{ LIVERPOOL
JOHN MOORES

UNIVERSITY
"
" #
ng ! %" % &' "% % II" & P
% %
%%6()** I +l-+ + * % (0% /012*
% !
% % -
%!
" # 45156 !$ ! %" % &
Y% % M & F1"% % + (%%
"% 57+ 8 955./$:2.5
3 !
] #
$ # %
&
(
) %

%



http://researchonline.ljmu.ac.uk/
mailto:researchonline@ljmu.ac.uk

© 0 ~N oog b~ W NPk

=
o

NNNMNNNNNRRRERRRERRRR
O U N WNREROOOOWMNOOUGMNWNLER

N N
o0

29

30
31
32
33
34
35

36
37

FULL -SCALE LABORATORY TESTING OF A
GEOSYNTHETICALLY REINFORCED SOIL RAILWAY
STRUCTURE

A.F. Esen, P.K. Woodward O. Laghrouchg T. M. y H E D’a&0NBrennan, S. Robinsof)
D.P. Connolly

Ynstitute for Infrastructure and Environment, Henttt University, Edinburgh EH14 4AS, UK
%Institute for HighSpeed Rail and System Integration, University of Leeds, Leeds LS2 9JT, UK
3School of Science and Engineering, Universitpahdee DundeeDD1 4HN, UK

Abstract

Railway linestypically use traditionakloping embankments asetiprincipal means ofrack
support However the use of Geosynthetically Reinforced Soil (GRS) systems have gained
popularity as alternatives to conventional embankments, particularly fordpgkd linsin
Japan This system requires less ground stabilization/improvementemsdand take than
conventional embankmentdue to its smaller base areaThis researchinvestigats the
immediateand longterm settlement behaviowf a Geosynthetically Reinforced Sailith
Retaining WallGRSRW) systensubject tacyclicloadingfor twotrack forms a concrete slab
track and a ballasted traclFirst, athreesleeperconcrete slatsectionis constructed at fudl
scale under controlled laboratory conditigrisllowed by a ballasted trackBoth are supported
on a 1.2m deep sulaye anda frost protection layelin accordance withrailway design
standards Two different axle loadmagnitudes are applied statically and then
cyclically/dynamically using 6 actuatorso replicate movingtrain axle loads.t is observed
that the slab trackerfornssignificanty better in terms of elastic and plastic deformatiowler
both static and cyclic loadingOverall, the amplitude of the raillisplacementunder an
individual cycle loading was approximately 25% lower for the slab tracklam@mplitude of
the sleeper displacement on the ballasted track was approximafelyr@s higher

Keywords: Full-scale cyclicloading Railway track settlemenGeosyntetically Reinforced
Soil; Longtermrail track behaviour; Ballast and concrete slab traBlailway Embankment

1 Introduction

The growing demand for rail lines leads railway infrastructure companies to trim togdiée
costs of railways due facreasing economic pressaréhis is particularly true for highpeed
linesbut equally applicable toonventionalspeed linesln addition to the ongoing discussion
on the erformance of the ballasteshd the ballastless (slab) tracklternativetypesof track
support structuregre also being proposed to improve the inherent track quality while lowering
the upfrontcapitalconstructiorcosts.

Geogridcs areproven to be gractical solutiorused under the ballast to reduce the permanent
deformation forrailways(Yu, et al., 2019; Singh, et al., 2020; Punetha, et al., 2020)elast
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decades geosynthetically reinforced ssil(GRS) emerged as a reliable transportation
infrastructure mitigation strateggRSstructureave been constructeatensively at various
infrastructureslonghighways, particularly at bridgegbutmentsll over the world(Lee & Wu,

2004; Lenatrt, et al., 2016; Berg, et al., 2009; Wu, 2018; Herold, 2005; Helwany, et al., 2003;
Skinner & Rowe, 2005; Kim & Kim, 2016Embankments have been used as the principal
meansof supporting the railway track for nearly 200 ye@€snnolly, et al., 2013)indeed,
modern highspeed railway lines still typically use traditional sloping embankments for track
support over flood plains and for route and track geometry considerations (e.g. China and
Europe) (Connolly, et al., 2014)However in Japan the application of geosynthetically
reinforced soilsubstructures in combinationith retaining walls (GR&RW) have gained
popularity as alternatives to conventional embankments, particularly foispegd lines like

the Hokkaido Shinkansemwhich is an extension from the higipeed lines from Tokyo
(Yonezawa, et al., 20147 construction systemf geosynthetigeinforced soil (GRSvith

full height rigid (FHR) facingetaining walls (RWSs) is now widely used inpda The total
lengthwas more than 1&@n in 2018(Tatsuoka, 2019)

A, di——.

(b)
Figure 1: Land occupation ¢f(a) a conventionaembankmentand(b) GRSRW system

These structuresprovide costffective solutions since they requiréess ground
stabilization/improvemen{Dong, et al., 2018and land take than conventional embankments
with a much smaller base arékigure 1). They also provide lower residual displacements
during operation, i.e. better operational performance than conventional embani&riargs.
number of field investigations have been condudtedrovide design methodology for
materials and construction steps to build a GR®/ structurefor high-speed railwaygHorii,

et al., 1994Koseki, et al., 1996; Tatsuoka, et al., 1997; Koseki, et al., 2006; Tatsuoka, et al.,
2007; Koseki, 2012; Tatsuoka, et al., 2014; Yonezawa, et al., 2014; Tatsuoka, 2019; Tatsuoka
& Watanabe, 20150verall structural stability iprovidedby theretaining walk, backfill and

the geosynthetics wrapped around gravel blagated directlybehind the retaining wall$n
addition, reinforceesoil walls are generally more flexible than conventionedaining
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structuresThus, they may be used in areas wHarge uneven displacemeate expectedue
to surfacemovementsluring earthquake events

The GRSRW also takes advantage of fukightrigid facing (FHR) which allows better
control over concentrated loadsin area that is particularly beneficiakrailway applications.
Typical reinforced wall structures that use discrete wall panels can suffer severe damage if
there is a loss of stability of one of the panels. ;TJdbsiously, causes significant concerns and
issues forailways The minimumspecifiedFHR facing conrete thickness for GRBW is
30cm, which is based on constructability consideratidiee facingis thereforevery thin and

the required amount of stedinforcemenin the facing is minimal. This thickness is typically
larger than that based on structural requirem@ihis maximum heighbf aGRS retaining wall
(with FHR facing is recorded as 11myhile the tallest GRS bridge abutment is 13.4m high
(Tatsuoka, et al., 20143 are needs to be taken at low wall heights to prevent a lack of confining
pressure causing active stability issulssnce the use of the gravel bags to provide lateral
supportduring construction

The basicadvantage of the GRBW system over aconventionalcantilever structure with
unreinforced soil backfillis in obviating the need to providepiled foundation to resist the
lateral thrust developed due to acteagth pressureonditionsthe large intaral momentsand
shear forces developed in the facing. This is particularly the case when constructing over soft
soils and when high wall heights are considered. Removing piles reducedreosagically
andmakes the structure more resilient to seismenégy where large ground movements may
occur.The base ground faxising in-situ GRSRW walls wasimprovedby usinglm deep
cementmixed soilwith a cementontentof 150kgper cubic meterand above that drainage
layer consisting of crushed gravelas placed (Tatsuoka, et al., 2007)The degree of
compaction applied to the backfiland the induced tensile stresses in the geosynthetic
reinforcement are critical elements of the constructechnique to ensure a successful
installation i.e. to significantly reduce lateral pressure on the faditgloaded and pre
stressed gravel bkiill for GRS-RWs with full-height rigid facing haalsobeen implemented

in practice for a railwayine in Kyushu Island, Japan. Its high seismic stabdapability was
confirmed through model shaking teoseki, 2012)

A strong connection between the facing and the backfill is essential for a stableRBRS
structure ThegraveHilled bags placed at the wall faceveavery high drainage capaciand
thus anyexcesgore pressure generated in the backfill during loadangefficiently dissipate
to leave a drained conditigfigure 1b). Furthermore, somef the facingconcrete penetrates
the surface zone of the grasfiled bagsduring placemerindthereforeincreases the contact
strength between the concrete facing and the bags.

In order to investigate thperformanceof railway track structureunder static and c)ic

loading full-scale laboratory testing has been usethbypy researchersy HED&HN HW DO
Woodward, et al., 2014, Bian, et al., 2014; Brown, et al., 2007; Yu, et al.,.2018)the help

of this useful approacikhort and longtermbehaviour of railway track componethigve been
investigated. As a consequence of cumulative deformation under repeated loading, various
settlema&t models have been propos@lva-Hurtado & Selig, 1981; Shenton, 1985; Sato,
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110 1995; Bian, et al., 2014; Selig & Waters, 1994; Thom & Oakley, 2006; Indraratna, et al., 2012)
111 Comparisondetween experimental and analytical modelgehaeerperformedby Dahlberg

112 (2001)and Abadi et al(2016) highlightingtwo phases of seéinent which consisif a non

113 linear relationship between the number of cycles iar@l settlementfollowed by alinear

114 trend. y H E Dét HINR018)compared th@erformance oballasedtrack against slab traakn

115 conventional embankmenThar resultsdemonstratedhat settlement of theoncreteslab

116 track is significantly lower than that of ballastl trackunder similar loading and ground
117 conditions

118 This researclwvork seeks to provide a technical insighaofadoption of the GRRW system
119 for both developing and developed countries which are set to expangpagd rail
120 infrastructurs rapidly while increasing the track perfornt@ andreducing the construction
121 costs In this study,the purpose is to compageconcreteslab and ballastd tracks on GRS
122 embankmentShort and long term behavioare investigated usirgfull-scale testing facility
123 called Geopavement and Railways Accelerated Fatigue Testing (GRAFTThe
124  superstructures are positioned oxgeosynthetically reinforced sailith retaining wal(GRS
125 RW) systemandsubjected tstatic and cyclic loadingrhe testing facility, construction of the
126 structure, track components and material parameteed| aiescribed in Sectiond the paper
127 The loading methodology and data acquisitoa presented in SectionaBdthe analysiof
128 the resultarediscussdin Section 4followed bythe Conclusiors of the testing programme

129 2 Laboratory testing

130 In this sectionthemethodologyof the testsexperimental setupnaterials and their associated
131 properties are described.

132 WM Methodology

133 A GRSRW systemwas investigded in controlled laboratory conditions usifg@RAFT-2
134 facility (Figure 2), located at Herie¥Watt University. The aaderated testing approach means
135 multiple axle passages can be simulated ishart time periodThis wasachievedusing six
136 independent hydraulic a@tors loading three fullized sleepers oa ballased trackor on a
137 concrete slalrackvia built-in baseplate locations on the concrete surféibés simulatal the
138 passage of a moviraxle (usingphased loading), with each piston applying loads orvangi
139 rail segment as indicated Figure 4. The primaryobjective of testingwas to assess and
140 characterise the shernd longterm settlement behaviour alGRSRW structuresubjeced
141 tocyclicloading usinghe twodifferent track érms Firstly, the concreteslab trackwas tested
142 followed bythe ballasted tracki heresults presented in this papesre performed on a GRS
143 RW system in accordance with railway infrastructure stand@dsmilar testing procedure
144 wasfollowed by y H E D & HN201.8Yin B&lier GRAFT2 testing of ballasd and concrete
145 slabtrack thus allowing for comparis@rto be made with neBRSRW support structurdas
146  future work
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Figure 2: Geopavement and RailysAcceérated Testing Facility (GRAFZ) at HeriotWatt
University, (a) slab track andb) ballastedtrack restingon GRSRWstructure

Bl Experimental setup

The GRAFT2 facility wasused to testectiors of aprecastoncrete slab trackndaballasted
track with concrete sleeeiThesubstructure consistiof 0.1m wellcompacted base layer on
top of which the 1.2 mhigh GRSRW wasbuilt. The substructure layers are the subgrade and
frost protectionlayer (FPL)from bottom to toprespectively.The sand mixture was chosen
from two different batches composed e6m wellgraded granular limestoregure 9. The
sand was comprised of 80% e#thm batch and 20% of@mm batchThis wasadoptedo be
consistent with the conventional embankment testiggH ED A@H N H WanD @&lso to be
consistent with HS line desigmherethe second deformation modul¢gV2) is 120MPaThe
generatoncept otheGRSRW structurefor the two track types testatthe GRAFT-2 facility

is presented ifrigure 3.

Thefill consisedof geogrid reinforced layers with symmetrically embedded bolts at selected
positions. BnsarRE540is a uniaxial geogrid made of higtensity polyethylene with
enhanced log-term tensile strength. ThpEoperties of the geogrids used in this study are given
in Table 1L

Table1: Properties of geogridased in soil and ballast

RES540 TX190L

Plan view
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Longitudinal—>

Hexagon
Pitch

Uniaxial

Triaxial

Used for soil reinforcement

Used under ballast

R (mm) 235 Apertureshape Triangular
Rs (mm) 16 Rib shape Rectangular
Rw (mm) 6 Hexagon pitch
Rr (mm) 1.1
Bt (mm) 2527 Junction 100
1CI 0,
By (mm) 16 efficiency (%)
Mean Aperture size 16 x 219 Mean Radial
Secant Stiffness 540
Short term tensile strength in longitudinal 64.5 at 0.5% Strain
direction (kN/m) (KN/m)
Junction efficiency (%) 95

The geogridvasplaced over the base layer then the gravel lags positioned at the ends
the overlapping vel bagsvere placedn a similar fashion to that of a brick wall construction
at the shouldergFigure 3a). A sandfill layer wasthen formed by compactirgand(Figure
3b). The geogridwas then pulled andightened over thgravel bagsand pinned into the
compacted soil using nails to provitensile strengtliFigure 3c). The geogridwas partially
wrapped andhandtightened to improvéhe overallstiffness of the reinforced soubsequent
layerswereconstructedgequentiallyup toatotal wallheight ofl.2m During this construction
process teel tie bars were positioned between the layasshownin Figure 4 (the free
standingretaining wall is represented by thei®lsteel plates).

Compacted
first layer —

Geogrid
Gravel
bag

() (b)

Figure 3: The stagesfthe GRSRW construction

; ’Geogrid

First layer
with geogrid —
Pin

(€)

The steel tie bars were anchored within the fill subgrade by embeddedrsjéetections
(Figure 4d). The steel plates were used to replicate ithsitu formed GRSRW system
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retaining wall and were only connected to the steel bars once the full subgradere had
been formed. The gapetween the steel plate and the gravel begrethen filled with self
compacting concrete to form a fully connected wall retaining system.

Slab track —

Grout mass
HBL

(@) (b)

Figure 4: Layout of the ballast and slab tracks on GR® embankmeif&) concrete slattrack; (b)
ballasted track

The gravel bags pl&gan important role during construction as tempo¢angd stablgfacings,
resistingateralearth pressure generatedtbgbackfill compactiorstresseandtheselfweight

of the structure.For the realn-situ structure thegravel bags facilitate the compaction of the
layer during construction andcreate a barrier of differential horizontal dn vertical
displacement betwedhe GRSstructureandthe wall. They also serve asleinaye route.

Table2: CBR values of the compacted soil using Dynamic Cone Penetrometer (DCP)

CBR Test Time CBR value
During construction of Sudtructure-Subgrade 28.5
During construction of SubstructwiePL 56.1

After Removal of Slab on top of FPL 125.1
After Removal of Ballastton top of FPL 128.2

The compaction level of each thdighlayer was set based on a correlatvotih CBR values,
which were obtained vimeasured PnamicConePenetrometer (DCP) tesas shown iTable

2. The correctompactionevel was essentiah orderto achieve the required stiffnes$he
indicated CBR vales have been identified in conjunction with the work carried out by
y H E D & H N20EBYWhD Bade a correlation between thez:ievid CBR.

2.2.1 Laboratory construction of substructure

Photographs of the constructistages of the substructuaee highlightedin Figure 5 and
Figure 6. The geogrid was cut 11m long and placecachbase layer. Theubstructuretest
bedwidth was 5mTo cover th&.2mwidth of thetest bedhe geogrids werelgicedas 2 pieces
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of 1.2m and 1.0nwidths. They wereplacedin such a way that at each layer the connections of
two pieces of geogridid notoverlapeach other. Téjoint was staggeedas the geogrid layers
were placedluring the GRS constructioifhreelayers of sandbags were placgdopposite
endsof the test bed5m apart and compacted using hand to@s$gure 5a). Then the well
graded sand was placed betweerddzag walls and compacted widforward/reverse plate
compactoiFigure 5b). Theinitial loosesand thickness was 200nwich reduced ta50mm
after compactionThe twvo compacted layers formed a 300ntinick total compacted layer
which hadthe same thickness dee compacted sandag walls.The sand level was checked
using a conventional spirit leveDnce thesandbagwalls and compacted sand reactthe
same height, the geogrid wasapped around the bags and laid on the compactedSigude

(@ (b) (©)

Figure 5: Construction stagesfthe GRS structure: (a) Positioning the sandbagsthe geogrid; (b)
compaction of the sand; and (@yapping he geogrid around the sandbags and pinned into
compactedoil

The geogrid then wdsandtightenedand fixedto the soil using nails£achlayer of reinforced
soil wasformedfollowing the same soil compaction parderegivenin Cebaselet al (2018.
The first 800mmof the subgradevascompacted to achievan EV2 value of60MPa and the
remaining upper=PL 400mm was compacted to achievan E\. value of 120MPa As
commented abovéeseelasticity values were calibrateth DCP measurementduring each
compaction layeformation.
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Figure 6: Construction stages tfie GRS structure: (aJie bars through the sandbags and FHR wall,
and anchored with angle ironéh) Selfstanding GRS soédnd the castn HBL layer of slab trackc)
FHR retaining wall positioned with topflow

At 300mm and 900mrdepthstie bars were anchored to angle irong there positioned alf

a metre from each other, i.e. in the middle of the 5m track wkdtjuke 6a). The vertical and
horizontal distance of each adjacent tie bar was 6Q0wimth are designed according to
Tatsuoka, et al1997) In total four layers ofreinforced soil were constructed. On top of this
substructure, the hydraulically bonded layer (HBL) was plaEggli(e 6b).

Finally, the0.08mgap betweenthe GRSwall and RW was filled with tfopflow fas seen in

Figure 6c¢. It wasa readymix highly fluid selfcompacting concrete consistingmaximum

10mm diameter aggregates. This matesaschosen specifically becaueéits ability to fill

the gaps betweethe geogrid and sandbags through geogrid apertures.Widsso provde
reinforcement and resiliencd/ R WKH *56 7KH GHQ@@QXOWNWYV <BRBRQGIJFRLRRFRQ
of the topflow weredeterminedusing compression tesbn cylindrical sampleand foundto

be 2428,7kg/m321.Z5Pa and 0.15%espectively.

2.2.2 Concrete slab track

The first form ofthesuperstructurevasconstructed using Max Bod slab trackwhich consists

of a prefabricated reinforced concrete slab made of c4&dbsretewith characteristiccube
compressive strengthf 45 MPa which isa high strength concretés shown inFigure 7a, a
threesleeper section was used for the concrete-tséadk which was placed above the
Hydraulically Bonded Layer (HBL). The HBitself was ofthickness 300 mm and it was made
of ¢c10/12 corcrete with characteristiccube compressive strengtbf 10 MPa which isa
lightweight and low strength concretgfter 21 days, the slab was positioned above the HBL
supported by hard woodewedges. Then Conbextra HF] a highflow, nonshrink,
cementitious grat, for grouting gap thicknességtweenl0 to 100nm, wasusel between the
slab and the HBL
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Figure 7: Slab track in the GRAFZ testing facility

The rail fastening system wése 300-1 Vossloh Fastening Systerficom bottom to toghe

rail supportconsisedof three layersanEPDM pad which is a soft synthetic rubber railpad
steelbaseplate, andnEVA, which is a stiff copolymepadfor rail seatingrespectively. The
static stijness ofthe EPDMwas about22.5%<N/mm and the dynamic sfnesswas about
40kN/mm. The static stiness of the EVA padvasabout60070KN/mm andthe dynamic

sti jnesswas about1600A80KN/mm. The cut rail segments used in the slab track test were
60E1 (UIC 60)

2.2.3 Ballasted track

After completion of the slab track tests, the superstrudhaieiding the HBL, grout and
concreteslab were removedfrom the facility. The surface of the substructsal required
removalas the HBL layedisturbed the upper soil lay@the uppeb0mmof sandwastherefore
excavatednd replaced witl new sandayerwhich was therompacted to achiewtbe same
stiffnessas thesubgradeprior to the concreteslab track testA triangleaperture geogrid
TX190L was placed on topf the substructure tprovide additional support to the ballast
Figure 8 showsthe position of thesleepergstandard G44s) on the ballast bed at a typical
industry spacing of 650mnihe ballasbed wagplaced and compactedfiour equal layersf
100mm intervalsand hence it®verallthicknessundeneath thesleepersvas400mm. In order
to reachthe requiredballastcompaction, an elegt compactor witha 400mmby 320mm
vibratingplate wasusedio compact each 1@@mthicknesdallasted layer. As a result, the bulk
density ofthe compacted ballastas approximately 3N/m?.
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275
276 Figure 8: Ballast track in the GRAFR testing facility

277 The ballasaggregate wasomposed of micrgraniteat 0.5% moisture contentThe plot of
278 Figure 9 indicates the gradation curve of the ballast which is a good match tiquical
279 railtrack balast curve compared to that dhe sandcurveused to construct the subgrade and
280 FPL The lowerEPDM ehstic padsised in the ballast testere the same rail pa@ds those
281 used in theoncreteslab track test3 D Q G fafk iff fdstening systemasused taestrainthe
282 loadedrail segmentso the sleepersSections 0BS113A (56E1) rail segments weusedin
283 the ballasted track test. The purpose ofrllesegmentsisewasto allow theconnecion ofthe
284 actuators tohte sleepersAs thesewere separate rail segmenthey did not contribute to the
285 bending stiffnessf the trackin the experimentandthustheydid not have ay effecton the
286 track deformation.7KH UDLO VHJPHQWVY UR (bEtwkan tihéRraéktandivtkeH FR Q C
287 actuatorsNote: this isoften normalpractice inthelaboratory testing of railway trackviore
288 than 3 millionloadcycleswereappliedin thisbdlastedtrack test followinghe samerocedure
289 as tha@ppliedin the concrete slatrack tess.

11



1 1 1
1 I 3 |
90 ! [
1 1
1 | I E | (] 1 I 1 (N}
AN 1 [ N
80 | 111111 ! 11111 !
1 S 1 R I I [ R R
1 TR I Lo Y SRR
1 I 00 1 I 80108 \/ LI I B )
70 : — : — iy . o
1 1 11 1 [ IR 4 [N
1 1 ) R | I I T I U N /’V [ )

1 AR O 1 TER N f R 1 ! IR
1 [ 11 1 I 1 [ A 1 1 [N
[ TR EO 8 P K 1 CUBN T ] 1 AN 1 1 L C"Sand
40 ! [} 1 1 NNy 1 (A U O W 1 1 | L B
T | R LR PR T T 1 1 T 1 T 1100 T 1 T 1100
| IR 1 ) 1 (I 1 AN 1 1 i e B” t
oo o v BRI Y B ® ballas
1 (¥ SN
Y A

30 —
20 NP W R T BT
0
0 I llH,}H | iiiiiii | lixMofliuil

0.01 0.1 1 10 100
200 Grain size (mm)

Passing (%)

291 Figure 9: Sieve analysis fosand and ballast

292 Specimen preparation and excavation in the-dadlle testing facility required the largest

293 amount of time and energy during this study. Overhead cranefiktifis were employed

294  while handling the 1t bags, sleepers, slabs and other heavy tools. A bobcat excavator and trucks
295 were used during the excavation process. While levelling the slab wasasate layer

296 underneath the slab was a highly fluid centemis mixture, the sleepers in the ballast tests

297 were hard to level due to uneven surface of ballast and this eventually led to some tilt during
298 thetesting whereas in the field the continuous rails help to prevent this rotational movement,
299 although a dege of ballast voiding may still occur.

300 3  Testing procedureand data acquisition

301 The same load combinations and durations were implemented in therestatedn this

302 paperasthose useth theexperiments carried out by H E D & H (20EBy\thiB © to allowthe

303 reader tddirecly compae between substructure typess described byy HE D a H (R0EBYW D O
304 redistribution of theaxle loadwasapplied over the thregleeper sectiaTfor the static loading

305 caseWhile half of the axle loasvasapplied on the middle sleepenequarter axle loatvas

306 applied oreachneighbouring sleepein this way 100% oftheaxle load s distributed over the

307 threesleepetrack section during static loadinghi§ approximateedistributionapproaciwas

308 derived frombeamon-elasticfoundation(BOEF) theory. This approach to track deflection

309 analysis replaces the individual sleepers with a continuous support wihe load is

310 proportional to thevertical displacemenfPowrie, 2016; Connolly, et al.,, 2020)<R X QJ YV
311 modulus and ® moment of area of rail, and track stiffness are the main parameters considered
312 for the redistribution. The load redistributiaraused by an axle resting on-al8eper section

313 with continuous rajlwas implementedsing astatic loading metho¢Bian, et al., 2020) For

314 the dynamidoading casehowever each axle loadvas applied on each sleeper separately
315 without any redistribution. This approaetas mplemented tdoth simulatea worstcase

316 scenaricandto allow direct comprisors of settlement behaviour between different track types
317 and substructure forms for the same cyclic loading condiTibis decision was considered an

12
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important aspect of these particular tes#s. to provide abaselineby which performance
comparisons could be made ahencefuture computer models calibratelth essencean
attempt has been made to standardise the testing progrdiainhee3 shows the details of each
consideredoading case.

Table 3: Loading sequences of the ballasted and concrete slab track tests.

Axle load e L Time
. Redistribution of Redistribution .
TEST on middle load per actuator of the load over Frequency interval Duration
sleeper (kN) the sleeper (%) (Hz2) between
(KN) P 0 sleepers (s)

Static | 63.77 15.94, 31.88, 15.94 25, 50, 25 N/A N/A 600 s
Static Il 83.38 20.84, 41.69, 20.84 25, 50, 25 N/A N/A 600 s
Dynamic| 117.72  58.86, 58.86,58.86 100, 100, 100 5.6 0.0065 1;};1‘:3
Dynamicll  166.76  83.38,83.38,83.38 100,100,100 2.5 0.0065 2@?&3

Two statictestsand two cyclic testsvere performedIn the static testsjrbt, a 13-tonne axle

load withredistributionwas applied orthe track for approximatgl 10 minutesand therthe

load wasincreasedo simulatea 17-tonne axle load for the sanengthof time. Afterthese

initial tests, cyclidoadingbeganwithout anyload redistribution by applying al7-tonne axle

loadon each sleeper with a time phdag. The sleepers wetbereforesubjecedto repeated
loadsto simulae moving axles at 360km/hat a set distance (frequenclgkarp, et al.(2000)
illustrated an element subjected to stress pulses due to a moving wheel load. The vertical and
horizontal stress are positive in the soil throughout the passage of the wheel, whereas the shear
stress is reversed while the loading is passing by and causirggianatf the principal stress

axes. The principal stress rotation significantly affects the permanent settlement. It is noted that
the stationary cyclic loading cannot fully reflect the stress rotation pgBen, et al., 2020)

The phased nature of the loading allows for principal stress rota#fiects to be
simulatedrFigure 10 showsa typicalphasé&ime lag between the sleepgttsis phasingnimics

the axle moving from one sleeper to the adjacent one in 0.0065 seconds. The cyeliergests
performed at 2 differerfrequencies: 1.17 million cycles at 5.6ldnd 2.2 million cycles at

2.5Hz. The load applied at 5.6M&s58.86kN per actuatogiving 117.72kN per sleeper, and

the load at 2.5Hwas 83.38kN per actuatogjving 166.76kNon each sleepéFigure 10).
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Figure 10: Time interval of sequential loading of different frequencies in a second

Therewere 32 channelactivelyused to acquire data. The sampling rate of the data acquisition
systemwas 200Hz per channednd ech individual item of measuringequipmentwas
connected to aeparatehannelDue to the volume of data collectdllis paper concentrates

on those measuramts from thalisplacement and load cetlansducersnly. To control the
stroke of theactuators, six 300mm lordjsplacement transducetsvDT) wereused

(@)
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351 Figure 11: LVDT positions and label@) slab track (bpallasted track

352 The GLVSODFHPHQW WUDQV G XF H UNdlreIR] FBeW VIR @hvide Was UH S U H
353 crucial for these tests as hdhe instantaneous/transient displacemerder one cycleand

354 settlement, which ithe permenantleformationunder millions of cyclesmustbe plotted with

355 the same LVDTacquired dataTherefore they bothneeded tde sensitive enough tecord

356 the sinusoidal motion of the slalwhich acquired a hundredtbf a millimetre, as well as the

357 accumulatedettlement of the sleepers in the balldisre8.4 million cycleswhichwasgreater

358 thanl0 millimetres Thepositioning of theeVDTs on the trackvassetto investigate the elastic

359 deformation of the track as well as the total settlement wwdemmulateaycles.

360 4  Analysis
361 In this section, results related to the static and cyclic tests are presented and analysed.

362 Static compressiveloading

363 As mentioned eadr, an initialstaticdistributedaxle loadvas appliean thetwo tracks. Firstly
364 13t (127.54kN)and then 1 (166.76kN)were appliedfor a duration ofapproximately 10
365 minuteseach{Figure 12}. The distributon of theseaxle load, overthethreesleeperarea is
366 describedn|Table 3
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Figure 12 Distribution of axleloads over three sleepers

The red line ifFigure 12representhalf oftheaxleloadappliedon the middle slee (Sleeper

2) while yellow andblue lines represent thquarter of the axle loadppliedon the adjacent
sleeperqSleeper 1 an&leeper3). After completing the static tests, the load was taken off.
Since the displacement transducerstioarails and the sleepers show similar restuilt®
average reading of the transducers was usdthéanalysis. For example, while analysing the
displacemenof the sleepers, the corner LVDTSleepers 1 and 3)ere considered. The
average of the relative readings of the transducers at cemaswascalculated.
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Figure 13: Averagevertical displacement ahe rais for concreteslab trackandsleepers on ballasted
track under static loading

As can be seen theaveragealisplacements of theils of the slaktrad arenearly

half of thoseon the ballasted tracRhe displacement of four raslegmentson the sleepes 1

and 3 wastaken intoaccountlt is evident that under the static loadiagarge part of theail
displacement is caused by the ballzestibecause the same rail pads were used for botls type
of tracks. The displacementunder stationary loading indicates similar value of rail
displacementor ballasted and slab tradker the two 1@minutelongloading period, which is
around0.1mm. However, during th&taticloading when the load increased from 0 to 13t and
thenfrom 13t to 17t, the displacement of the rail on ballkds$tackwasnearly double
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Figure 14: Vertical displacement of the track on the cornemsconcreteslab trackandsleepers on
ballasted track

Figure 14 shows the displacements on the corners of the concretegat&tand the ballasted
track (Sleeper 1 and Sleeper. 3s expeted, the displacements of treeepers orallasted
track are higher due to the unbouamad less stifinature of the ballasThesedisplacement
values were obtained from tifieur LVDTs positioned on the surface thfe deepes 1 and 3
The vertical displacemémf the ballasted track was more than 10 timesdtbplacemenof
the slab trackwhen the load was increaséwm 0 to 13t andthen from13t to 17t The
displacemenof the sleepers in the ballasted track during the stationary load was nearly 4 times
largercompaedto that ofthe slaktrack Theseresults highlight the superior loatistributing
properties of the concrete stalack and hencte reduction of thetress concentrations on the
GRS trackbedThe total plastic settlement of the balestrack after releasing the load was
0.331mm, whereas the slab only settled 0.019mm

A notable result from the static compression loestson the concreteslab track waghe
improved performancef the GRS structur&hen compared to the ballasted tralckaddition

to the weight of the HBL, concrete sladnd rail segments, 13 tonnes and 17 tonnes of load
were applied, and thus lGRS structure endured firmly. Moreoytte vertical displacement
afterabout20 minutes of static loading wasly 0.07 mm andthetotal plastic settlement was
0.019mmafter removing the load

Cyclic loading

In a stable tracktructurethe magnitude ahe axleoads andheir accumulatiorfload cycles)
are the main reasofer the permanenvertical tracksettlementThis plastic settlement, due to
the track tonnagdeads to changes in the track geometry and hedeteriorating ride quality.
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411 The transientdisplacement under individualxlesis an importantcomponent of the track

412 behaviour For example, in a ballasted track, if the track stiffness is too low then increased
413 settlement will likely occur, if it is too high then increased rail wear may re60itF K OD\HU V
414 individual elasticstiffnessmoduluscontributes to théransientdisplacenent In conventional

415 ballasted track, vertical stresses reduce relatively quickly with depth compared to the trackbed
416 displacementsln addition tothe elasticstiffnessmodulus of thendividual trackbedlayers

417 Dbelow the ballastthe unbound nature othe ballastitself is another reasofor higher

418 displacement®f ballasted tracksvhencompaedto a bound systepsuch as concretglab

419 track This is because thelastic stiffness modulus of the unbound ballast is a function of its
420 effective confining presure as well as other properties such as aggregate angularity and
421 density.

422 The key parameters leading tiee observedsettlements andertical displacementsvere
423 identified via analysingboth total and individual cycles. Theycles were choseat the
424  beginning andtthe end of the testo determine thetiffnesschangen the track undehigh
425 levels ofcyclic loading(tonnage) In general,vertical displacementata is represented per
426 secondand for two different frequenciesf 5.6Hz and 2.5 HzThe btal settlement is also
427 plotted for both frequencies for 1.2 million and 2.2 million cyctespectivelyThese points
428 have been chosen so that comparisons to/tHeE D & H KROH8)papeDcan be directly made.

429 The mearmmagnitude of the rail and the sleepgisplacementsvere calculated based on the
430 four LVDTsplacedat the sleepsrl and 3and in the corners of the slab tratke smoothness
431 of the cycless directly related to thperformance of thdata acquisition systernt was found
432 that he LVDTs on the slab and sleepamsremore sensitive than the ones on the rails.
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433

434 Figure 15: Averagedisplacenentamplitudes ofherails onballast andconcreteslab trackat the

435 beginning andheend ofthe5.6Hzcycling at 13kN to 58.9kN

436 The amplitudes are taken 1000 cycles from the begirofitige tests and 1008/ clesbefore

437 the endThe average displacement of the rails on the slab at 5.6Hz loading was 1.1mm, whereas
438 it was 1.4mm in the case tife ballasted tracRigure 15). The manitude of the load ahis

439 frequemry was oscillating between 13kN an8l%N. Thereductionin the amplitude of the ralil

440 displacement waB.05mm for both tracks.
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Figure 16: Averagedisplacemenamplitudes otherails on ballast andconcreteslab trackat the
beginning andhe end othe2.5Hz cycling at 5kN and 83.4kN

In[Figure 16]the mean displacemertf the rails on both trackarepresented. The rail ahe

slab deflected around 1.9mm, whereas in the ballasted track aeftedted2.6mm under
83.4kN cyclic loadig (as mentioned above theguates to phased. 7t axle loadnindividual

sleepes without redistributiof. The reduction in amplitude the V O D E flisplacBrhedivas

much smaller thathaton the ballasted track.
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449

450 Figure 17:. Averagedisplacemenamplitudes of the sleepers of ballast and concrete slab track at the

451 beginning andhe end of the 5.6Hz cycling BBkN to 58.9kN

452

453 Figure 18: Averagedisplacemenamplitudes of theleepers of ballast and concrete slab track at the
454 beginning and the end of the 2.5Hz cycling at 5kN and 83.4kN
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455  |Figure 17landFigure 18lindicate the mean displacements of the sleejpeheballasted track
456 and the slabinder 5.6Hz and 2.5Hz loadin@ontrary to the elastic behaviour of the slab, ballast
457 performedin a morecomplex mannerdue toits unbound and nctinear nature. While
458 thetransient displacemeat the slab was quite uniforiaccording to the LVDTs on the slab,
459 the displacemenbf the sleepers in the ballast varies significantly among the LVDiis.
460 averag®veralldisplacemendftheLVDTs at the end of each loading phase was slightly greater
461 than the averageveralldisplacenentof the LVDTsat the start ofheloading. This was traced
462 to one LVDT whichexhibiteda slight inconsistency in readings between the beginning and
463 final displacemerst for the ballasted track. This LVDT recorded0.13nm increase in
464 displacemenbver 2.2 million load cycles, whereall the other LVDTsgenerallyshowed a

465 slight reduction in the amplite (as would be expectedJhis increasein displacements,

466 however very small (a fraction of a mmcompared to the full amplitude @achsleeper
467 displacementt is conceivablahat this may indicatasmall movemendf the anchoring system
468 near this particular LVDTbut could also simply be within experimental erroof the

469 measurement systefar this particular LVDTover the 2.2 milliorload cycles Even so, the
470 average of the LVDTs aspresentedor the consistency in theepresentationThese LVDTs

471 were placed on the surface of the slab and the sleepers.

472 The meardisplacemenbf the slab undea singlecycle at5.6Hz loading wa$.079mm and
473 0.111mmat 2.5Hz which corresponded toad increaséom 58.9kN to 83.4kINrespectively
474 The displacemenbf the sleeperin the ballasted trackvas 0.45mmnthroughout the 5.6Hz
475 loading.ltwas 0.9mnwhen the frequency decreased to 2.9¥¢zausé¢he loadncreased from
476 58.9kN to 83.4kN, as mentioned above

477 Overall,the rail displacement is directly linked to the displacement of the wheels and is always
478 higher than the sleeper displacememe to the presence of the railpads. The displacements of
479 Dboth rail and sleeper are recorded during the testing for future analysis of the railpads efficiency
480 in reducing the transmitted displacement
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481 PermanentSettlement
482 In|Figure 19| the average cumulative settlement of the slab and ballasted tracks are presented.

\ S

-0.364mm -0.705mm

-5.532nm

Number ofCycles

483
484 Figure 19: Cumulative settlement efab and ballasted track at each frequency vs the number of
485 cycles

486 Thebluecurveshows the settlement valugighe cornersf theconcreteslabtrack The average
487 cumulative settlemerdf the concreteslab trackis 0.705mm under two consecutive stages of
488 cyclicloading. The average settlemémtthe first loading phas® 6 Hz for 1.2 million cycles
489 is 0.3&4Amm whereasthe rest of the cumulative settleméngeneratedy the second phase of
490 loading @.5Hz for 2.2 million cycles The redcurveshows the settlement valuagheend of
491 thesleepes1 and 3in theballastedrack The average cumulative settlemahb.6Hz for 1.2
492 million cycles was &32mm, wherasthe rest of theumulativesettlements generated by the
493 second phase of loadirtg.5Hz for 2.2 million cyclesand reache8.927mm

494  As with other track tests reported in the literatgignificantparts of the plastic deformation
495 aregeneratedby the initialloadcycles After this initial phasghe settlemerfbllowsareduced
496 downward trend in the ballasted trabk theconcreteslab trackeststhe trackshows anuch
497 reducedsettlementurve after the initial cyclesompared to that of the ballasted trdck. it
498 starts to level off very quickly)

499 5 Conclusion

500 A geosynthetically reinforced sailith retaining wall GRSRW) was tested at fulbcaleas an
501 alternative taconventionatail embankmenitThesoil fill (subgradejvas formedf two layers
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502 at different stiffnesses andere compacted tdigh-speedrail standardsThe soil stiffness
503 parameters wemaeasuredsingin-situsoil testingechniques anthe soilwasreinforced sing
504 uniaxial geogrids wrapped arougdhnulatags.These bags provide lateral confinement during
505 placement and compaction of the fill materials.

506 A threesleeper section of a concrete slab track abdllasted track were placed tre GRS
507 structurealternately The loads were applied using six individual actuators connecttge to
508 tracksuperstructureia a rail connectorfFirsty, two different staticloads were applied with
509 redistribution over the tracktructure to account for the bending stiffness of a rail secTien
510 two different cyclic loadingfrequenciesvere appliedn a phased manner to mimic a train
511 movingat 360km/hFor the cyclic loading caseo load distribution was applied to allow direct
512 comparisons with earlier published work and to represent a-a@ssscenarioThe resultsare
513 summarized as follows:

514 1- The GRSRW structureshowedgood performanceunder both static and cyclic load
515 comparing to thexperimentgarried out byy H E D & H N2018YdeEpi@e the fadhe structure
516 was confinedn thetwo lateralsides and the other two were free walls anchoredliathll .
517 2- Foreach track, more than 3.3 millibmad cyclesvere applied. The ballasted tragmesented
518 alargesettlementomparedo the slab tragkwhich was approximately 15 times greater in both
519 types of cyclic loadingThe magnitude of the plastic strain increirien the cyclic loops at the
520 end and beginning dhe loading was only slightly different indicating that tb&ffnessand
521 densityof thesubstructurdad notincreasedignificantly during shakedown

522 3- The amplitude othe raildisplacementinder individual cycleat 5.6 Hz and 2.5 Hpading
523 wasapproximately 25% loer for the slab trackwhencompared tdhe case oballased track
524 The majompartof theelastic displacememt therail wascaused by the railpad which walsout
525 93% for therail on the slab track and 66% on the ballasted track.

526 4- The amplitude othe sleeperdisplacementon the ballasted trackagapproximately6 to 7
527 times greater than the amplitude of the slab umdkvidual cyclic loading demonstrating that
528 thevertical and bendingack stiffnesssof the slabtaremuch higher thathose othe ballastd
529 track even fora reduced track length

530 To conclude, the transient displacement and permanent settlement for the case of slab track
531 weresignificantly lower than those of the ballasted track. Hence, the superior performance of
532 the slab track, which may require less maintenance and thus lead to increased traffic
533 availability. The enhanced inherent quality of the slab track in terms olitytabid durability

534 s likely to ensure a smooth ride quality and lower-tijele costs
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