects and disehses
segmented tunnels shall depend on the highest level of single quamtitati
indicators. In addition, the lining safety level shall rest with surrounding rock leve
groundwater condition, impact on traffic safety, and other factors. The &afet

of tunnel lining shall depend on the safety level of the tunnel segment with most
severe diseases.

Table 7
Tunnel deterioration rating and repair measures
Deterioration Impact on structural functions
) Measures
grade and traffic safety
AA (very Serious deterioration, . . .
. ) Taking measures immediately
A severe) endangering traffic safety
Serious deterioration, which Taking measures as soon as
Al (Severe) ) ) .
might endanger traffic safety possible

B (relatively o | Strengthening monitoring and
Possibility to become very sevefe : .
severe) taking measures if necessary
C (moderate) Minor impact Strengthening |n§pect|on, keepir
normal maintenance
D (minor) No impact Normal maintenance and

inspection

2.4 Comparison of Tunnel Condition Assessment Standards

Japanese tunnel condition assessment standards foauplgimg and predicting

the causes of changes in tunnel performance. Tunnel integrity assessment is based
on the severity of tunnel diseases, deterioration degree, developatest and
impact on structural stability. In addition, the deterioration location, initiadaef

and structural form shall also be taken into account to correct assessmksit resu
Japanese standards are more hierarchical and systematic in the integrated
application related to lining damages, deformations and defects, but are
insufficient in the assessment of serious internal lining defects. In dpntras
European standards focus on the impdiatiseases on the overall performance of

the tunnel structure. In addition, convenient Chinese standards highlight the
singleindicator assessment, but ignore the correction of assessment results in case
of multiple deterioration types.
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3 Tunnel Inspection Devices

With the growing scale of tunnels in operation, traditional inspection modes
gradually become outdated due to their high subjectivity, low efficiency, and
certain risks. Just in this context, Japan and China respectively developetl specia
rail-mounted tunnel lining inspection devices.

3.1 Japanese Tunnel Inspection Devices

In 2001, East Japan Railway Company (JR Ha&) and Mitsui Engineering &
Shipbuilding (MES) jointly developed a sqdbwered tunnel lining inspection
vehicle installed with radar antennas. Relying on two radar antennas on the crank
arm, and one radar antenna on the straight arm, the inspection device can detect
the lining within a range above the arched line, having the function of-three
dimensional inspection of lining cavity within a range of dt [26, 27].

The working condition of inspection is shown in Figure 4.

Figured
Working condition of JR East's geological radar insjpecvehicle

In order to realize the fine inspection of surface conditions of nespedd
railway tunnels, JR East introduced the vehicle for detecting surface conditions
lining using the laser scanner (1# vehicle) in 1999. In 2010, JR East successively
introduced the 2# and 3# inspection vehicles. Currently, the three inspection
vehicles are still used to detect the surface conditions of napead railway
tunnel lining at a speed of 8kn/h. The general view of the inspection vehicles is
shown in Figure %a). In order to detect the JR East upgraded the original tunnel
inspection system used for nearly 20 years in 2020. The upgraded version of
inspection vehicle is equipped with 12 sensors (lasers + cameras), which can
realize the continuous inspection of surface conditions and 3D shapes of linings at
a speed of up to 20m/h. Currently, new inspection vehicles were pubinise for

the Shinkansen tunnels in February 20pB]. A inspection vehicle for
Shinkansen tunnels is shown in Figuréh
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(a) A inspection vehicle for normal (b) A inspection vehicle for Shinkansen tunnels put
speed railway tunnels into use in 2020

Figure5
Japanese vehicles for detectswgfaceconditions of railway tunnel linings

3.2 Chinese Tunnel Inspection Devices

In 2012, China Academy of Railway Sciences developed a inspection vehicle for
normalspeed railway tunnel@9, 30]. This vehicle with the 25T passenger train
body is equipped with 5 sets of mediamdhigh-frequency geological radar
antennas. With a maximum antenna inspection depth afl.&nd a inspection
speed of 3~5km/h, it is used to detect normsppeed railway tunnelsAn
inspection vehicle for normapeed railway tunnels is shown in Figére

Based on the inspection technology for norsed railway tunnels, China
Academy of Railway Sciences developed a inspection vehicle forspigkd
railway tunnels in 201831, 32]. This vehicle is equipped with 9 sets of hayid
low-frequency radar antennas, and a CCD imaging system. With 8 industrial
cameras, the CCD imaging system achieves a crack recognition accuracy of 1mm.
In addition, its geological radar inspection speed ikn8h, and its imaging
inspection speed is 90n/h [33]. Figure 7 shows the general view of a inspection
vehicle for highspeed railway tunnels, as well as the distribution of imaging
systems

Figure6 Figure 7

An inspection vehicle for normal An inspection vehicle for higepeed railway tunnels
speed railway tunnels
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3.3 Comparison of Inspection Devices

Japanese tunnel inspection vehicles are altpeifered, with geological radars

and cameras mounted on different vehicles. In contrast, Chinese tunnel inspection
vehicles refitted from the 25 passenger train body are not qedfvered, but are
towed by other vehicles. In addition, geological radars and cameras are mounted
on the same vehicle.’ Its worth noting that in terms of the imaging inspection
speed, Chinese vehicles for detecting surface conditions of tunnel linings are
superior to Japanese ones.

4 Suggestions onmprovement of Railway Tunnel
Inspection System

It is important to effectively detect and conduct quantitative anigntific
assessment of railway tunnel defects and diseases developing constandlyerlow
the current railway tunnel inspection system is hard to meet such needs. In
consideration of the actual conditions, scale and development law of China's
railway tunnels, China should establish a sound system of railway tunnel
inspection throughout the process of management.

4.1 Establishing a Railway Tunnel Inspection Systm

The overall framework of the railway tunnel inspection system composed of four
modules (inspection items, inspection system, inspection technology and devices,
data analysis and evaluation) is shown in Figure 8.

4.2 Establishing a System of Railway Tunnel Inspection
Throughout the Process of Management

With reference to foreign railway tunnel inspection systems, relevant tunnel
inspection systems should be further optimized based on existing tunnel
inspection systems according to the scale of China's railway tunnels and the actual
conditions in application of new technology and devices, so as to realize the
whole-process management of tunnel diseases. Tunnel inspections mainly include
routine inspection, cyclic inspection, temporary inspection, special inapgatid

key tunnel calibration and monitoring. Different types of inspections vary greatly
in the inspection objects, frequency, operation requirements, dataa@gcur
personnel (organization), etc. Details are shown in Table 8.
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Figure 8
Framework of railway tunnel inspection system
Table 8
Attributes of different inspections
Inspection Object Frequency Opgratlon Persgnngl/or
type requirement ganization
Surrounding
environment
Routine Overa!l condition . .
. - seen visually Daily Simple tools | Trackwalker
inspection .
Diseases that
need special
attention
Professional
Cyclic Cyclic auxiliary
inspection Full contact (4~6 years) inspection Inspector
devices
Temporary After a natural Professional Inspection
. . Key parts . o :
inspection disastey auxiliary engineer
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Adjacent inspection
engineering devices
Affecting third-
party safety
Uncertain defects As required Inspection
Special and diseases q Professional enpineler
_ SPece technology gin
inspection | External or devices Testing
environmeritunn As required agency
el boundaries
Complex .
. Inspection
K geological tunnel enaineer
calib?gtion Rapid disease &\FOH 7| Professional Ana% ical
development years) or technology y
and (0] f reattime online| and devices engineer
monitoring | - CcCUIence o Testing
geological agenc
disasters gency

Routine inspectionshall refer to the ordinary inspection of accessible parts along
the ground or rail surface in the visuanner or by using simple tools without the
help of professional auxiliary facilities. The objects of routine inspectiomlynai
include the surrounding environment, overall tunnel condition in a visngkra
and diseases that need special attention as indicated in the cyclic inspection list.

Cyclic inspection shall refer to a comprehensive and detailed contact inspection
of tunnels according to the inspection plan. It is necessary to issue adletail
inspection report, update and distribute the disease records to all the parties of
maintenance management, and clarify the maintenance work recommendations
and their urgency in the report.

Temporary inspection shall refer to the inspection of exceptions after the
occurrence of any natural disaster. A random inspection is required if concrete
spalling might seriously affect the safety of any third party or adjacent engineering
might affect the target structure.

Special inspectionshall refer to the special inspection of structural condition,
material performance, defects and diseases, and external environment of a tunnel
in operation with the help of professional technology or devices. The inspection
objects include the safety condition of tunnel lining, and tunnel boundaries.
A special inspection is required if the distribution and impact of defects and
diseases are uncertain. Supervisory tunnel inspection belongs to the scope of
special inspection.

Calibration and monitoring of important tunnels shall refer to the
comprehensive calibration and assessment of surrounding environments of
complex geological tunnels, to assess their safety levelse Iflideases develop
rapidly and geological disasters may affect the traffic safety, the mougitorin
system is required for retime monitoring, forecasting and warning.

—-275-



G.Songet al. Review of Railway Operation Tunnel Inspection System and Comiéitriviethess

Conclusiors

This paper compares and analyzes the status quo and practical experience of Japan,
Europe, the United States, and China in terms of railway tunnel inspection.
Results show that Japanese tunnel condition assessment standards focus on
inplying and predicting the causes of changes in tunnel performance. In addition,
they are more hierarchical and systematic in the integrated application related to
lining damages, deformations and defects, but are insufficient in the assesment
serious internal lining defects. In contrast, European standards focus on the
impacts of diseases on the overall performance of the tunnel structure, and the
review of discovered diseases, regarding inspection as an important part of tunnel
maintenance. In accordance with American standards, the inspection cytle shal
depend on the service time of the tunnel in operation. Because American railways
are privately owned, currently there are no uniform rating methods for railway
tunnel structures. In accordance with Chinese standards, the inspectmshaitl
depend on the operating speed of the railway in operation. Chinese standards
highlight the singléndicator assessment, but ignore the correction of assessment
results in case of multiple deterioration types. To overcome the defeseot
manual inspection, Japan and China have respectively developed thefaibw
mounted tunnel inspection devices.

In consideration of the operation characteristics, scale and development law of
China's railway tunnels, this paper proposes to optimize the railway tunnel
inspection system. The framework of a sound system of railway tunnel inspection
throughout the process of management has been established. The railway tunnel
inspection system is composed of four modules, namely inspection items,
inspection system, inspection technology and devices, data analysis and evaluation.
Railway tunnel inspections throughout the process of management mainly include
routine inspection, cyclic inspection, temporary inspection, special inepgeatid

key tunnel calibration and monitoring. Different types of inspections vary greatly

in the inspection objects, frequency, operation requirements, dataa@gcur
personnel (organization), etc.

Acknowledgement

This research was funded by Science and Technology Research and Development
Program of China State Railway Group Co., Ltd. [J2023G013]: Research on
comprehensive lining evaluation technology of higleed railway tunnel in
operation, and Research and Development project of China Academy of Railway
Science Co., Ltd. [2022YJ180]: Study on lining imdgem symbiosis technology

of high-speed railway tunnel in operation.

References

[1] S TIAN, W. Wang,C. YANG, et al“Development and prospect of railway
tunnels in China in recent 40 yediwnnel Construction41(11):1903
193Q 2021

—-276-



ActaPolytechniddungarica Vol.21, Nol, 202

(2]

(3]

(4]

(5]

(6]

[7]

[8]

[10]

[11]

[12]

[13]

[14]

(15]

S. WANG, Y. GAO, F. Ql, Z. KE, H. LI, L. LEI, Z PENG ,“Review on
inspection technology of railway operation tungielournal of Traffic and
Transportation Engineerin@0(2):216, 2020

Transportation Bureau of China Railway Corporation. Current situation of
railway tunnel.Tunnel Construction, 2015 ( 6): 534

C. LU, “Maintenance and repair mode and technologies for highspeed
railway brigdges and tunngl€hinese Railway017(7):18

D. NIU, “Technology and development of railway infrastructure lifetime
inspection” Railway Engineering60(4): 58, 16, 2020

Q. CHEN, Y. WANG, H. KANG et al “Research on Evaluation Model
Construction of Techn@ Regulations and Rules on Comprehiees
Maintenance of Railway Infrastructyte Railway Freight Transport
40(1):2935, 2022

D. CHEN, J QU, X. Tian, et al. “Research on maintenance management
mode of China higispeed railway Railway Engineering2012(5):129135

W. MA, J, CHAI, “Developmentstatus of disease inspectianpnitoring,
evaluation and treatment technology of railway tunnels in operation
Tunnel Constructioy39(10):15531562 2019

Heidary, R., Esmaeili, M., & Nik, M. G. (2023kxperimental and
Numerical Analysis of Vibrations Induced by a Twin Tunnel, Underground
Railway. Acta Polytechnica Hungarica, 20(1), pp.-1838

Peng, Z., Yang, X., Liu, W., & Rad, M. M. (202%esearch on Risk
Control Parameters of a Shieldékunnelenlarged Station, based on
Bearing Capacity of Preemoved Segment. Acta Polytechnica Hungarica,
20(1), pp. 212229

Y. JIANG, J WU, Y. MA et al,“Application of Impact Echo Acousic
Method in Quality Testing of Railway Tunnel Lining, Railway
Engineering 60(5):610 E2020

C. GAO, P. WANG, Z. HAN et al, “Development and Application of
Tunnel Lining Quality Inspection Vehicle for Newhuilt High Speed
Railway,” Railway Engineering60(7):6972,2020

WIMSATT A, WHITEJ, LEUNGC et al. “Mapping voids,debonding,
delaminatiorE moisture,and other defects behind or within tunnel linifigs
Washington DC:Transportation Research Bo2aéd,3

KURAHASHIS, MIKAMI K, KITAMURA T et al “Demonstration of 25
Hz inspection speed laser remote sensing for internal concrete defects
Journal of Applied Remote Sensidg(1):1:11,2018

Japan Ministry of Land,Infrastructure,Transport and Tourism,Railway
Technical Research Institutdtandard for maintenance and management of

-277-



G.Songet al. Review of Railway Operation Tunnel Inspection System and Comiéitriviethess

(16]

[17]

(18]

(19]

(20]

[21]

[22]

(23]

[24]

(25]

(26]

[27]

[28]

railway structures,commentary(tunnelyokyo:Maruzen Publishing Co.
Ltd., 2007

Japan Ministry of Land,Infrastructure,Transport and Tourism,Railway
Technical Research Institute.Standard for maintenance and management of
railway structures,commentaryconcrete structures).Tokyo:Maruzen
Publishing CoLtd., 2007

Malva R.The inspection monitoring and diagnosis of tunnels.Proceedings
of the World Tunnel Congre&014Tunnels for a better Lif2014

UIC Code 77910R: Management and maintenance principles for existing
tunnels. Paris: UIC.2011

U.S. Department of Transportation, Federal Highway Administration.
Highway and Rail Transit Tunnel Inspection Manuwalashington, DC:
FHWA, 2005EMA,2008

American Railway Engineering and Maintenance of Way Assocation.
AREMA bridge inspection handbopkanhanm AR

China Railway. Rules for Maintenance and Repair of Bridges and Tunnels
for Normaklspeed RailwaysATG/GW 1032018A. Beijing:China Railway
Publishing House2018

China Railway.Maintenancilesfor high-speed railway bridge and tunnel
buildings A Trial A ATG/GW1142011 A . Beijing:China Railway
Publishing House2011

China Railway.Assessment Standard for Structure Deterioration of Railway
Bridges and Tunnelé Q/CR 405.22019 A . Beijing: China Railway
Publishing House2011

Ministry of Railways of the People’s Republic of China. Official letter from
transportation Bureau &MOR(TYH2004 No. 174. Beijing:China Railway
Publishing House2014

NOZAWA S, “Maintenance management of railway
structuregConstruction Industry Research Commit#80:53,2019

MATSUNUMA M, SUZUKIT, “Verification of tunnel lining inspection
car using electromagnetic rad&onstruction Project2011(736):3438

Niitu T, “Maintenance and Management of JR East Civil Engineering
Structureg’ Japan Railway and Transport RevieMo. 2014,63:2633

Masataka KAGO, Koichiro MIZUNO, Masahiko TOMORI, et 4l
Development of maintenance management technique based on engineer’s
evaluation for railway tunnglJournal of Infrastructure Maintenanc¥ol.

1, No. 1(514-520), 2022

—-278-



ActaPolytechniddungarica Vol.21, Nol, 202

(29]

(30]

[31]

[32]

(33]

F. Ql, G. LI, B. JIANG, “Development and application of railway tunnel
state inspection vehicleChinese Railway2013(9):7577,99

C. ZhANG, “Research Manufacture and application of inspection vehicle
for detecting railway tunnel lining conditidn Railway Engineering
2015(4):4043

Y. LEI, T. TIAN. “The vibration characteristic and impact analysis of the
tunnel lining inspection device based on arc rotating rselttion
mechanisni Advances in Mechanical Engineeriri2(4) 2020

Y. LEI, Y. ZOU, T. TIAN, etal, “Analysis on vibration charicteristics and
suppression strategy of vehicle mounted GPR inspection device for tunnel
linning,” Machines2021

J. LI, C. ZHANG, X. CHAI, etal, “Research on crack inspection system of
tunnel lining based on image recognition technolody Railway
Engineering 58(1):2024,2018

—-279-



	1 Introduction
	2 Materials and Methods
	2.1 Displacement Method and Second-Order Beam Theory
	2.2 The Reliability Assessment using Monte Carlo Method
	2.3 The Robust Optimization
	2.3.1 Determination of the Response Surface by Polynomial Approximation


	3 Numerical Example
	1 Introduction
	2 Finite Element Modelling
	2.1 Description of GRPS Embankment Model
	2.2 3D Modelling of the Problem
	2.2.1 Material Parameters


	3 Results and Discussion
	3.1 Assessment of the Pile and Geogrid Influence on an Embankment Subjected to Moving Train Load
	3.2 Stress Distribution in the GRPS Embankment
	3.3 Vertical Settlement Distribution in the GRPS Embankment
	3.4 Vertical Velocity in the GRPS Embankment
	3.5 Parametric Study
	3.5.1 Influence of GRPS Embankment Height (H)
	3.5.2 Influence of Cover Ratio (a)
	3.5.3 Influence of Train Speed (v)


	1 Introduction
	2 On-Site Measurement of Seismic-induced Geometric Irregularity
	2.1 Track Geometric Irregularity
	2.2 10 m-chord Measurement Method
	2.3 Track Quality Index

	3 Analysis of Seismic-induced Geometric Irregularity of Track
	4 Vehicle-Track Analysis Model
	4.1 Vehicle Model
	4.2 Vehicle-Track Coupling Equation
	4.3 Calculation Results
	4.3.1 Vehicle Acceleration
	4.3.2 The Rate of Wheel Load Reduction
	4.3.3 Derailment Coefficient


	1 Introduction
	2 Narrow Gap Welding
	3 Railway Loadings
	4 Modelling of Railway Track

