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This paper presents a two dimensional nite element (FE) appach to investigating
bene cial aspects of geogrids in the railway track. The in ences of different factors
including the subgrade strength, the geogrid stiffness, ta placement depth of geogrid,
the effective width of geogrid, the strength of ballast-gegrid interface and the
combination of double geogrid layers were investigated unel the monotonic loading.
The results indicated the role of geogrid reinforcement is ore pronounced over the
weak compressible subgrade. A stiffer geogrid reduces balkt settlement and produces
a more uniform stress distribution along a track. The placeent location of a geogrid is
suggested at the ballast-sub-ballast interface to achievebetter reinforcement results.
Although the width of a geogrid layer should be suf cient to over an entire loaded
area, excessive width does not guarantee additional benes. Higher interface strength
between a ballast and a geogrid is bene cial for effective li@forcement. Increasing
the number of geogrid layers is an effective way to reinforcéhe ballast over weak
subgrades. The results of the limited cyclic FE simulationsevealed the consistency of
the reinforcement effect of the geogrids under monotonic ad cyclic loads.

Keywords: nite element modeling, geogrid, railway ballast, reinforcement mechanism, settlement

INTRODUCTION

Ballasted rail tracks progressively deform in vertical atdrial directions, which cause deviations
from the desired geometry under repeated tra c loadin8€lig and Waters, 19R4A ballast can
deteriorate due to the breakage of angular sharp cornergunyclic loading, which accelerates
the settlement of a trackir{draratna et al., 2005 The di erential settlement of a track reduces
the level of safety of the track and causes signi cant riskams. Therefore, track maintenance,
including tamping and replacement of ballasts, is periodicadiyducted to correct geometry faults
(Esveld, 2001

The ballast layer is often contaminated by fouling agentshsas downward coal spillage
from moving wagons, upward clay migration and internal pddibreakageNimbalkar et al.,
2012; TolouKian et al., 20).8This leads to rapid deterioration along with settlemenftein
combined by the lateral spread owing to less lateral regsgimbalkar and Indraratna, 2016;
Sun et al., 2017 The regular track maintenance operations are needed wdtithcts huge funds
to maintain track in operationsSadeghi et al., 2018, 201t recent years, studies have focused
on the improving con ning pressure on a ballast to reduce thitlsment of railway tracks during
operation (ndraratna et al., 2005, 2013; Lackenby et al., 007
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Various types of geosynthetics have been extensively entploydlodeling
in practice to improve or modify the behaviors of soil, aggtega PLAXIS has demonstrated its success in the limit analysis of
and other construction materials in geotechnical engiimegr geotechnical problemsP(AXIS, 200Y. In this study, a two-
(Ghosh and Madhav, 1994; Moghaddas-Nejad and Small, 199imensional plane-strain nite element model of a composite
Haeri et al., 2000; Raymond and Ismail, 2003; Palmeira,;200@ulti-layer track system, including the rail, sleeper, &sil] sub-
Indraratna et al., 2005 In current practical applications, the ballast and subgrade (as shown Rigure 1), was numerically
insertion of a geosynthetics layer in track substructusn  simulated using PLAXRS.
e ective and economic method for increasing the conning  Only half of the rail track was simulated in the model due
pressures on a ballast and conducting the renewal of a tradk the symmetry of the track. The width and height of the
(Amsler, 1986; Raymond, 1999; Lieberenz and Weisemann, 208Rbgrade is 6 and 3m, respectively. The heights of the sub-
Indraratna and Salim, 2003; Fernandes et al., 2008; Inthara ballast, ballast and sleeper are 150, 300, and 200 mm, reghgcti
etal., 2010, 201%a The gauge length of the track is 1.68m, the length of the
Geogrids have been utilized to reinforce railway trackhalf sleeper is 1.25m, and the side slope of the rail track
substructures since 19808dleman, 1990 Previous laboratory embankment is 1:2. The rail is simplied as a rectangle with
studies Bathurst and Raymond, 1987; Gobel and Weisemanra width of 160 mm and a height of 50mm to ensure that
1994; Raymond, 2002; Shin et al., 2002; Brown et al., 20@Fe total area is equivalent to the Australian 60 kg/m rail
Indraratna et al.,, 201)aand eld studies (ndraratna et al., (Doyle, 198\
2010, 2014a)thave demonstrated the successful application of The nodes along the bottom boundary of the section were
geogrids in track reinforcement. Limited numerical simiidas  considered to be standard and xed. The left and right bournes
have been conducted to analyze the reinforcement mechaniswere restrained in horizontal directions to represent snioot
of geogrids in railway tracksr(draratna et al., 2007; Jirousek contact in the vertical direction. The rail was restrainedthe
et al., 2010; Chen et al.,, 2012; Indraratna and Nimbalkahorizontal direction to simulate the connection betweereth
2013. The discrete element models are usually applied tsleeper and the rail.
capture the particle-scale mechanism and interface behavior The geogrid in the model was created with the Geogrid
using geosyntheticsian et al., 2011; Tutumluer et al., 2012; NgoElement provided by PLAXEB, and the interface elements along
et al., 2017; Gao and Meguid, 2)1However, these models are each side of the geogrid were created to simulate the irtierac
not able to capture the overall track responsedt al., 2018 A relationship between ballast and geogfid A XIS, 200Y.
generally accepted method or standard for the design or rahew The geogrid was initially placed at the ballast/sub-ballast
of railway tracks with geogrids is lacking. interface in the model; however, di erent placement locations
In contrast to laboratory and eld investigations, the were also considered at di erent phases during the simulation
numerical method is a convenient and economical method
for investigating the mechanical behaviors of geogrids anfParameters
the surrounding components of track substructures. Thug th Material Parameters of Main Components
main objective of this study was to employ a nite elementThe material parameters and constitutive models that were
(FE) model to improve the comprehensive understanding obmployed for the main components of the model are listed
the geogrid reinforcement mechanisms of railway ballastn Table 1, and the ballast was simulated using a hardening
In uencing factors such as the subgrade strength, the gdogrsoil model, which is suitable to describe the behavior of
sti ness, the placement depth of a geogrid layer inside a Hallass ballast under wheel loadinginfraratna et al., 2012;
the e ective width of a geogrid layer, the strength reduction|ndraratna and Nimbalkar, 20)3 The parameters are
factor of the geogrid/ballast interface and the e ect of di®ub chosen based on the actual measurement data of ballast
geogrid layers were considered. Subsequently, the reef@@nt  pehavior as observed in the laboratory testsd(aratna and
performance of a geogrid and the in uences of these factorewe Nimbalkar, 2013 and eld trials (Nimbalkar and Indraratna,
illustrated based on the simulation results. The simulatiesults  201§. The numerical model is an extension of previous
of cyclic loading was compared with eld data to explore ballasworks (ndraratna and Nimbalkar, 2011; Nimbalkar and
behavior under repeated train loads. Indraratna, 201} and results are in agreement with these
numerical studies. The accuracy and reliability of the made
thus demonstrated.
ESTABLISHMENT OF FE MODEL
Subgrade Strength
The FE method has been proven to be a useful and e ectivghe strength parameters of di erent typical subgrades, inoigd
method for analyzing the behaviors of track structurésllg poor, fair, good and rocky subgrades, are listedable 2 they
and Waters, 1994; Esveld, 2).0The authors have performed a were considered in the simulations to explore the in uence of
series of fundamental numerical simulations, which focuea  subgrade strength.
the behaviors of ballasts with and without geosyntheticing
plane-strain track modelsir{draratna et al., 2007; Indraratna Axial Geogrid Stiffness
and Nimbalkar, 2018 Thus, this study can be considered as ariThe axial geogrid sti ness always di ers by the factors of the
extension of the authors' previous studies. aperture dimensions, the tensile strength of the manufacture
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FIGURE 1 | Finite element mesh discretization of a rail track substruare.

TABLE 1 | Material parameters and constitutive models in the nite elment

analysis (ndraratna et al., 2019.

TABLE 2 | Material parameters and constitutive models for subgradegadapted
from Khordehbinan, 2009).

Parameters Rail Concrete Ballast
sleeper

Sub-ballast

Material model  Linear elastic  Linear elastic Hardening $oiMohr-Coulomb

Material type Non-porous  Non-porous Drained
E (kN/m?) 21,000,000 10,000,000 -
EL{(kN/m?) - - 21,340
E{Jeefy(kN/mz) - - 21,340
El¢ (kN/m?) - - 64,020
(kN/m3) 78 24 15.6
0.15 0.15 -
ur - - 0.2
¢ (kN/m?2) - - 0
) - - 58.47
) - - 12.95
Pref (KN/m?) - - 50
m - - 0.5
kge - - 0.3
Re - - 0.9
Rinter - - 1

Drained
80,000

16.67
0.35

E D elasticity modulus, %f D secant stiffness at 50% strength for loading conditions,
E{ﬁf D triaxial unloading/reloading stiffness, gd D tangent stiffness for primary
oedometer loading, D unit weight, D Poisson's ratio for loading conditions, yr
D Poisson's ratio for unloading/reloading conditions, cD effective cohesion, D
effective friction angle, D dilatancy angle, pef D reference con ning pressure, mD
stress dependent stiffness factor, §° D coef cient of earth pressure at rest for normal
consolidation, R D failure ratio and Ryer D strength reduction factor in the interface.

Parameters Poor Fair Good Rocky

Material model  Mohr-Coulomb Mohr-Coulomb Mohr-Coulomb Mar-Coulomb

Material type Drained Drained Drained Drained
E (kN/m2) 12,500 25,000 80,000 3,000,000
(kN/m3) 16 17 18 19
0.4 0.3 0.3 0.2
¢ (KN/m?) 15 10 0 1,500
() 12 20 30 20
) 0 0 0 0

Placement Depth of Geogrid Layer

The placement depth of the geogrid layer inside the ballast
was initially set at the ballast/sub-ballast interface ire th
model, i.e., 300mm below the sleeper. Other placement
depths inside the ballast were also considered in the
simulations (i.e., 50, 100, 150, 200, and 250mm below
the sleeper).

Effective Width of Geogrid Layer

The e ective width of the geogrid layer was initially
set to 2.2m when the geogrid layer was placed at
the ballast/sub-ballast interface in the model. To

material and the rib thickness. Thus, tB&values of the geogrids investigate the inuence of width, eective widths of

in the simulations were varied for comparison purposes (E&.,

D 275, 525, 775, 1,025, and 1,275 kN/m).

the geogrid layer of 0.4, 0.8, 1.2, 1.6, and 2.0m were
also considered.
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TABLE 3 | Parameter setting for the monotonic loading cases. TABLE 4 | Results of Case 1 with respect to the factor of subgrade stregth.

Case Subgrade EA (kN/m) D (mm) B (m) Rinter Subgrade type Sty (mm) Sir (mm) 1S; (mm) R (%)

1 PF G, R 525 300 2.2 1 Rocky 2.6 2.7 0.1 22

2 PFG,R varyind® 300 2.2 1 Good 8.4 8.2 0.2 2

3 PFG,R 525 varying  Varying withDd 1 Fair 22.1 20.4 1.7

4 PFG,R 525 300 Varying® 1 Poor 37.1 31.8 5.3 14

5 PFG,R 525 300 2.2 Varyind - _ - -
3this negative result of R over Rocky subgrade might be caused by the compressicof

6 pa 525 300C2009 2.2 1

the geogrid layer in the model.

a“P, F, G, R” stands for Poor, Fair, Good and Rocky, respectively.
bincluding the values of 275, 525, 775, 1,025, and 1,275.

Cincluding the values of 50, 100, 150, 200, 250, and 300. ANALYSIS AND DISCUSSION OF
dsmall differences of the width of geogrid layer were caused by chaging the placement

of geogrid layer inside the ballast due to the side slope of the rail trackngankment. MO N OTON IC LOADI NG R ESU LTS

®including the values of 0.4, 0.8, 1.2, 1.6, 2.0, and 2.2.
fincluding the values of 0.4, 0.6, 0.8, and 1.0. The reinforcement e ect of a geogrid can be evaluated by the
9double geogrid layers with placement depths of 300 and 200 mm. reinforcement ratdRk. which was calculated by

rp % 100%03i 100% 2)

Strength Reduction Factor of Geogrid Interfaces Su u

The strength reduction faadﬂ”.‘e’ de nes the pehaviors of the whereS, and S; D the settlement on the top of ballast (below
interfaces between the geogrid and the adjacent componen}ﬁ.e rail) without and with geogrid reinforcement, artl§ D

Thls. para_lmeter Is_in uenced by_ the complex _mteractlonthe settlement di erence on the top of the ballast with the
relationship between the aperture size of the geogrids, teamm S
geogrid reinforcement.

particle size of the soil materials, the physical propertieshef t
geogrids and the mechanical behaviors of the sdaisddhue Subgrade Strength

etal., 2001; Brown etal., 2007; Indraratna et al., p(llierefore, e results forSu, Sr, 1S, and R of Case 1 are presented
the values oRinter, including 0.4, 0.6, 0.8, and 1.0 (rigid), werej, Taple 4 Improved geogrid reinforcement performance was
considered to investigate the in uence of the interacti@iween  pserved over the weaker subgrades, which can be explained by
the geogrid and the ballast on the reinforcement e ect. the geogrid reinforcement mechanisms. The subgrade switie
determined the deformations of other track components and
subsequently mobilized the tensile/interlocking capacity hef t
geogrid Kwon and Penman, 2009
To illustrate the in uence of subgrade strength, the veitica
deformations of the subgrade surface over the di erent saldgs
in the reinforced models in Case 1 are plotted Figure 2
®rhe maximum axial forces on the horizontal direction in the
geogrids Faglmax over dierent subgrades in the reinforced
models are plotted irFigure 3. As expected, the larger surface
#D 1C5.2Vv=D (1) deformation of the subgrade appeared over the weaker subgrade
Consequently, the di erent axial forces in geogrids weraliced
by the corresponding subgrade deformations. The dierent
wherev D vehicle speed (km/h) anD D wheel diameter (mm). extents of the interlock, con nement and load distributioreets
A Py value of 178.71 kN was considered to simulate a train speadere subsequently observed. Therefore, the subgrade #treng
of 80 km/h and a wheel diameter of 970 mm. is an important factor of geogrid reinforcement performance.
Better geogrid reinforcement performance can be expected ove

. the weak subgrades due to the greater compressibility of the
Calculation Cases weak subgrades.

The following factors were investigated in this study: the

subgrade strength, the geogrid stinesgA), the placement Geogrid Stiffness

depth of the geogrid layer inside the ballal)(the e ective The results foR and (Fag)max Of Case 2 are plotted iRigure 4
width of the geogrid layerR), the strength reduction factor of An approximately linear relationship betwed® and EA was
the geogrid/ballast interfacefRftr) and the e ect of double observed, i.e., increasing the geogrid stiness increased t
geogrid layers. To avoid the complex interaction e ects amongnhanced reinforcement ratez{g)max almost linearly increased
the factors, the simulation investigation was divided irdix by increasingEA Subsequently, additional reductions of the
calculation cases. Details of the parameter settings oéflaesors  deformations and more uniform stress distributions in the
for each case are presentediable 3 surrounding soil layers can be expected with a sti er geogrid.

Load Determination

The equivalent dynamic wheel lody is empirically expressed
as the static wheel loaks times the dynamic impact factos
(Je s and Tew, 1991; Sun et al., 2DTBhe American Railroad
Engineering Association (AREA) formula was applied in th
calculation of the impact facta (Je s and Tew, 1991
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FIGURE 3 | Maximum axial forces in geogrids over different subgrades ithe
reinforced models (Case 1). . .
( ) this study recommends that geogrids should be placed near the

bottom of a ballast, which is consistent with practical soloso

in the eld, in which the geogrid layer is usually placed at the
This may be attributed to the fact that the geogrid with aballast/sub-ballast interface to protect geogrids from dgmdue
higher sti ness value produced greater axial force and lessile 10 tamping maintenance. Some research results also suggested
deformations under the same vertical load. Consequentlg, t that the optimum placement depth for the geosynthetics inside a
reinforcement e ects were enhanced due to the higher geogri@@llast should be varied for di erent conditionS0leman, 1990
stiness. The inuence of subgrade strength on the geogrioBrOW” et al. (20073uggested the bottom of a ballast layer as an
reinforcement was observed, i.e., better reinforcementtse OPtimum placement location for geogrids.
were achieved over the weaker subgrades. In addition to the
geogrid sti ness, the performance of the geogrid reinforcatme Effective Width of Geogrid Layer
is also dependent on the subgrade strength. The results forR of Case 4 are plotted ifFigure 6A. The

reinforcing function of the geogrid over fair and poor subdes
Placement Depth of Geogrid Layer was not activated until the e ective width of the geogrid laye
The results folR and (Fag)max Of Case 3 are plotted iRigure 5. exceeded 1.2m, which was almost equal to the length of the
The reinforcement rates over the fair and poor subgradebkalf model sleeper. Subsequently, higher reinforcemergsrat
increased with an increase in the placement depth of the geogrivere observed in the width range of 1.6-2.0 m for the geogrid
layer inside the ballast. The peak values of the reinforcémefayer. However, the peak value of the reinforcement rate wés n
rates over poor and fair subgrades occurred within the placgme observed at the maximum width of 2.2 m. Therefore, a su cient
depth range of 250-300 mm, which is located near the bottorwidth of the geogrid layer is essential for the reinforceinen
of the ballast layer.Fag)max increased with an increase b, however, excessive width does not provide signi cant bene t
and the maximum value offag)max Was obtained over the poor  To investigate the loaded area of the location where the
subgrade due to the maximum subgrade deformation. Theegforgeogrid was placed, the normal strain&)( on the top of
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(Indraratna et al., 2013a
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FIGURE 7 | Reinforcement rate and maximum axial force in geogrids with FIGURE 8 | Reinforcement rate and maximum axial force in geogrids with
respect to the factor of strength reduction factor (Case 5)(A) reinforcement respect to the factor of geogrid layers (Case 6)(A) reinforcement rate;(B)
rate; (B) maximum axial geogrid force. maximum axial geogrid force.

The value ORinter in uences the interaction between a geogrid depth ofthe geogrid Iayers inside the ballast. Better reagiment
and a ballast. Generally, tighter interaction between ggdand ~ Performance was observed when the geogrid layer was placed at
a ballast may produce a higher axial force in the geogrid. Thughe ballast/sub-ballast interface when the single gedgyier was
the (Faglmax values of Case 5 are plottedfigure 7Bto show the considered in the simulation. The reinforcement rate irased
in uence of Riter. The values offagmax 0ver the rocky and good with an increase in geogrid stiness. These observations are
subgrades did not signi cantly change, i.e., the reinforeat — consistent withFigures4 5. However, better reinforcement
e ect of the geogrid over these sti subgrades can be disegr Performance was achieved by the double geogrid layers. &hus,
Thus, the variation inRner did not provide any pronounced increase in the number of geogrid layers is an e ective mefiood
improvement of the settlement of the ballast. Distinctinoents ~ reinforcing the ballast over weak subgrades besides isicrgthe
of (Fag)max Were not observed wheRner varied in the range of geogrid sti ness.
0.6—1.0 over the poor and fair subgrades. This trend is ctergis ~ The (Faglmax Values of Case 6 are plotted Hfigure 8B
with the trends of the reinforcement rates that are preserited The value of Eaglmax in the geogrid of “S-300” was larger
Figure 1Q which reveals that thRer may have less in uence on than the value of Kag)max in the geogrid of “S-200," which
the reinforcement performance than the remaining factors an indicated that better reinforcement results can be expeatieen
additional laboratory tests and eld investigations areeded to  the same geogrid layer was placed at the ballast/sub-ballast
comprehensively understand the interaction between a geogrinterface instead of inside the ballast over the poor subgrad

and a ballast. This observation corresponds fgure 5and demonstrates the
) feasibility of Eag)max in analyzing the geogrid reinforcement
Double Geogrid Layers e ect of a ballast.

The poor subgrade conditions were considered in Case 6. The As aresult of the double geogrid layers, the reinforcematg r
corresponding reinforcement rates for each single geogyidrla signi cantly increased. However, the reductions &hd)max in
and the double layers are plottedfigure 8A. In this gure, “S”  each geogrid layer of “D-200” and “D-300" are distinct complare
denotes the condition of a single geogrid layer in the model; “ with the reductions of Eag)max in €ach geogrid layer of “S-200"
denotes double layers; and “200” and “300” denote the plasemeand “S-300.” As both of the geogrid layers contributed to the
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by two geogrid layers (similar to Case 6Table 3 i.e.,D D 200
and 300 mm), were considered in the simulation.

Results of Cyclic Loading Simulation

The calculation results d&,, S and R during the 100,000 load
cycles are plotted ifrigure 10including the result of load cycle
of 1, 10, 100, 1,000, 10,000, 50,000, and 100,000. Thensettle
on the top of the ballast layer kept increasing during loadifige
stable zone of the unreinforced track model cannot be olestrv
within the 100,000 load cycles. Conversely, the settlemetite
top of the ballast layer of the track model, which was reinéar
by the single geogrid layer, attained a constant value aft@000
load cycles. Better reinforcement performance is obserneeiu
the conditions of the track model that was reinforced by dieub
geogrid layers, and a very slight settlement di erence o@ar
during loading.

The logarithmic trend lines for the two series of reinforoemt
rates are shown irFigure 10B and the regression equations
are displayed irFigure 10B Indraratna et al. (2011kguggested
a logarithmic equation for determining the rail track veai
deformation based upon the laboratory ndings

FIGURE 9 | Cyclic loading details.

load bearing, the axial forces in each geogrid layer reduneér
the same loading, which is also bene cial for the load begrin

capacity of the ballast and the geogrids. Thus, double oripialt Su D cC d(InN) )
geogrid layers are more e cient for the reinforcement of dlaat
if cost is not considered. whereS is the settlement of the ballast accumulated aftéoad

cyclesc is the settlement after the rst load cycle, adds an
empirical constant that is dependent on the initial densityl|dmst

COMPARISON OF FIELD BEHAVIOR WITH and reinforcement type and moisture content. The simulation
NUMERICAL PREDICTIONS results in this study indicate that the reinforcement rafetioe

Modeling of Cyclic Loading Simulation geogrid can be described by the similar equation

The calculation results of the monotonic loading revealed n Ry D aC b(InN) (4)
distinct enhancements of the reinforcement e ects over gock

and good subgrades and the possibility of collapsing failare f \yhereRy is the reinforcement rate of the geogrid layers after
the poor subgrade under long-term repeated loads due to thRad cycles and andb are the empirical constants that depend
relatively weak strength. Therefore, the track model olierfair  on the mechanical properties of the ballast, the subgradegtine

subgrade was adopted in the cyclic loading to investigate th@e geogrid sti ness and the number of geogrid layers.
reinforcement e ect of the geogrid under repeated train loads

The sinusoidal cyclic load (as shownfigure 9) was applied. Comparison With Field Data
The loading frequency was set to 15 Hz to simulate a trainelrav The simulation results of the cyclic loading is compared with
speed of 80 km/hI(idraratna et al., 2007 The minimum value the measured data from a eld trial at a site near Bulli in New
of cyclic load was set to zero because the overburden pressiBeuth Wales, Australidri{draratna et al., 20)0The settlements
caused by the rail-sleeper assembly was already consideredunder the rail at the section of the fresh ballast with and
the gravity generation by PLAXIS. The peak value of the cycliwithout geocomposite reinforcement during the rst 120,000
load was set to 125 kN, which was equivalentRp as the load cycles are plotted iRigure 11A The reinforcement rate of
impact caused by the di erent train travel speeds was alreadjne geocomposite, its logarithmic trend line and the regass
considered in the simulation by the loading frequency. Thesquation are displayed iRigure 11R
maximum loading number of cyclic load was 100,000 as the The comparison ofFigure 10 with Figure 11 indicates
ballast usually enters the stable zone and the settlemetiteof that the simulation results for the ballast settlement ot th
ballast insigni cantly changed after 100,000 cycl&kiij et al., unreinforced track over the fair subgrade was relativetgda
2002; Indraratna and Nimbalkar, 20113 than the eld measurement data. The reinforcement rates

The geogrid stiness of 525 kN/m, which was adopted infor the geogrid layers, which were obtained by the cyclic
the cyclic simulation, was obtained from the actual mecbahi loading simulations, were more pronounced than the eld
properties of the biaxial geogrid with an aperture size ofmeasurementdata. This nding can be explained by the di erent
40 mm (ndraratna et al., 2007 Cubical tests byndraratna and mechanical properties of the track components, the physical
Nimbalkar (2013)also reported afEA of 360 kN/m for a biaxial properties of the geosynthetics (tBé value of the geocomposite
geogrid with an aperture size of 40 mm. The conditions of thavas approximately 390 kN/m according tmdraratna and
unreinforced track model, the track models reinforced byngke  Nimbalkar, 2013 and the cyclic parameters of the train
geogrid layer (at the ballast/sub-ballast interface) aidforced loads between the simulations and the eld conditions. Thus

Frontiers in Built Environment | www.frontiersin.org 8 May 2019 | Volume 5 | Article 69



Jiang and Nimbalkar Capturing Effects of Geosynthetic Inclusions

FIGURE 10 | Results of cyclic loading:(A) settlement of ballast layer over fair
subgrade; (B) reinforcement rate of single and double layers of geogrids. FIGURE 11 | Measured settlement data of the fresh ballast sections at #site
near Bulli, NSW, Australia (modi ed afteindraratna et al., 2010:

(A) settlement of the ballast layers with and without geocompoite
reinforcement; (B) reinforcement rate of geocomposite.

additional studies are needed to improve the understandihg o

the complex relationship between the behavior of a balladt an

these factors. o _ degradation of the ballast aggregates caused by the corenem
However, similar trends of the reinforcement rates for thegf the geogrids has not been considered.

geosynthetics are shown Figures 10 11, i.e., both the results  The strength reduction factoRper is in uenced by the

of the cyclic loading simulations and the eld measurementsgomplex relationship between the aperture size of geogrids, th

can be successfully described by Equation (4). The paras®termean particle size of a ballast, the physical properties of gégri

andb in Equation (4) should be varied in every case due to thng the mechanical behaviors of a ballast. Therefore, it

variation in the mechanical properties of the ballast, thegsatle  experimental research is needed to correctly de ne the biergv

strength, the geogrid sti ness and the number of geogridiaye of the interfaces in the simulations.

The results indicate the successful application of PLAXIS for A complex relationship exists between the ballast behavior and

simulating and predicting the behaviors of reinforced ra@w cyclic loads. The degradation and breakage of a ballastmagre

tracks under cyclic loads. _ _ considered in the simulation. Therefore, additional sesliare
The double geogrid layers were more e ective than the singleeded to investigate the ballast behaviors and the reiafoent

geogrid layer and were bene cial for the load bearing capaifit ¢ ¢t of geogrids under cyclic loads of varied amplitude and

the ballast and geogrids. The simulation results of the ntoniz¢  \/3ried frequency. Three-dimensional simulations and Diter

loading indicate that double or multiple geogrid layers arerem  Element Method (DEM) may provide a better understanding

e cientfor the reinforcement of a ballast if costis notcadsred.  of the long-term geogrid reinforcement e ects of railway laat

under cyclic train loads.

LIMITATIONS OF THIS STUDY
CONCLUSIONS

The variations of the parameters of subgrade strength were

considered in the simulations, which revealed the importaniThe FE simulations that were conducted in this study in\gegted
role of subgrade in the reinforcement of geogrids. Howetler, the geogrid reinforcement e ect on a railway ballast that was
e ect of the strength parameters and the constitutive models o$ubjected to monotonic loads. The reinforcement mechasisin
ballast and sub-ballast warrant evaluation. The reductiothe a geogrid and the in uences of di erent factors, includingeth
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subgrade strength, the sti ness, placement depth and e ective bene cial to reinforcement performance. However, the e ect
width of a geogrid; the strength reduction factor of the iriteces of Rinter is relatively insigni cant compared with the results of
between a geogrid and a ballast; and the combination of the factor of subgrade strength.
double geogrid layers, were discussed based on the nurhericg Additional geogrid layers can provide a better reinforesin
simulation results. The following conclusions are obtalifieom e ect on the ballast. Thus, increasing the number of geogrid
this study: layers is an e ective method for reinforcing a ballast over
weak subgrades and increasing the geogrid sti ness.
ﬁ) The reinforcement rate of the geogrid layers under cyclic
loading can be described by a logarithmic equation. However
the parameters in this equation should be varied based on the
conditions of each case under di erent cyclic loads.

a) The reinforcement mechanisms of geogrids comprise th
interlock, con nement and load redistribution. The intexdtk
is the most important reinforcement mechanism of geogrids.
The geogrid reinforcement reduces the lateral deformation
of a ballast and provides a more uniform vertical stress
distribution in the soil layers.

b) Better reinforcement performance of geogrids was observeDATA AVAILABILITY
over the weak subgrades due to the relatively larger
subgrade deformation. All datasets generated for this study are included in the

c) A geogrid with higher stiness produces greater axialmanuscript and/or the supplementary les.
force and less tensile extension under the same train load.

Consequently, a more uniform load distribution and lessSAUTHOR CONTRIBUTIONS
vertical deformation in a ballast can be expected.

d) The suggested optimum placement location of a geogrid layeN elaborated the paper guidelines and corrected the paper. YJ
is the ballast/sub-ballast interface. This depth is pratticgrepared the paper draft.
for the application of a geogrid in a railway track and
can provide protection for geogrids from damage due tc)ACKNOWLEDGMENTS
track maintenance.

e) To achieve better reinforcement performance, the width ofrhis study was made possible by the 2011 Endeavour Research
a geogrid layer should be sucient to cover the loadedAward (Endeavour Research Fellowship) from the Australian
area at the location where the geogrid layer is placedsovernment Department of Education, Employment and
However, excessive width of the geogrid layer does nddorkplace Relations (DEEWR), and help from Prof. Buddhima
provide additional bene ts. Indraratna and Associate Professor Cholachat Rujikiatkamj

f) Generally, a higher value of the strength reduction factoof University of Wollongong. The authors acknowledge
Rinter for the interfaces between the geogrid and the ballast iheir support.
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