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ABSTRACT: Geogrids are commonly used to stabilise and reinforce ballast, and over the various laboratory tests have 
been carried out to determine how geogrids affect the interface between geogrid and balla st a ggregates. Th is paper 
presents a  critical review and interpretation of the results of large-scale direct shear tests and cyclic tests on key 
parameters such as the interlocking effects of aperture size and the location of geogrids. Field investigations from sites 
at Bulli and Singleton as well as findings from Discrete Element Modelling, including the influence zone of geogrid and 
the linear relationship between geometric anisotropy and stress ratio are examined and discussed. I t  a lso includes a  
presentation and discussion of analytical modelling for quantifying the geogrid reinforcing effect (pull-out tests).   
Keywords: Geogrid; Ballast; Rail Transport; Discrete Element Modelling 

1. Introduction  
Ballasted rail tracks are the major infrastructure catering 
for public and freight transport in many countries. Ballast 
is a  free-draining granular medium designed as a  load-
bearing layer in rail tracks; its main functions are: (i) 
transmitting induced train loads to the underneath la yers 
at a  reduced and acceptable level of stress, (ii) provid ing 
lateral resistance, and (iii) facilitating drainage for tracks 
(Selig and Waters, 1994; Indraratna et al. 2011a). Upon 
repeated train passage, ballast particles are almost free to  
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 the ballast to become fouled, less angular, 
and its shear strength decreases (Indraratna et al 2011a). 
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 cellular reinforcement  
(geocells) and energy absorbing rubber mats. The ability  
of geosynthetics to improve track stability has been the 
subject of numerous experimental and numerical 
investigations (e.g. Kwon and Penman 2009; Biabani et  
al 2016a; 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. Much research 
has been carried out on geogrid reinforced ballast in order 
to understand how geogrids interact with  part icles a nd 
how to optimise it as reinforcement. This paper will 
critically 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 (theoret ical 
aspects and DEM simulations). 

 
Fig.1 Geogrid reinforced railway (Indraratna et al. 2011) 

2. Laboratory Testing 
Brown et al. (2007) carried out several full-scale 
experiments on geogrid reinforced ballast to  determine 
some key factors (aperture size, stiffness, pro file  o f  the 
rib cross section, and location) that influence 
geosynthetic reinforcement. They find that the aspect 
ratio (size of aperture to the mean ballast size) helps to  
quantify the effectiveness of geogrid reinforcement. With 
50 mm ballast, 65 mm aperture has the smallest 
settlement after 3000 cycles loading, which  m eans the 
optimum aspect ratio is 1.3. Hussaini (2013) also carried 
out large scale direct shear tests for geogrids with 
different size apertures; he used the interface ef ficiency 
factor (α) previously defined by Koerner (1998) to 
quantify the degree of reinforcement. This factor is equal 
to the ratio of the apparent shear strength of the 
geogrid/ballast interface to the internal shear strength  o f 
the ballast, hence:  

𝛼𝛼 = tan𝛿𝛿
tan𝜙𝜙

                                                                         (1) 

where, 𝛿𝛿 is the apparent friction angle of the 
geogrid/ballast interface and 𝜙𝜙 is the internal friction 
angle of the ballast.  Hussaini (2013) reports that with 35  
mm ballast the optimum size aperture of geogrid is 42 .5  
mm, which means the optimum aspect ratio is 1.2 in  th is 
case. Although the optimum aspect ratio between these 
two references is different, they both conclude that the 
reinforcement became more effective as the aspect ra t io 
increased, but after reaching its optimum point it became 
less effective as the aspect ratio increased further 
(Indraratna et al. 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 that the overburden 
load needs to be high enough to mobilise the better 
reinforcement provided by stiffer geogrid because with  a  
lower overburden load, stiffer grids will not def orm a nd 
will not form good interlocks.  
Hussaini et al. (2016) carried out several large-scale 
cyclic tests that were instrumented by fibre bragg grating 
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(FBG). They find that the lateral and vertical deformation 
decreased using geogrids, as was the breakage of ballast .  
They also report that the optimum location of geogrid for 
reducing breakage is 130 mm above the subballast. 
However, Brown et al. (2007) carried out two tests with  
geogrids at the bottom and mid depth of the ballast la yer 
and one test with two geogrids at the bot tom a nd m id-
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 a nd I smail (2003) 
reported that the geogrid should be as close as possible to 
the bottom of the sleeper and two geogrid layers give 
better reinforcement than one. Hussaini (2013) reported  
that the friction angle of the grid/ballast interface 
decreased with increasing normal stress, as expected.  
Indraratna et al. (2011b) carried out several la rge-scale 
direct shear tests under different normal stress for balla st  
and geogrid reinforced ballast. Shear stress-strain resu lt s 
measured in the laboratory are shown in Fig. 2. They 
report that the peak shear stress of geogrid reinforced 
ballast is higher than unreinforced ballast for all 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 
conclude that geogrids restrict the movement of ballast , 
and reduce dilation (Tutumluer et al 2012; Biabani et  a l 
2016b). As for compression, since the geogrids a re thin  
and flexible, they will not have very much inf luence on  
compression. They then carried out tests for ballast with  
different degrees of fouling and report that the peak shear 
stress continues to increase as the normal stress increases, 
but it decreases as the degree of fouling increases.  The 
reason why coal fines reduce the peak stress is beca use 
they fill the voids between particles and reduce the 
particle to particle friction. They said the fines lubricate 
the ballast and facilitate the particle’s rolling and sliding. 
Therefore, fouling will increase the effect of 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 
Indraratna and Salim (2003), and the lateral st ress ra t io 
used in TPSA was justified by field measurements at the 
Bulli and Singleton tracks 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 
prismoidal triaxial chamber. The void contaminant index 
(VCI) proposed by Indraratna et al (2010a) is used to 
quantify the degree of fouling, as shown below 

𝑉𝑉𝑉𝑉𝑉𝑉 =
1+𝑒𝑒𝑓𝑓
𝑒𝑒𝑏𝑏

×𝐺𝐺𝑠𝑠𝑠𝑠
𝐺𝐺𝑠𝑠𝑠𝑠

×
𝑀𝑀𝑓𝑓

𝑀𝑀𝑏𝑏
× 100                                        (2) 

where, 𝑒𝑒𝑓𝑓 is the void ratio of fouling material, 𝑒𝑒𝑏𝑏 is the 
void ratio of the fresh material, 𝐺𝐺𝑠𝑠𝑠𝑠 is the specific gravity 
of the fresh material,  𝐺𝐺𝑠𝑠𝑠𝑠 is the specific gravity of the 
fouling material, 𝑀𝑀𝑓𝑓 is the dry mass of fouling materia l, 
and 𝑀𝑀𝑏𝑏 is the dry mass of fresh material.  

 
Fig.2 Direct Shear Test Results (Indraratna et al. 2011b) 
The lateral and vertical displacement of fresh and fouled  
ballast with and without geogrid inclusion were measured 
during the test and revealed that the geogrid reduced the 
lateral and vertical displacement because the part icles 
over geogrid are compressed and penetrated partially into 
apertures to create an interlock between ballast and 
geogrid. This interlock acts as an internal non-horizontal 
deformed boundary that stops the particles from m oving 
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 helps the 
particles roll and slide over each other. They also 
measured the vertical displacement via the linear variable 
differential transformer (LVDT) and settlements pegs and 
found that geogrid reduced the settlement of fresh ballast 
while all the fouled ballast and fresh ballast  rein forced 
with geogrid had the smallest settlement. They also 
reported that all the samples settled rapidly during the 
initial 100,000 cycles, began to gradually deform with in  
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 ballast is rea rranged  
and becomes denser, but after reaching a certain  degree 
of compression, any further loading cannot cause further 
settlement, it only promotes dilation. They also report 
that in terms of the effect of the VCI, the geogrid reduced 
the settlement of the fresh ballast quite sign if icant ly (a  
52% and 32% decrease in terms of lateral a nd vert ical 
deformation). However, an increase in the VCI decreases 
this reduction because when the VCI equals 40%, the 
reduction in lateral and vertical displacement decreased  
by 12% and 5% respectively. Beyond this point of 
fouling, the effect of geogrid can be omitted so they 
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concluded that 40% VCI is the threshold value, beyond  
which geogrid has almost no reinforcing effect on ballast 
and will cause premature dilation. They therefore 
recommended this value as a guide for track 
maintenance. They also carried out a DEM simulation to  
further understand the deformation of fouled balla st  a nd 
the compare it with the lab results. 

 

 
Fig.3 View of TPSA (modified after Indraratna et al. 

2013-with permission from ASCE) 
3. Field Investigations 
Indraratna et al. (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 
behaviour of recycled graded ballast and un ifo rm f resh  
ballast. They installed settlement pegs, displacement 
transducers, and pressure cells to measure the lateral a nd  
vertical displacement, as shown in Fig.4. Since the 
settlement of graded recycled ballast is less than uniform 
fresh ballast, their field measurements show that 
geosynthetics can reduce the lateral displacement of fresh 
ballast by a large amount and recycled ballast reinforced  
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. 
Indraratna et al. (2014) reported their field investigations 
at Singleton where they measured the vertical st ra ins o f  
ballast reinforced by three types of geogrids and the 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. They also find that geogrids reduced vert ical 
settlement by around 35%, thus indicating the apparent  
benefits of reducing maintenance costs. They conclude 
that the optimum size of geogrids with the smallest 
amount of ballast deformation is 1.1 D50. 

 
Fig.4 (a) Placement of settlement pegs and displacement 
transducers; (b) Placement of pressure cells (Indraratna et 

al. 2010a- with permission from ASCE) 
4. Discrete Element Modeling 
Cundall and Strack (1979) proposed a dist inct  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 program called BALL with those from 
a photoelastic analysis, and concluded that th is m ethod 
predicts the behaviour of these assemblies very well. 
DEM has been used by Lim and McDowell 2005; Ngo et  
al 2017b; Huang et al. 2009; Indraratna et al. 2014b, 
among others to model the behaviour of ballast.  
McDowell et al. (2006) developed a discrete element 
model to simulate the pull-out test and cyclic triaxial test  
for ballast reinforced by geogrid. They began by 
simulating unreinforced ballast in a large-scale t ria xial 
test and then validating the results using reported by 
Indraratna et al. (1998). They considered angu larity by  
using clumps consisting of several overlapping spheres to 
model the real shapes of ballast. After comparing the 
DEM results and the results from the experim ents they  
found that 0.8 was the value of inter-particle friction that  
matched the real shear strength of ballast in the 
experiments. However, dilation did occur in some cases, 
which conflicted with compression in the experim ents, 
but they said this is probably caused by  the balla st no t 
breaking in DEM. They carried out several DEM 
simulations with four aspect ratios (1.6, 1.4, 1.1 and 0 .9 ) 
in the pull-out tests under the same 0.5 kN surcharge and 
found the simulation with an aspect ratio of 1 .4 had  the 
highest pull-out force at the smallest strain; they 
concluded that 1.4 is the optimum aspect rat io f or th is 
case. They also found that the average 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 that the 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 then developed a force ratio 𝛽𝛽 to  quan tif y 
the effect of reinforcement. It is defined as the ratio of the 
average contact force in a cuboid 1 cm above and below 
the four intact apertures in the geogrid to the average 
contact force in the cuboid 2 cm a bove a nd below the 
entire cross section. Therefore, according to the variation  
of 𝛽𝛽, there were strong contacts in the middle of two 
geogrids during unloading. 
Ngo et al (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 et al. (2014) reported that the DEM 
simulations show that the 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. 
Chen et al. (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 
developed a new model to combine two layers o f  small 
balls by parallel bonds. They used four types o f  clumps 
(2-ball, 4-ball, 8-ball tetrahedral and 8-ball flaky) to 
simulate the disposal angle. This approached wa s also  
used by Ngo et al. 2016, and Hang et al 2010. The critical 
state angle for the disposal of ballast should be a function 
of the inter-particle friction angle and angularity. 
According to Kwan (2006), they chose 0.6 as the particle-
particle coefficient of friction and also simulated 20 m m 
diameter spheres for comparison. The disposal a ngle in  
the DEM simulations showed that the disposal angles o f 
the 2-ball and 4-ball clumps are consistent with  the real 
disposal angle of around 40°. The disposal a ngles o f  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 factor has almost no influence 
on the initial 20 mm displacement.  
Sufian et al. (2017) used DEM to study how the 
anisotropy of the contact networks influence the internal 
friction angle. They divided all the contact networks in to 
four sub-networks; strong and non-sliding, strong and 
sliding, weak and non-sliding, and weak and sliding. The 
strong and weak contacts are defined by the mean in ter-
particle contact force (Radjai et al. 1998, Thorn ton  and 
Antony 1998; Han at el 2011). If the contact force of this 
contact is higher than the mean inter-particle contact 
force it belongs to the strong contact, but  according to  
Alonso-Marroquín et al. (2005), the contact with the 
friction force that equals the product of the inter-part icle 
coefficient of friction times the normal contact force 

belongs to the sliding contact. So by calculating the 
contribution made by four kinds of contact sub-networks 
they found that the shear resistance comes main ly  f rom 
the geometric anisotropy of the strong a nd  non-slid ing 
contact sub networks, denoted as 𝑎𝑎𝑐𝑐𝑠𝑠𝑠𝑠. They therefore 
concluded that the strong and non-sliding sub-networks 
formed an almost solid structure that forms the main 
shear resistance, while other three contact networks 
formed a fluidic structure to form the mean stress. They 
also found that a  unique linear relationship between  the 
geometric anisotropy of the strong and non-slid ing sub-
networks and the macroscopic stress ratio, as follows: 
𝑞𝑞
𝑝𝑝

= 0.4𝑎𝑎𝑐𝑐𝑠𝑠𝑠𝑠                                                                      (3) 

5. Theoretical Analysis 
Teixeira et al. (2007) reported that the pullout resistance 
has two parts, where one is passive resistance f rom the 
transverse ribs and another is the shear resistance 
between the soil and the surface of the longitud inal a nd  
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 soil and the reinforcement p lan  
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 
reinforcement is equals to a fully rough sheet where the 
friction angle is equals to soil’s friction angle. Thus, the 
pull-out force can be calculated as: 

𝑃𝑃 = 2𝐿𝐿𝐿𝐿𝜎𝜎𝑛𝑛′𝑓𝑓𝑏𝑏 tan𝜙𝜙                                                      (4)   

where, 𝐿𝐿 the length of the geogrid, 𝑊𝑊 is is the length of 
the geogrid, 𝜎𝜎𝑛𝑛′ is the effective normal stress at the 
geogrids surface, 𝑓𝑓𝑏𝑏 is the bond coefficient which is 
limited between 0 and 1. When it is equal to 1, the pu ll-
out force will reach its maximum, and the sk in  f rict ion 
part of the pull-out force is described as: 

𝑃𝑃𝑠𝑠𝑓𝑓 = 2𝛼𝛼𝑠𝑠𝐿𝐿𝐿𝐿𝜎𝜎𝑛𝑛′ tan 𝜉𝜉                                                    (5) 

where, 𝛼𝛼𝑠𝑠 is a  fraction of the area of the rein forcement  
plan, 𝜉𝜉  is the friction angle between the su rface o f  the 
geogrid and the soil. The bearing stress part is determined 
as: 

𝑃𝑃𝑏𝑏𝑏𝑏 = �𝐿𝐿
𝑆𝑆
�𝑊𝑊𝛼𝛼𝑏𝑏𝐵𝐵𝜎𝜎𝑏𝑏′                                                        (6) 

where, S is the size of the geogrid aperture, so 𝐿𝐿
𝑆𝑆
 means 

the number of bearing surfaces in one strip, B is the 
thickness of the grids, 𝛼𝛼𝑏𝑏 is the fraction of available 
bearing area in the total area 𝑊𝑊𝑊𝑊, and 𝜎𝜎𝑏𝑏′ is the effect ive 
stress normal to the bearing surface of the ribs. Jewell et  
al. (1984) developed an equation of a lower est imate o f 
this stress, as given by: 
𝜎𝜎𝑏𝑏′

𝜎𝜎𝑛𝑛′
= tan�𝜋𝜋

4
+ 𝜙𝜙

2
�𝑒𝑒𝑒𝑒𝑒𝑒��𝜋𝜋

2
+𝜙𝜙� tan𝜙𝜙�                         (7)  

Equation 7 shows  that 𝜎𝜎𝑏𝑏′ depends solely on the frict ion 
angle of soil, which is unreasonable so Jewell (1990)  
said the particle size is also an important factor that will 
influence this parameter. He found out that when B/D50 < 
10, D50 is the mean particle size of soil and  𝜎𝜎𝑏𝑏′ will 
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decrease with increasing B/D50, so when B/D50 > 10, it 
will remain constant, as defined by: 

if B/D50 < 10 
𝜎𝜎𝑏𝑏′

𝜎𝜎𝑛𝑛′
= �𝜎𝜎𝑏𝑏

′

𝜎𝜎𝑛𝑛′
�
∞
�20−𝐵𝐵 𝐷𝐷50⁄

10
�                                                (8a) 

and if B/D50 > 10 
𝜎𝜎𝑏𝑏′

𝜎𝜎𝑛𝑛′
= �𝜎𝜎𝑏𝑏

′

𝜎𝜎𝑛𝑛′
�
∞

                                                                  (8b) 

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

𝐷𝐷𝐷𝐷 = 1 −�𝑃𝑃𝑝𝑝 𝑛𝑛𝑃𝑃0⁄ �                                                       (9) 

where, 𝐷𝐷𝐷𝐷 is the degree of interference, 𝑃𝑃𝑝𝑝 is the 
maximum pull-out force for geogrid, 𝑛𝑛 is the num ber o f  
grids, 𝑃𝑃0 is the maximum pull-out force for a  single 
aperture. They then suggested the probable empirical 
equation to calculate DI should consider the number o f  
bearing members in the geogrid, and the size and 
thickness of the apertures.  Jewell (1990) developed  the 
following equation  

𝐷𝐷𝐷𝐷 = �1 − 1
𝑛𝑛
��1 −

(𝑆𝑆 𝛼𝛼𝑏𝑏𝐵𝐵⁄ )
(𝑆𝑆 𝛼𝛼𝑏𝑏𝐵𝐵⁄ )𝜙𝜙

�                                       (10) 

where, (𝑆𝑆 𝛼𝛼𝑏𝑏𝐵𝐵⁄ )𝜙𝜙  means the ideal condition that  makes 
𝑓𝑓𝑏𝑏 reach its maximum limit, which is 1. Note that DI 
increases with an increasing number of ribs, so where 
there are more ribs, there will be a greater difference 
between one of apertures in the geogrids and an iso la ted 
aperture. According to the second part of Equation 9 , DI 
decreases as the size of the aperture increases, and 
increases as the geogrid becomes thicker. Because of the 
degree of interference, Palmeira and Milligan (1989) 
modified the equation of calculating bond coefficient  a s 
below 
𝑓𝑓𝑏𝑏 = (tan 𝜉𝜉𝑠𝑠𝑠𝑠 tan𝜙𝜙⁄ ) 

𝑓𝑓𝑏𝑏 = (1 −𝐷𝐷𝐷𝐷)(𝐵𝐵 𝑆𝑆⁄ )(𝜎𝜎𝑏𝑏′ 2𝜎𝜎𝑛𝑛′⁄ tan 𝜙𝜙)                       (11)                                                    

where 𝜉𝜉𝑠𝑠𝑠𝑠 is the equivalent friction angle between soil 
and geogrid, 𝜙𝜙 is the friction angle of soil. 
6. Conclusions 
This paper reviewed how geogrids improved the 
performance of ballast, as carried out in the laboratory, in 
field investigations, in DEM simulations and by 
theoretical analysis. The laboratory experiments revealed 
several results of large-scale direct shear tests and cyclic 
triaxial tests, where the key parameters that influence the 
reinforcing effect were discussed from recent literature. 
In the second part, several studies on using DEM 
simulate pull-out tests and direct shear tests were 
reviewed, and the new findings of a correlation between 
anisotropic geometry and the stress ratio were rev iewed  
and discussed. This approach is a  promising wa y to do  
research on the interaction between geogrid and particles. 

In the last part, theoretical analysis of pull out tests were 
presented and improvements to the o riginal a naly t ical 
equation were also introduced. This analytical m odel is 
very important for understanding a nd quant ify ing the 
mechanism of geogrid/soil interaction.  
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