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Improved performance of railroad ballast using geogrids
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ABSTRACT: Geogrids are commonly used to stabilise and reinforceballast, and overthe various laboratory testshave
been carried out to determine how geogrids affect theinterfacebetween geogrid andballast a ggregates. This paper
presents a critical review and interpretation of the results of large-scale direct shear tests and cyclic tests on key
parameters suchas the interlocking effects ofaperture size and the location of geogrids. Field investigations from sites
atBulliand Singletonas wellas findings from Discrete Element Modelling, includingthe influence zone of geogrd and
the linearrelationship between geometric anisotropy and stress ratio areexaminedand discussed. It also includes a
presentation and discussion ofanalyticalmodelling for quantifying the geogrid reinforcing effect (pull-out tests).
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1. Introduction

Ballasted rail tracks are the major infrastructure catering
forpublic and freight transport in many countries. Ballast
is a free-draining granularmedium designed as a load-
bearing layer in rail tracks; its main functions are: (i)
transmitting induced train loads to the underneath la yers
ata reduced and acceptable level of stress, (ii) providing
lateralresistance, and (iii) facilitating drainage fortracks
(Selig and Waters, 1994; Indraratnaetal.2011a). Upon
repeated train passage, ballastparticles are almost freeto
move laterally and this leads to the settlement of
subgrade soil (foundation). Significant degradation of
ballast due to track substructures subjected to large cyclic
stresses causes theballastto become fouled, less angular,
and its shear strength decreases (Indraratnaet al20 1 1a).
These issues result in excessive track settlement and

instability, as well as high maintenance costs.

These problems can be mitigated by utilising planer
geosynthetics; three-dimensional cellularreinforcement
(geocells)and energy absorbingrubber mats. The ability
of geosynthetics to improvetrack stability has been the
subject of numerous experimental and numerical
investigations (e.g. Kwon and Penman2009; Biabani et
al2016a;Bathurst and Raymond 1987; Rujikiatkamjorn,
et al 2013), among others, all of whom conclude that
geosynthetics could stabilise ballast and thus reducing
maintenance costs. Fig 1 shows a schematic diagram
where geogrid is used in ballasted tracks. Muchresearch
hasbeen carried outon geogrid reinforced ballast in order
to understand how geogrids interactwith particles and
how to optimise it as reinforcement. This paper will
critica lly examine how geogrids improve the performance
of ballasted tracks. The Authors’ assessment is
categorised into three main parts: laboratory testing, field
investigations, and computational analysis (theoretical
aspects and DEM simulations).
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Fig.1 Geogrid reinforced railway (Indraratnaetal. 2011)

2. Laboratory Testing

Brown et al. (2007) carried out several full-scale
experiments on geogrid reinforced ballastto determine
some key factors (aperture size, stiffness, profile of the
rib cross section, and location) that influence
geosynthetic reinforcement. They find that the aspect
ratio (size of apertureto the mean ballastsize) helps to
quantify theeffectiveness of geogrid reinforcement. With
50 mm ballast, 65 mm aperture has the smallest
settlementafter 3000 cycles loading, which means the
optimum aspect ratio is 1.3. Hussaini (2013) also carried
out large scale direct shear tests for geogrids with
differentsize apertures; he usedtheinterfaceefficiency
factor (a) previously defined by Koerer (1998) to
quantify thedegree ofreinforcement. This factoris equal
to the ratio of the apparent shear strength of the
geogrid/ballastinterfaceto theinternal shearstrength of
the ballast, hence:

__ tané
tan¢

(1)

where, § is the apparent friction angle of the
geogrid/ballast interface and ¢ is the internal friction
angle of the ballast. Hussaini(2013) reports thatwith 3 5
mm ballastthe optimum size aperture of geogrid is 42.5
mm, which means the optimum aspectratiois 1.2 in this
case. Although the optimum aspectratio between these
two references is different, they bothconclude that the
reinforcementbecame more effective asthe aspect ratio
increased, but afterreachingits optimum point it became
less effective as the aspect ratio increased further
(Indraratnaetal.2017).

Brown et al. (2007) report that in experiments with a
lighter overburden, as the geogrid became stiffer, the
extent of reinforcement decreased, but in tests with a
higher overburden, stiffer grids showed better
reinforcement. They thus concluded thatthe overburden
load needs to be high enough to mobilise the better
reinforcementprovided by stiffer geogrid because with a
lower overburden load, stiffer grids will not deform and
will not form good interlocks.

Hussaini et al. (2016) carried out several large-scale
cyclic tests thatwere instrumented by fibre bragg grating
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(FBG). They find that thelateraland vertical deformation
decreasedusing geogrids, as was thebreakage ofballast.
They also report that the optimum location of geogrid for
reducing breakage is 130 mm above the subballast.
However, Brownetal. (2007) carried out two tests with
geogrids at the bottom and mid depth ofthe ballast layer
and onetest with two geogridsatthe bottom and mid-
depth respectively. Their results indicate that the
optimum location is at the bottom of the ballast layer, the
usual position used in the field, and two geogrid
installations did not provide more effective
reinforcement. However, Raymond and Ismail (2003)
reported that the geogrid should be as close as possible to
the bottom of the sleeper and two geogrid layers give
better reinforcement thanone. Hussaini(2013)reported
that the friction angle of the grid/ballast interface
decreased with increasing normal stress, as expected.

Indraratnaetal. (201 1b) carriedout several large-scale
direct sheartests under differentnormal stress for balla st
and geogrid reinforced ballast. Shear stress-strain resu It s
measured in the laboratory are shown in Fig. 2. They
report that the peak shear stress of geogrid reinforced
ballast is higher thanunreinforced ballast forall normal
stresses due to the interlocking effect between geogrid
and ballast. They also report that while geogrids reduce
dilation they have no effect on compression, so they
concludethat geogrids restrict the movementof ballast,
and reduce dilation (Tutumlueretal2012; Biabani et al
2016b). As for compression, since the geogrids are thin
and flexible, they will not have very much influence on
compression. Theythen carried out tests forballast with
differentdegrees of foulingandreportthatthe peak shear
stress continues to increase as the normal stress increases,
butit decreases as the degree of foulingincreases. The
reason why coal fines reducethe peakstress is because
they fill the voids between particles and reduce the
particle to particle friction. Theysaid the fines lubricate
the ballastand facilitate the particle’s rollingand sliding.
Therefore, fouling will increase the effectof dilation.

Indraratna et al. (2013) used a novel track process
simulation apparatus (TPSA) to investigate the
deformation of fouled ballast reinforced with geogrid.
The TPSA was modified based on the design of
Indraratnaand Salim (2003), and the lateralstress ratio
used in TPSA was justified by field measurements at the
Bulli and Singletontracks in Australia. As Fig.3 shows,
there are three key parts: the horizontal and vertical
displacement measure system, the confining stress
controlling system, the axial load system, and the
prismoidaltriaxial chamber. The void contaminantindex
(VCI) proposed by Indraratna et al (2010a) is used to
quantify the degree offouling, as shown below

1+ef

Vel = x L % 100 )
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ep Gsf
where, e is the void ratio of fouling material, e, is the
void ratio of the freshmaterial, G, is the specific gravity
of the fresh material, G is the specific gravity of the
foulingmaterial, My is the dry mass of foulingmaterial,
and M, isthe dry mass of fresh material.
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Fig.2 Direct Shear Test Results (Indraratnaetal. 2011b)

The lateraland vertical displacement of freshand fouled
ballast with and without geogrid inclusion were measured
duringthe test and revealed thatthe geogrid reduced the
lateraland vertical displacementbecause the particles
over geogrid are compressed and penetrated partially into
apertures to create an interlock between ballast and
geogrid. This interlock acts as aninternalnon-horizontal
deformedboundary thatstops theparticles frommoving
freely (Ngo et al. 2017a, Indraratna et al 2016). This
increase in the VCI leads to an increase in lateral
displacement as the coal fines coat the particles and
inhibit surface contact between them. These fouling
materials could provide a lubricating effect that helpsthe
particles roll and slide over each other. They also
measured the vertical displacement via the linear variable
differential transformer (LVDT) and settlements pegs and
foundthatgeogrid reduced the settlement of fresh ballast
while all the fouled ballast and freshballast reinforced
with geogrid had the smallest settlement. They also
reported that all the samples settled rapidly during the
initial 100,000 cycles, beganto gradually deform within
300,000 cycles, and then reached relatively stable
settlement towards the end of cyclic loading (500,000
cycles). They believe this phenomenon indicates that in
the first range of cyclic loading the ballastisrearranged
and becomes denser, but afterreachinga certain degree
of compression, any furtherloading cannotcause further
settlement, it only promotes dilation. They also report
thatin terms ofthe effectof the VCI, the geogrid reduced
the settlement ofthe freshballast quite significantly (a
52% and32%decreasein termsoflateral and vertical
deformation). However, anincrease in the VCI decreases
this reduction because when the VCI equals 40%, the
reductionin lateraland vertical displacementdecreased
by 12% and 5% respectively. Beyond this point of
fouling, the effect of geogrid can be omitted so they



concludedthat40% VCl is the threshold value, beyond
which geogrid has almostno reinforcing effect on ballast
and will cause premature dilation. They therefore
recommended this value as a guide for track
maintenance. Theyalso carriedouta DEM simulation to
furtherunderstand the deformation of fouled balla st and
the compare it with the lab results.
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Fig.3 View of TPSA (modified a fter Indraratna et al.
2013-with permission from ASCE)

3. FieldInvestigations

Indraratnaetal. (2010a) carried out a field investiga tion
at Bulli, New South Wales, Australia to study the benefit
of installing a layer of geosynthetics at the interface
between ballast and sub ballast and also compare the
behaviourofrecycled gradedballastanduniform fresh
ballast. They installed settlement pegs, displacement
transducers, and pressure cells to measure the lateraland
vertical displacement, as shown in Fig4. Since the
settlementof graded recycled ballastis less thanuniform
fresh ballast, their field measurements show that
geosynthetics can reduce thelateral displacement of fresh
ballast bya large amount andrecycledballastreinforced
with geosynthetics performed as well as fresh ballast
without geosynthetic reinforcement. They also concluded
that installing a geocomposite layer at the interface
between ballast and capping can provide internal
confinement and thus reduce the maintenance costs.

Indraratnaet al. (2014) reported their field investigations
at Singleton where they measured the vertical strains of
ballast reinforced by three types of geogridsandthe long
term and transient strain of geogrids against time with
strain gauges. Their measurements indicate that the
reinforcing effect of geogrids is mainly controlled by

their geometric and mechanical properties and the type of
subgrade. Theyalso find that geogrids reduced vertical
settlementby around 35%, thus indicatingthe apparent

benefits ofreducing maintenancecosts. They conclude

that the optimum size of geogrids with the smallest
amount ofballast deformationis 1.1 Dso.
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Fig.4 (a)Placementof settlementpegs and displacement
transducers; (b) Placementof pressure cells (Indraratna et
al.2010a- with permission from ASCE)

4. Discrete Element Modeling

Cundalland Strack (1979) proposed a distinct element
method to model the mechanical behaviour of the
particles assemblies. They developed this method by
modelling the interaction between particles in contact and
the motion of each particle. They then validated this
method by comparing the force vector plots from this
simulation from a programcalled BALL with those from
a photoelastic analysis, and concluded that this method
predicts the behaviour of these assemblies very well.
DEM hasbeenusedby Lim and McDowell2005; Ngo et
al 2017b; Huanget al. 2009; Indraratna et al. 2014b,
among others to model the behaviour of ballast.
McDowell et al. (2006) developed a discrete element
modelto simulate the pull-out testand cyclic triaxial te st
for ballast reinforced by geogrid. They began by
simulatingunreinforced ballast in a large-scale triaxial
test and then validating the results using reported by
Indraratnaetal. (1998). They considered angularity by
using clumps consisting of several overlapping spheres to
model the real shapes of ballast. After comparing the
DEM results and theresults from the experiments they
foundthat0.8 was the value of inter-particle frictionthat
matched the real shear strength of ballast in the
experiments. However, dilation did occurin some cases,
which conflicted with compressionin the experiments,
but they said this is probably causedby the ballastnot
breaking in DEM. They carried out several DEM
simulations with fouraspectratios (1.6,1.4,1.1 and0.9)
in the pull-out tests underthesame 0.5 kN surcharge and
foundthe simulation with an aspectratio of 1.4 had the
highest pull-out force at the smallest strain; they
concludedthat1.4 isthe optimumaspect ratio for this
case. They also found that theaverage shear contact force
reached its maximum point at the geogrid and then
disappeared 20 cm above and below it, and thus
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concluded thatthe maximum reinforcing effect provided
by geogrid is 20 cm above and below it. Finally, they
simulated a cyclic triaxial test with three layers of
geogrid, and thendeveloped a forceratio § to quantify
the effect of reinforcement. It is defined as the ratio ofthe
average contactforce in a cuboid 1 cmaboveand below
the four intact apertures in the geogrid to the average
contactforce in the cuboid2 cm above and below the
entire cross section. Therefore, according to the variation
of [, there were strong contacts in the middle of two
geogrids duringunloading.

Ngo etal(2014)used DEM to simulate large-scale direct
shear tests for fresh and foul ballast reinforced with
geogrid. They also used the Void Contaminant Index
(VCI)defined by Indraratna et al. (2010b) to quantify the
degree of fouling and found that fouled ballast will
reduce the number of broken bonds, which a grees with
the experiment. Ngo etal. (2014)reportedthatthe DEM
simulations show thatthe maximum strain of the geogrid
with a 40% VCI of fouled ballast is less than in the fresh
ballast because the coal fines increase the amount of
contacts between particles and geogrid, thus reducing the
interlocking effect between ballast and geogrid.

Chenetal. (2014)used DEM to simulate large box pull
out tests, but unlike McDowell et al. (2006) they
modelled geogrids by bonding several small balls
together with contact and parallel bonds, and also
developeda newmodelto combinetwo layers of small
balls by parallelbonds. Theyused fourtypes of clumps
(2-ball, 4-ball, 8-ball tetrahedral and 8-ball flaky) to
simulatethe disposalangle. Thisapproached was also
used by Ngoetal. 2016,andHangetal2010. Thecritical
state angle forthedisposal of ballast should be a function
of the inter-particle friction angle and angularity.
Accordingto Kwan (2006), they chose 0.6 as theparticle-
particle coefficientof friction and also simulated 20 mm
diameter spheres for comparison. The disposal angle in
the DEM simulations showedthatthe disposalangles of
the 2-balland 4-ball clumps are consistent with the real
disposalangle of around 40°. The disposalangles of 8-
ball tetrahedral and 8-ball flaky are greater than 40°
because there are some large voids in the ballast caused
by the extra interlock of the complex shape. The
simulation results agree with the results of the
experiments, especially for the initial 20 mm
displacement. They also deduced from the DEM
simulations that the shape factorhas almostno influence
on the initial20 mm displacement.

Sufian et al. (2017) used DEM to study how the
anisotropy ofthe contact networks influence the internal
friction angle. Theydivided allthe contact networks into
four sub-networks; strong and non-sliding, strong and
sliding, weak andnon-sliding, and weak andsliding. The
strongand weak contacts are defined by the mean inter-
particle contact force (Radjaietal. 1998, Thornton and
Antony 1998;Hanatel2011).If the contact force ofthis
contact is higher than the mean inter-particle contact
force it belongs to the strong contact, but according to
Alonso-Marroquin et al. (2005), the contact with the
friction force that equals the productof theinter-particle
coefficient of friction times the normal contact force

belongs to the sliding contact. So by calculating the
contributionmadeby fourkinds of contact sub-networks
they found that theshear resistance comesmainly from
the geometric anisotropy of thestrongand non-sliding
contact sub networks, denoted as a’. They therefore
concludedthatthe strongandnon-sliding sub-networks
formed an almost solid structure that forms the main
shear resistance, while other three contact networks
formeda fluidic structure to form the meanstress. They
also found thata uniquelinearrelationship between the
geometric anisotropy of the strongandnon-sliding sub-
networks and the macroscopic stress ratio, as follows:

%: 0.4a3" 3)

5. Theoretical Analysis

Teixeira etal. (2007) reported thatthe pulloutresistance
hastwo parts, where one is passiveresistance from the
transverse ribs and another is the shear resistance
between the soiland the surface of the longitudinal and
transverse ribs.

Jewell et al. (1984) developed an analytical model to
calculate the pull-out force; their theory has two parts, the
skin friction between the soilandthe reinforcement plan
and the other is the bearing force mobilised by the
transvers ribs in grids. They assumed that these two parts
are independent and additive and the maximum
reinforcementis equals to a fully roughsheet where the
friction angle is equals to soil’s friction angle. Thus, the
pull-out force canbe calculated as:

P =2LWg, fytan ¢ (€))

where, L the length of the geogrid, W is is the length of
the geogrid, o, is the effective normal stress at the
geogrids surface, f, is the bond coefficient which is
limited between0 and 1. Whenitis equalto 1, the pull-
out force willreach its maximum, and the skin friction
partof thepull-outforce is describedas:

Py =2a,LWoytan & ®)

where, a is a fractionof the area ofthe reinforcement
plan, & is the friction angle between the surface of the
geogrid and the soil. The bearing stress part is determined
as:

Ry = (5)Way,Bo; ©)

. . . L
where, S is the size of the geogrid aperture, so S means

the number of bearing surfaces in one strip, B is the
thickness of the grids, «a, is the fraction of available
bearingarea in the totalarea WB, and g, is the effective
stress normal to the bearing surfaceof theribs. Jewell et
al.(1984)developedanequationof a lowerestimate of
this stress, as given by:
!

Z—Z = tan G + %) exp [G + ¢) tan qb] 7
Equation7 shows that g, depends solely on thefriction
angle of soil, which is unreasonable so Jewell (1990)
said the particle size isalso an important factor that will
influence this parameter. He found outthat when B/Dsy <
10, Dsp is the mean particle size of soil and oy, will



decrease with increasing B/Dsg, so when B/Dso> 10, it
will remainconstant,as definedby:

if B/Ds5p<10

2= (@) (™) (8)
and if B/Dsp>10
% = (Z—:)oo (8b)

Palmeira and Milligan (1989) reported that reducing the
space between the bearing ribs decreased the maximum
pull-out force due to interferencebetween thee bearing
members. They therefore defined a term called the degree
of interference which is quantified by comparing the pull-
out force ofthe geogrid and the ideal maximum pull-out
force upon which each grid acts as an isolated grid
without interacting with each other, hence

DI =1—(B,/nP,) ©)

where, DI is the degree of interference, B, is the
maximum pull-out force for geogrid, n isthenumber of
grids, P, is the maximum pull-out force for a single
aperture. They then suggested the probable empirical
equationto calculate D/should considerthe number of
bearing members in the geogrid, and the size and
thickness ofthe apertures. Jewell(1990)developed the

following equation

Dl = (1 _%) (1 _ (s/apB) )

(S/apB)g

where, (S/a;,B)4, means theideal conditionthat makes
fp reach its maximum limit, which is 1. Note that D/
increases with an increasing number of ribs, so where
there are more ribs, there will be a greater difference
between one ofapertures in the geogridsandanisolated
aperture. Accordingto thesecond part of Equation 9, D/
decreases as the size of the aperture increases, and
increases as the geogrid becomes thicker. Because ofthe
degree of interference, Palmeira and Milligan (1989)
modified the equation of calculatingbond coefficient as
below

fb = (tan Esr/tan ¢)
fo = (1 = DD)(B/S)(04/20, tan ¢) (11)

where &, is the equivalent friction angle between soil
and geogrid, ¢ is the friction angle of soil.

(10)

6. Conclusions

This paper reviewed how geogrids improved the
performanceof ballast, as carried outin the laboratory, in
field investigations, in DEM simulations and by
theoretical analysis. The laboratory experiments revealed
severalresults of large-scale direct sheartestsand cyclic
triaxialtests, where the key parameters that influence the
reinforcing effect were discussed fromrecent literature.
In the second part, several studies on using DEM
simulate pull-out tests and direct shear tests were
reviewed, andthe new findings of a correlationbetween
anisotropic geometry andthe stressratiowerereviewed
and discussed. This approach isa promising way to do
research onthe interaction between geogrid and particles.

In the last part, theoretical analysis of pull out tests were
presented and improvements to the original analytical
equationwere also introduced. This analytical model is
very important forunderstanding and quantifying the

mechanism of geogrid/soil interaction.
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