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1 INTRODUCTION 

In recent years, demand for rail travel has increased 
significantly due to ever growing demand from ur-
ban population and industry sector. Design maxi-
mum axle loads have increased over time, from 13.6 
tons in 1880 to 22.5 tons in 1906 to 35.7 tons in 
1998 (AREMA 1998) to 39 tons today. In addition 
to increasing axle loads, train traffic is increasing at 
the rate of about 20 million train miles per year 
(Sweedler 1999, Bilow and Randich 2007). 

Two types of rail tracks, viz. ballasted and slab,
are most common; former being used in majority of 
networks while later being adopted along high-speed 
rail corridors. The slab track construction costs are 
30% to 50% higher than for standard ballasted track 
(Bilow and Randich 2007). The ballasted tracks are 
constructed on compacted granular embankments 
overlying the natural subsoil. Rail-sleeper assembly 
(i.e. track superstructure) is the most obvious part of 
a rail track, but the track sub-structure is equally as 

important in ensuring a safe and comfortable ride for 
the train and its passengers or freight (Selig and Wa-
ters 1994, Esveld 2001).

The quality of granular embankments, comprising 
of ballast and subballast layers, is important in en-
suring a safe and comfortable ride for the train and 
its passengers or freight. However these embank-
ments deform and degrade substantially under the 
heavy train traffic, which may lead to a loss of track 
geometry (Indraratna et al. 2013, 2014e, 2016, Sun 
et al. 2016). The need for substructure maintenance 
stems from the development of excessive track ge-
ometry deviations resulting from irrecoverable de-
formations in the ballast, subballast, and subgrade.
The continuous degradation of ballast causes sharp 
angular particles to degrade into relatively less angu-
lar or semi-rounded grains, thereby reducing inter-
particle friction. This reduced inter-particle frictional 
resistance decreases the track bearing capacity (Mar-
shal 1973, Indraratna et al. 2010). Track stiffness 
play significant role on track settlements and track 
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geometry faults (Burrow et al., 2007; Banimahd et 
al., 2013, Nimbalkar & Indraratna 2016). 

During normal train operations, regular harmonic 
stress patterns are exerted on track substructure in-
cluding ballast. However, abnormalities in the 
wheels and/or rails impart high impact stresses onto 
the tracks and accelerate damage to track elements. 
These irregularities are distinct in nature and can 
cause train wheels to impose impact forces onto the 
rail (Bian et al., 2013; Indraratna et al., 2014a,b). At 
bridge approaches, road crossings, and track transi-
tions such as where concrete slab tracks merge into 
ballasted track, or vice versa, these abrupt changes in 
stiffness lead to high impact forces that accelerate 
track degradation (Li & Davis, 2005). The use of re-
silient mats (shock mats) at such locations can atten-
uate impact forces substantially (Jenkins et al., 1974; 
Nimbalkar et al., 2012a,b, Schneider et al. 2011).  

The applications of geosynthetics in two-
dimensional (Selig & Waters 1994, Koerner 1998, 
Raymond 2002, Indraratna and Salim 2003, Brown 
et al. 2007, Liu et al. 2009, Indraratna and Nimbal-
kar 2013, 2015, Indraratna et al., 2014d, Woodward 
et al. 2014) and three-dimensional forms (Lesh-
chinsky and Ling 2013, Hegde and Sitharam 2014, 
Tafreshi et al. 2014, Indraratna et al., 2015) is well 
known. However, only a few studies have assessed 
the relative benefits of geosynthetics and shock mats 
under in-situ track conditions. Therefore, extensive 
field trials on sections of instrumented railway track 
at Bulli and Singleton, New South Wales (NSW), 
Australia have been conducted. This paper discusses 
details of the instrumentation and monitoring pro-
cesses, as well as the findings from these unique 
field studies.   
 

2 FIELD STUDY AT BULLI 
 
Geosynthetics have been widely and successfully 
used in new rail tracks and in track rehabilitation 
schemes for almost three decades (Selig and Waters 
1994, Koerner 1998). When appropriately designed 
and installed, geosynthetics are a cost effective al-
ternative to more traditional techniques. A field trial 
was conducted on a section of instrumented railway 
track in the town of Bulli, north of Wollongong City, 
New South Wales (NSW), Australia to study the ef-
fectiveness of a geocomposite installed at the bal-
last-sub-ballast interface. The relative performance 

of moderately graded recycled ballast in comparison 
with traditional highly uniform ballast was also 
evaluated.  

2.1 Track Construction 

The proposed site for track construction was located 
between two turnouts at Bulli, along the south coast 
of NSW. The instrumented section of track was di-
vided into four sections (Table 1). The ballast and 
subballast were 300 mm and 150 mm in thickness, 
respectively. A single layer of geocomposite was 
used below the fresh and recycled ballast. Concrete 
sleepers were used. 
  
Table 1 Layout of experimental track sections using fresh bal-
last, recycled ballast and geocompolistes, and shock mats. 

Section 
 
Length (m) Type of Ballast 

Type of  
Geosynthetics 

1 15 Fresh ballast - 

2 15 Fresh ballast - 

3 15 Recycled ballast   Geocomposite 

4 15 Recycled ballast Geocomposite 

 

2.2 Material Specifications 

 The parent rock type of ballast was latite basalt 
(volcanic origin). Recycled ballast was collected 
from spoil stockpiles of a recycled plant near Syd-
ney. The subballast material was a mixture of sand 
and gravel. A biaxial geogrid was placed over the 
nonwoven polypropylene geotextile to serve as the 
geocomposite layer installed at the ballast-subballast 
interface. The technical specifications of the geosyn-
thetic material used at this site have been discussed 
elsewhere by Indraratna et al. (2010). 

2.3 Track Instrumentation 

The performance of each section of track under the 
repeated loads of moving trains was monitored using 
sophisticated instrumentation. The vertical and hori-
zontal stresses that would develop in the track bed 
under repeated wheel loads were measured by rapid 
response hydraulic earth pressure cells with thick, 
grooved active faces based on semi-conductor type 
transducers.  Settlement pegs were installed between 
the sleeper and ballast and between the ballast and 
sub-ballast to measure vertical deformations of the 
ballast. The settlement pegs consisted of 100 mm × 
100 mm × 6 mm stainless steel base plates attached 
to 10 mm diameter steel rods.  

Lateral deformations were measured by electronic 
displacement transducers connected to a computer 
controlled data acquisition system. These transduc-
ers were placed inside two, 2.5 m long stainless steel 
tubes that can slide over each other, with 100 mm × 
100 mm end caps as anchors. The installation posi-
tions of settlement pegs and displacement transduc-
ers are shown in Figure 1.  

 
Figure 1. Installing settlement pegs and displacement transduc-
ers (data sourced from Indraratna et al. 2010, with permission 
from ASCE). 
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2.4 Peak stresses 

The peak vertical stresses (v) recorded in Section 1 
are shown in Table 2. These stresses were measured 
during the passage of passenger train with 20.5 ton 
axle load and coal freight train with 25 ton axle load 
each travelling at a speed of 60 km/h. As expected, a 
greater axle load imposed a higher v. This resulted 
in increased deformation of the ballast as discussed 
in the following section.  

 
Table 2  Maximum vertical stresses measured below the sleeper 
(data sourced from Indraratna et al., 2010, © ASCE) 
 

Axle load 20.5 tons 25 tons 

Sleeper-ballast 238 293 

Ballast-capping 63 86 

 
While most of the values of v were reached up 

to 238 kPa, one peak value of v reached 415 kPa 
which was later found to be associated with a wheel 
flat. This proved beyond doubt that large dynamic 
impact stresses are applied by wheel imperfections, a 
fact that should be carefully assessed and accounted 
for in the design and maintenance of ballasted track. 

2.5 Vertical and lateral deformations 

In order to investigate the overall performance of the 
ballast layer, the average vertical and lateral defor-
mations were determined from the field measure-
ments at sleeper-ballast and ballast-subballast inter-
faces. The average vertical and lateral deformations 
of the ballast layer are plotted against the number of 
load cycles (N) as shown in Fig. 2(a) and 2(b), re-
spectively. The recycled ballast showed less vertical 
and lateral deformations because of its moderately-
graded particle size distribution compared to the 
very uniform fresh ballast. Recycled ballast often has 
less breakage because they are less angular (more 
rounded), thereby reducing corner breakage caused 
by high stress concentrations. 

It was evident that geocomposite reduced the ver-
tical deformation of fresh ballast by 33% and that of 
recycled ballast by 9%. It also reduced lateral defor-
mation of fresh ballast by about 49% and that of re-
cycled ballast by 11%. The capacity of the ballast 
layer to distribute load was improved by the place-
ment of a flexible and resilient geocomposite layer, 
and it also substantially reduced settlement under 
high cyclic loading. 
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(b) 

Figure 2. Average deformations of the ballast layer: (a) verti-
cal; (b) lateral (data sourced from Indraratna et al. 2010, with 
permission from ASCE). 

 
 

3 FIELD STUDY: SINGLETON TOWN 
 

To investigate the ‘in-situ’ performance of different 
types of geosynthetics, an extensive study was un-
dertaken on an instrumented track near Singleton, 
NSW [21]. 

3.1 Track Construction 

The experimental sections were part of the track that 
extends from Bedford (chainage 224.20 km) to Sin-
gleton (235.06 km), New South Wales. The instru-
mented track was divided into eight 200 m long sec-
tions. These sections were built on three different 
types of sub-grades, including the soft alluvial silty 
clay deposit, the hard rock, and the concrete bridge 
deck. A layer of geosynthetics was placed below the 
fresh ballast. The details of track construction and 
material specifications can be found in Indraratna et 
al. [21]. 
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Nine experimental sections were included in the 
Third Track while it was under construction (Table 
3). Three types of subgrades were encountered, in-
cluding (i) the relatively soft general fill and alluvial 
silty clay deposit (Sections 1-4 and Section A), (ii) 
the intermediate cut siltstone (Sections 5 and C), and 
(iii) the stiff reinforced concrete bridge deck sup-
ported by a piled abutment (Section B). The details 
of track construction and material specifications can 
be found in Indraratna et al. [17].  
  
Table 3 Reinforcement at experimental sections using geogrids, 
geocompolistes, and shock mats. 

 

Section Location (Chainage) Type of Geosynthetics 

1 234.66 Geogrid 1 

2 234.40 Geogrid 2 

3 234.22 Geogrid 3 

4 234.12 Geocomposite 

5 228.44 Geogrid 3 

A 234.86 - 

B 232.01 Shock mat 

C 228.24 - 

  

3.2 Track Instrumentation 

Different types of sensors were used as listed below. 
Strain gauges were used to study mobilised strains 
along the layers of geogrid. Traffic induced vertical 
stresses were monitored by pressure cells (Fig. 3a). 
Transient deformations of the ballast were measured 
by five potentiometers mounted on a custom built 
aluminum frame. Settlement pegs were installed to 
measure vertical deformations of the ballast in the 
similar fashion as shown in Fig. 3(b). Electrical ana-
logue signals from the strain gauges, pressure cells, 
and potentiometers were obtained using a mobile da-
ta acquisition system. 
  
 

 
(a) 

 
(b) 

Figure 3. Details of instrumentation of experimental sections of 
track at Singleton using, (a) pressure cells and (b) settlement 
pegs. 

 

3.3 Traffic Induced Vertical Stresses 

The vertical stress (v) measured in the ballast layer 
are shown in Table 4. As expected (v) measured at 
the sleeper-ballast interfaces were significantly larg-
er (about four-fold) than those at ballast-capping in-
terfaces. This elucidates the role of the ballast layer 
for effective dissipation of stresses with depth. The 
vertical stresses (v) due to passage of coal freight 
train (axle load of 25 tons) travelling at 60 km/h 
were quite larger than those measured during the 
Bulli field trial. While a direct comparison between 
these two studies is not possible owing to variations 
in track substructure conditions, the data recording at 
higher frequency certainly offered more reliable es-
timation of maximum stresses from the wheel load. 
It was also found that higher train speeds increased 
the stresses at the sleeper-ballast and ballast-capping 
interfaces. Similar finding were reported in the past 
(Kempfert and Hu, 1999). 
  

Table 4 Vertical cyclic stresses measured under the rail (v) 
(data sourced from Indraratna et al. 2014c) 
 

Axle load (tons) At = 25 At = 30 

Speed, V (km/h) 40 60 40 60 
Sleeper-ballast 290 301 315 338 
Ballast-capping 85 89 94 102 

  

3.4 Vertical Deformations 

The ballast deformations (Sv) are plotted against the 
number of load cycles (N), as shown in Figs. 4 & 5. 
These results indicated that the non-linear variation 
of ballast deformations. The rate at which the de-
formations increased actually decreased as the num-
ber of load cycles increased.  
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Figure 4. Vertical deformations of ballast layer for soft alluvial 
deposit (data sourced from Nimbalkar & Indraratna 2016). 

 
The vertical deformations of the ballast rein-

forced with geogrids were 10-32% smaller than 
those without reinforcement. This pattern was simi-
lar to that observed in the laboratory (Indraratna & 
Nimbalkar 2013, 2015), and was mainly attributed to 
the interlocking between the ballast particles and 
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grids. It was also apparent that the ability of geogrid 
reinforcement to reduce ballast deformation was 
generally higher for softer subgrades. The larger de-
formations also caused significant particle breakage, 
as discussed below. 
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Figure 5. Vertical deformations of ballast layer for hard rock 
(data sourced from Nimbalkar & Indraratna 2016). 

 

3.5 Ballast breakage 

Indraratna et al. (2005) and Lackenby et al. (2007) 
introduced a new Ballast Breakage Index (BBI) spe-
cifically for railway ballast to quantify the extent of 
degradation, and it is based on the particle size dis-
tribution (PSD) curves. Breakage of corners of sharp 
angular ballast particles and attrition of asperities 
occur progressively under heavy traffic loading. 
Values of BBI for various subgrade and shock mat 
combinations are presented in Table 5. 
 
Table 5. Measured breakage of ballast aggregates (data sourced 
from Indraratna et al. 2014d).  

Subbase type Top Middle Bottom 

Alluvial deposit 0.17 0.078 0.064 
Concrete bridge deck 0.064 0.031 0.022 
Hard rock 0.21 0.11 0.087 

 
The larger stresses also caused much more break-

age of individual particles of ballast, as was antici-
pated. At alluvial deposit and hard rock, a larger ver-
tical settlement was observed thus attributing to 
larger particle breakage in these sections. At con-
crete bridge deck, least breakage was observed, thus 
confirming the ability of shock mat to mitigate bal-
last degradation. 

 
4 CONCLUSIONS 

 
The performance of railroad tracks with geosynthetic 
reinforcement and shock mats was examined and 
discussed through full-scale instrumented field stud-
ies which used precise instrumentation schemes and 
monitoring methods for the field data collection. 

The field tests carried out on the instrumented 
track at the town of Bulli highlight that recycled bal-
last performs satisfactorily under repeated train loads 

compared to the fresh ballast. This is due to moder-
ately-graded composition of recycled ballast that in-
terlock better within the granular assembly, in con-
trast to highly uniform fresh ballast recommended in 
Australian Standards. Test results further demon-
strate the potential benefits of using a geocomposite 
in track, where it was able to reduce the lateral de-
formation of fresh ballast by about 50% and that of 
recycled ballast by 10%. 

The results of the Singleton study showed that 
geogrids could decrease the vertical strains of the 
ballast, with the obvious benefits of reducing the rate 
of deterioration of track geometry and decreasing the 
cost of maintenance. The effectiveness of the geo-
synthetics increased as the subgrade decreased in 
stiffness. The geogrids with an optimum aperture 
size significantly reduced ballast deformations 
through improved interlock with the particles. The 
findings of these full-scale field studies in Australia 
allows for a better assessment of the ability of geo-
synthetic reinforcement to mitigate degradation 
caused by cyclic and impact wheel loads, as well as 
more economical and effective design and mainte-
nance of ballasted rail tracks. 
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