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ABSTRACT:

This work describes a seriesnafvelexperimental tests to determine the potential of geogrids to
confine granular layers within ballasted railway lines operatingpaedsclose to critical velocity.
This is important because at low train speeds, vattitresses are dominant, but whapproaching
critical velocity conditionggynamic horizontal stress levedse magnified. Thereforne majority of
previous geogridnvestigationshavebeen performed assumingpnstanthorizontalstress levels
thus makng them more relevant for lower speed lineo investigatsettiement under high relative
train speedsballasted railway track samples were subjecttmnbined verticahorizontal cyclic
loading Three areas were exploret] the performance benefirbm placing geogrid at the ballast
subballast interface, 2) the performance benefit from placing geogrid at the subbksiiagtade
interface, 3) the effect of subgrade stiffness on geogrid performance at the subballagtade
interface. Testing was plarmed using a uniqukarge-scaletrue triaxial apparatus which had the
ability to vary stress levels in three Cartesian directions. Compared to the control cogditien
geogrid offered a settlement improvement of approximately 35% when placed atatesb
subballastnterface and 1615% when placed at the subballastbgrade interface. Regarding
subgrade CBR, it was found that the geogrid offered the greatest performance benefits when the
subgrade was softTherefore it was concluded that ftie ballastedrail structuresunder test, when
subject toelevatedlevels of horizontal stress, geogsictduced settlements compared taon-
geogrid solutios.

Key wordgdmax 6) True Triaxial Testing Rigeogrid ConfinemenBallasted High Speed Railway
Railroad Track Settlemer®yclic Laboratory LoadingubballastSubgrade Geogrid

1 Introduction

Geogrids are commonly used tinear transport infrastructurgrojects(e.g. roads and railwayg)
increasethe lateral confinement between granular layersughimproving the longevity of the
support structure(AlQadiet al., 1994 Hufenuset al., 2006 Kwon, Tutumluer and Konietzky, 2Q08
Byunet al, 2019. However, on high speed rail lines, vehiaiesytravel at speeds comparable to
the natural wave speed of the underlying da#. close to critical velocityCostaet al., (2015)
Mezheret al,, 2016, Donget al.,, 2019, causinghe magnification otrack deflections((Kouroussigt
al.,, 2015). This results in elevated stress levels within do#track and soilparticularly in the
horizontal direction Yarandaset al., 2016 Donget al,, 201§. The ability of geogrids to provide
similar confinement forail linesthat experienceelevated horizontal stresses is currently unclear.
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To study the potential performance benefits of geoghttDowellet al., (2006)and Ferellec
and McDowell(2012)usedthe discreteelement method to study the influence dfllast shapand
geogrid aperture sizen ballasttgeogrid interlockThey suggestedratio of geogrid aperture size to
particle diameterof 1.4 gaveefficientballastgeogrid interlockSimilarly Ngo, Indraratna and
Rujikiatkamjorn(2014)andNgo, Indraratna and Rujikiatkamjorf2016)studiedthe behaviour of
coakfouled, geogridreinforcedballast subject to direct shear testing-he contact force distribution
andstress orientation waanalysedo better understand ballast behaviouturingshearing.

As an alternative to numerical modelling, physical models have also been used to investgate
geogrid performanceOne of the most cmmon appor&hes is to perform vertical loading on a test
box withrigid boundaryconditions, thus simulating a constant confining stress. For example,
Raymond(2002) anRaymond and Ismail(2008%ed a compression tebbx(900mm in length,
200mm in width and 325mm idepth), with atransparent glass watb show that ballasted track
experiencededuced settlement when gesynthetically reinforced. Similarly, using a variety of
different sizedsteeltest boxes McDowell and ckley(2006) ,}Ev_ | § oabhdRuikar et al.
(2010)showed that geogrid reduced permanent settlement significamtlgo,Brown, Kwan and
Thom (2007jound that geogrideinforcementbenefitswere more pronounced for soft subgrade
compared tostiff. Further,Liuet al., (2016)used box tests to evaluate thdfect of geogrid on
ballast particle movementt wasfound that the horizontatranslation and rotatiorof ballastwere
important movementmodesunder cyclic loading

A challenge withiigid boundary box testing thatthe confining stresss constant, which is
not the case for most transport applications. This was exploeekenbyet al.,, (2007)who showed
that confining pressurglays an importantrole in degradation and deformation resistance
Therefore Indraratnaet al (2006, 2015); Indraratna, Nimbalkar and Christe (2009); Indraratna, Ngo
and Rujikiatkaorn (2012); Indraratna, Hussaini and Vinod (2Qis8dda bespoke triaxial rig to
simulatea range oftonstantconfining stressesAgain it was found that the geogrid generated
additional internal confinement at the ballastibballast interfacethus reducingsettlementunder a
range ofconstantconfining stresaesbetween5-30kPa This involved repeating tests multiple times,
each with a differentyet constant) confining stress.

However, it has also been shown that in addition to confining stthesjynamic stresses
induced during train passage are also very import&fairéndaset al., 2016 (Dyvik and Kaynia,
2018). Therefore ths research builds upon th@evioudy describedwork, however instead of
maintaining a constant confining stress during laboratory testirig,viiriedduring each load cycle
This is important because when tragkound structures are subject to highly dynamic train loads,
horizontal stresses changapidly. FirstaSE&pu SE&] A£] o § SdaEctiPedwvZichhdsb]
independent hydraulic ramis three Cartesiardirections,thus allowing for the generation ofi-
directionalcyclicstress patterns It is then used to make new and novel findiigghree areas: 1)
the benefits of using geogrid between ballast and subballast in the presence of high horizontal
stresses, 2) the benefits of using geogrid between subballast and subgrade in the presence of high
horizontal stresses, 3) the effect of yarg subgrade CBR on geogrid placed between ballast and
subballast, in the presence of high horizontal stresses.



2 Laboratory testing

True triaxial testing of granular railway layers reinforced with geogrid was performed. Three test
setups were considered

X Setup AAlayeredballastsubballastrack structure, in the presence and absencgedgrid

X Setup BAlayeredsubballastsubgraderack structure, in the presence and absence of
geogrid

X Setup CAlayeredsubballastsubgraderack structure with geogrid andraryingsubgrade
stiffness

2.1 True triaxiatesting rig
Thetrue triaxial rig GeoT) consised of 6 independent hydraulic rams, 2 of which were orientated

in each Cartesian plapmounted a a rigid steel framéo apply cyclic load towards the test sample
(seeFigurel). The following notation was used for the three Cartesian directions:

X X = direction parallgo the direction of train passage

X Y = direction perpendicular to the direction of train passage

X Z = verticatlirection
Thetest samples werglaced inside a bespoke steel cagighvdimensions 560 x 560 x 560mm,
capable ohousinglarge particlemateriak such as ballagFigure2). The cage hadix movable steel
walls in each loading directiothus allowingfor volumetric changesf the samplgo occur To
preventthe egress oémall granular particles via the steel Wweageclearance, the inner test cage
was encased using a thin plastic membrane. More detailed informagigarding rig developmens
presented in(Yuet al, 2019.

3.5m

1.85m

Figurel: GeoTT Rig design



Figure2. GeoTT testing cagdeft) walls contracted,r{ght) walls compressed

2.2 Sample preparation

2.2.1 Ballast

The ballast material was a hard angujaanite, ascommonly used on the rail network in Scotland,
UK. The gradingf this material(BSI, 2002 shown irFigure3. The samplday withinthe particle
range 2663mmandwas characterised bgso =43mm There are many ways of quantifying ballast
guality Sadeghi, Emad Motieyan and Ali Zak@019), however in this work hte coefficient of
uniformity G and coefficient of curvature @vere calculatedas 1.36 and 1.009 respectively,
indicating the ballast was classified as uniformly gra@ahr to testing he ballast aggregate was
washed and dried in accordance with EN 132802(BSI, 2002and BS EN 93B(BSI, 2005)

Although onlyparticle size distributiortests were used to characterise the ballast, it was sourced
from the same Network Rail approved quarry as the ballast uséduan,(2006) Thereforethe
properties were likely to have been similar to those found in other UK ballast research works [e.g.
LAA indexC20 (BSI, 201QMDE indexCx (BSI, 2011)ACVCR22%(BSI, 1990b)lakiness indexC85

(BSI, 2012 Particle lengthC¥4 (BSI, 1996)
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2.2.2 Sibballast

Figure3. Particle size distribution of ballast

The sibballast material used in test setupsB¥and Ccomplied with C803 (Type 1 b basé of the
UK Specification for Highway wotlEngland, 201&nd also consisted of a hard, angulaanite
material. The grading curve for this mater(BISI, 2002 shown irFigure4, givingdso =13mm.
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2.2.3 Subgrade

The subgrade consisted 8% kaolirclay(with a high quality medium particlgize, and 20% sharp
sand witha moisture contentof 9.7%((BSI, 1990a)Figure5). Four subgrades with different
California bearing ratio (CBRgretested To relate CBR to a meaningful qualitative vakgyation
(9 (Brownet al, 1987)was used in conjunction witBritish Standards (2@}, asshown inTablel.

%LWSR=HBAS:S;

Tablel. Description of subgrade with different CBR values

SubgradeCBR Value (%)|UndrainedShear Srength G, (kP4 Description
2 40 Soft
3 60 Firm
9 180 Stiff-Very stiff
14 280 Very stiff
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Figure5. Optimum water content of subgrade

2.2.4 Geogrid
Two types of geogridvere tested. They had different aperture sizasdchosen to suit the material
they were required to provide interlock for:

1. Large apertureA190mm aperturesize geogrighlaced betweerthe ballastand subballast
duringsetup A. It was #&riangularlystructured, multiaxial geogrid wittBOmmIlongtriangular
apertures Figure6 left). Thisgavethe ratio of the geogrid aperture tballastparticle size as
1.40 @s suggested hylcDowellet al., (2006)

2. Small apertureA160mm aperturesize geogridplaced between subballast and subgrade
duringsetup Band C It was atriangularlystructured, multiaxial geogrid witllOmmIlong
triangularapertures(Figure6 right).

The ley detailsof eachgeogridare shownin Table2. For each test, the selvedge edge was
orientated parallel to the direction of train passagecause this is most commonly used orientation
in practise i(e. the orientation of geogridwhen instlledon a typical raivaytrack).

Figure6. Geogrid arrangementeft: 190mm aperture gridor Setup Aright: 160mm aperture gridor
Setups B andC

Table2. Geogridspecifications

Type \ 190mm aperture \ 160mm aperture




Rib pitch (mm) 60 40
Rib shape Rectangular Rectangular
Aperture shape Triangular Triangular
Test setup Setup A Setup B and Setup C
2.3 Loading

Three dimensional finite element modellimgas used to generateack-groundstress time histories
based upon an 18 tonne axle load travelling at 294kovar a soft subgradéhetrack-soll
numerical modelling properties are shownTable3. Thestress histories were computed at the
ballastsubballast interfacéfor setup A tests) and the subballesibgrade interface (for setup B
tests) Figure7). Theywere then converted to force time histories for use by the GeoTT.

Sleeper embedded by 0.2m

Recording positions Ballast

within numerical model

Subballast

Infinite depth

Formation

Figure?7. Recordingpositionsof horizontal forces

Table3. Track numericahodellingproperties

z}uvP[e D} poup Wllee}v[ E Density kg/ni
Ralil 210,000 0.3 7800
Sleeper 30,000 0.3 2400
Ballast 150 0.25 1400
Subballast 100 0.3 2200
Formation 46 0.35 2000

2.3.1 Ballastsubballasforces

Using results fronthe 3D finite element modelthe total force on the fulisize sleepewas found
to be66kN. Then, converting this to the 0.25m long scaled sleeper, the force on scaled sleeper was
39.6kN. The maximum horizontal nodal stresskesm the finite element modekampled at the
ballastsubballast interfac€red recording position between ballast and subballast layer shown in
Figure7), were 46kPa and 14kPa irapallel and perpendicular direction of train passage respectively.
Therefore, multiplying by the cage wall ar@a4mx0.4m)gave the forces required to excite sample
Setup Aas 7.36kN and 2.24kNn parallel and perpendicular direction respectivétyndly, applying



aconfiningstress of 15kPa consistent with existing literat(iredraratnaet al., 2015) the following
forces were used:

x Vertical force = 42kN

x Parallel force = 9.76kN

X Perpendicular force 4.64kN

2.3.2 Subballassubgraddorces
Using the results frorthe same3D finite element model, the mean maximum nodal stresses

sampled at the subballastubgrade interfacevere 24.23 kPa24.10kPa and 6.59kPa in vertical,
parallel and perpendicular direction of train passage respectildigrefore followinga similar
ballastsubballast interface calculatiomultiplying by the cage wall ard@.4mx0.4mpand
accounting forconfiningstressesgavethe forces requiredor test setupsB and C

X Vertical force = 7.08 kN

x Parallel force = 7.06 kN

X Perpendicular force = 4.25 kN

2.3.3 Time histories

As an example of the force time histories used for GeoTT lodeiiggre8a showsthe numerical
calculation of the forces required for the ballesibballast test.ConverselyFigure8b shows the
time histories applied during the laboratory testhich was equivalent to 1 cycldhe numerical
result showed a&lightly asymmetricalesponse consistent withigh track dynamic response
however for the laboratory testhis was converted into a symmetrical, cyclic response. Also, the
frequency ofcomputed result was outside the limits of the GeoTT, meaning it was elongated over a
longer time period.Regardless of these modifications, the laboratory forces were judybe &
reasonable approximation of those computed numerically.

(a) (b)

a0t P4 1 40 Xa

! L L L L I L . . . \ . L
[ 0.02 004 0.06 0.08 0.1 0.12 0 002 004 006 008 01 012 014 016 018 02
Normalised Time (s) Time (s)

Figure8. (a) Calculated forces, (b) Idealised cyclic forces used during testing

2.4 Testing programme

Three main test configurations were considerefb have a better understanding of geogrid
performanceat different locations geogrid was placed between ballast and subballast (Setup A) and
between subballast and subgrade (Setup Bgnchmark tests were undertaken the absence of
geogrid. Finally to investigate theperformanceof geogrid inthe presence of varyingubgrade
stiffness, four CBR values wemssted. Thefive rams (Xa, Xr, Ya, Yr, Za) were used to apgiiic
compressive loadbetween the confining fore@and target forces calculated from the numerical
work towards ballast samples as shownFRigure9 and Figurell. Thebottom ram Zr was held the



position throughout all the tests, recording the reaction forcepy ¢« E&]% S ZE[ v Z |
differentiate between the 2 different rams in ea€uartesian planeThe loading frequency was 6Hz
after the target forces reacheand a total cycle of 350k was achieved.

2.4.1 Setup ABallastsubballastesting
Geogrid {90mm aperturg was installed betweethe ballast and subballast layers for one of the

two tests Figure9). A 200mm thick layer of subballast was compadted density of 200kg/m®
using avibratingplate. Once complete, 300mm of ballasag/placed on top and compacteala
density of #00kg/m°. A reducedscale, reinforced concrete sleepéfigure10) was embedded into
the ballast, which in turn was supported Hye subballast layer. The concrete sleeper was cast
according to BS 1323D(BSI, 2016)The compressive strength thfe concretewas C45/55 MPa. The
sleeperwas trapezoidal in crossection with lengtt250mm width 200mmand a height of 150mm
As a control, the test was repeated in the absence of geogrid to permit a direct compdiieon.
initial forces in all directioeswere heldat 1kNbefore steadilyincreasngto the target forces
described in section 2.3.1t should benoted that all six actuators were controlled independently
anda limitation of the GeoTT control system meant that each had tmbeasedsequentially.
Therefoe the horizontalforces were increasegrior to increasinghe verticalforces This meant
that during the period between when increasing the horizontal force and reachindebieed
vertical force, there was scope for the test sample to expand in thiéicaédirection. This is evident
at the start of the test sample results, where there are localised increases in vertical response
immediately prior to the reaching the full loading condition.

Sleeper \
Yr

500mm

Xa — < Xr

Subballast

Ya

A\
Qo
‘m %

‘ Geogrid TX190L

Zr

Figure9. Test Seup A: Geogridtabilised ballast over sdballast(setup A)
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FigurelO. Reduced scalsleeper (tie) on top of ballasEétup A

2.4.2 Setup BSubballassubgradeesting

A subballast layewvassupported by a subgrade layer. Geoddi80mm apertur¢ was deployed
between subballast and subgrade layers for one of the two téstpifell). Birm[subgrade
(CBR3%)and &tiff-Very stifffsubgrade (CBR%)with a thickness of 300mm was compacted in
accordance with{BSI, 1990a)sing a vibrating platélhe proposed CBR values wareasired using
acone penetrometerOncecompaction had been achievesubballast with height 200mm was
placed on top and compacted to a densityl®00kg/m*(Figure12). As a control, the test was
repeated in the absence of geogridletup B testsvere designed to determine the influence of using
geogridat the locationbetweenthe subballast and subgrad@&heinitial forces in all directioawere
held at 1kNbefore steadilyincreasngto the target forces described in section 2.3.2.

Subballast

500mm

) D— <« Xr

Subgrade

Ya

\ Geogrid TX160

Zr

Figurell Test SetupBand C Geogid stakilised subballast over subgrade
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Figurel2. Subballassurface Getup B

2.4.3 Setup CVaryingsubgradeCBR
The test setup was the same as setup B, how&egrid(160mm apertur@¢was deployed between

the subballast and subgrade layers for all tggtigurell). Four different CBR subgraxeere tested
Roft[subgrade (CBR=2%®irm [subgrade (CBR=3%&tiff-Very stifffsubgrade (CBR=9%) aibry
stiff [subgrade (CBR=14%ach hdathickness of 300mmndwas compacted in accordance with
(BSI, 1990a)sing a vibrating platelhe proposed CBR values wagainmeasured using a cone
penetrometer.Oncecompaction had been achievesubballast witha heightof 200mm was placed
on top and compacted to a density 8800kg/m3. Setup C testwiere designed to determine the
benefits ofgeogridundervaryingsubgradeCBRrather than to benchmark the performance of
geogrid against the ngeogid caseTheinitial forces in all directioawere heldat 1kNbefore
steadilyincreasing tdhe target forces described in section 2.3.2.

3 Results and analysis

3.1 Results interpretation
Vertical, horizontal and overall settlemesdre definedusingEquatiors (t), (U and (V):

Q@égUéO%S:t ;
Waaviaaclodh E S u;
BegaolsibaztiaacEnloacuS8n
Where:

x  issettlement inthe direction of train passage

x (Bissettlement perpendicular to train passage

x Wand U g3 pyethe settlemensin the vertical direction

X

Wasuiaa issettlementin the horizontal direction (combing both parallel and
perpendicular directions)

x U ¢ g adsihe overall settlementdombiningvertical and horizontal directions)

Also, the average settlement improvement af@30k cycless computed & shownin
Equation (. Wsing vertical settlement as an example:
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Where:
X Tggacuigmean vertical settlement improvement

x (sismean vertical settlement during the final 100 data points when the geogrid
was present

x (}gisthe mean vertical settlement during the final 100 data points when the geovail
not present

3.2 Setup AGeogridlocatedbetween ballast and subballast
The settlement response of test setégn the vertical and horizontalirectionsafter 350k cyclegs

shown inFigurel3 and Figureld respectively Alternatively, he overall settlement, which combines
vertical and horizontal directions, is showrFigurel5. The definitions of the various settlement
metrics are shown in sectidh 1, andTable4 summarises the resultsOn each figure, there are

some small higlirequency oscillations which are artefacts induced when smoothing the data during
post-processing.

It was found thathe vertical direction exhibited the largest settlemerftwas 5.2mm
whengeogridwas presenand 7.8 mm without geogrid indicating a 34%eductionwhen using
geogrid Although he horizontal directiorexperienced lower settlement compared to vertictile
performancebenefitwas similafor both (35%). The horizontal settlemerpresented the lateral
inward movement of particles in the sample under cyclic confining staésise point from the
numerical modelThis suggested that the geogpthcedbetween ballast and suballast layer
helpedconfine theballast particlesthus decreasinghe lateralsettiementmovementof the sample
Similar result have beerfoundedin previouswork (e.g.(Brown, Kwan and ThornfR007)and
Indraratna, Ngo and Rujikiatkamjor2013), howeverthesedid not consider the effect of high
horizontal stresses. Ehefore the new test results confirtinat geogrid also offers settlement
benefitsin the presence dfiigh lateral stressedlt should also be noted that some small and
localised settlement recovery was found after 100k cycles. This was attributed satapte
dilation. Similar findings were made for all tests undertaken in this work.
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Figurel3. Vertical settlement$etup A

With geogrid
— — — Without geogrid
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Figureld. Horizontal settlementSetup A
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Average settlement improvement afteB50k cycles
SetupA (ballastsubballast)
Horizontal direction 34%
Vertical direction 35%
Overall 35%

Table4. Settlement comparisonf Setup A

3.3 Setup BGeogridlocatedbetween subballagtnd subgrade
Compared to setup A, setup B was used to investigate geogridrpemnce when placed at the
sulballastsubgrade interfaceThe gttlement regponse of test setup Bn the vertical and
horizontal directionsis shown in Figurel6 and Figurel? respectvely. The overall settlement,
which combines vertical and horizontal directions, is showkigiirel8, while Tableb
summarizes the results.

It is seerthat in absence of geogrid, treibgrade withlower valuesof CBR restgd ina
larger settlement inboth verticaland horizontabirections. In the vertical direction, it was
1.73mmfor the #rm [subgradeand 1.2mm for the 3tiff to Very stiffsubgrade In the
horizontaldirectionit was1.49mm for the firm subgrade and 1Znm for the Stiff to ¥ery stiff[
subgradeHowever, #ter the installation ofthe geogrid, the vertical settlement ifirm [and
Atiff to Very stiffsubgrade consistently decreasbyg 16% and 3% respectively Similarlythe
horizontal settlement inS Z fird [and 3tiff to Very stiffsubgradedecrease by 11%for both
cases.lt should benoted howeverthat a small amount o$ettlement recovey occurred
towards the end of the testThiswas attributed to dilation.

The improvementén horizontal settlement were simildor #rm [and &tiff-very stiff[
subgrade. This suggested that interlock in the horizontal diredtigomovedregardlesf the
subgradestiffness.The improvementen overall settlement were 4% and 2% considering
#rm [subgrade andgtiff-very stiff[subgrade respectivelyff @bleb). Thisresultis similar tathose



from the existing literaturavhich have been performed using constant confining stress
Therefore, fotthis new situation where there areigh lateral stresss, this confirms the benefit
of placing geogridt the subballastsubgrade interface.

0.5 T T T
Firm subgrade with geogrid
— — — Firm subgrade without geogrid
Stiff-Very stiff subgrade with geogrid
0 — — — Stiff-Very stiff subgrade without geogrid
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Figurel6. Vertical settlement (Setup B

Figurel7. Horizontal settlement(Setup B



Figurel8. Overall settlementSetup B

Average settlement improvement afteB50k cycles
(Compared to the results of same subgrade without geogrid

Firm subgrade Stiff-Very stiff subgrade
CBR=3% CBR=9%
Vertical direction 16% 13%
Horizontal direction 11% 11%
Overall 14% 12%

Table5. Settlement compariso(Setup B

3.4 Setup CGeogridperformanceaundervaryingsubgradestiffness
After setup B showethat the geogrid improvedettlement performance when placed at the

subballastsubgrade interface, it was testedjain using aimilar configuration, however in the
presence of varyingubgradeCBR.The &ttlement regponse of test setup Gn the vertical direction,
combinedhorizontal directions and overalis sfown inFigurel19|Figure20land Figure21jrespectively
The total settlements after 350k cycles afgown inTable6

Similar to cases A and Betfastest rate of settlement was found when the total cycles was
low, with someelevatedlocalised gradientsin general this was because theanular particlehad
greatest scope for rearrangementiowever it was exacerbated at a small number of discrete cycles
because thdorce washeing manuallyncreasedowards the target cyclic load, thus introducing
some smalfluctuations This finding is magnified|Figure19tFigure21ldue to using dorizontat
axislog scalewhichat low-cycle countsskews the figure As the test progressedetlement
continued to increase @50k cycles, albeit at a slower rate, indicating that the scope for shakedown
had been almost fully achievebh asimilar manner to the pevious tests howevea small amount
of dilation was observed towards the end of the tests.




It wasalsofoundthat larger settlements occurred inthe vertical drection compared to
horizontal direction. This was true faall subgradee 3] ( (v . Ao, he stiffer subgradesesulted in
lower settlements inall directions Lower stiffness subgrades wemre sensitive to changes in CBR,
with small changes resulting in larger reductions to settlement compared to high stiffness subgrade.
Compared to thesoft subgradd CBR=2%]Jhe improvements in overadlettlementwere 18%, %
and 4% for the firm subgradéCBR=3%¥tiff-very stiff subgradé CBR=9%3and very stiff subgrade
(CBR=14%spectively Therefore it can be concluddtat when horizontal streses are higtthe
benefits of geogricre higher for soft subgradeomparedto very stiff subgrade.

Figurel9. Vertical settlement$etup ¢

Figure20. Horizontal settlemen{Setup ¢



Figure21. Overallsettlementof different subgrade (Setup ¢

Average settlement improvement aB50k cycles
(Compared to the results of soft subgrade with CBR=2%)
Firm subgrade Stgﬁ;/grr;/ dset'ﬁ Very stiffsubgrade
=30 = 0,
CBR=3% CBR=9% CBR=14%

Vertical direction 24% 44% 49%
Horizontal direction 11% 28% 41%
Overall 18% 37% 46%

Table6. Settlement comparisoof different subgradestiffness[ {Setup ¢

4 Conclusion

This report has described a series of experimental tests to determine the potential of geogrids to
confinegranular layers withifallasted railway lines operating at close to critical velodigr this
speed range, dynamic horizonttlesses are greatimagnifiedn comparison to vertical stresses,
however most research assumes they are constémrefore, b investigate this,lree main tests
were performed under highelativelevels of horizontal loading: 1) the performance benefit from
placinggeogrid at theballastsubballasinterface, 2) the performance benefit from placing geogrid
at the subballassubgrade interface, 3) the effect of subgrade stiffness on geogrid performance at
the subballassubgrade interface. Testing was performed usinquique true triaxial apparatus
whichhad the ability to vary stress levetsthe three Cartesian direction€Compared to the control
condition,the geogrid offered a settlement improvement of approximatgbpo when placed at the
ballastsubballast, ad 10-15%when placed athe subballastsubgrade interfaceRegarding

subgrade CBR, it was found thiaé geogrid offered the greatest performance benefits when the



subgrade was soft. Therefore it was concluded thattierballastedrail structuresundertest, when
subject tohigh levels of horizontal stress, geogidduced settlements compared taon-geogrid
solutions.
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