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1 INTRODUCTION 
 
Ballasted rail tracks are the major infrastructure ca-
tering for public and freight transport in Australia, 
with an almost 40,000 km long network that offers an 
essential supply chain for Australian agricultural and 
mining industries. The need to sustain competitive-
ness over other means of transportation has put pres-
sure on railway organizations to improve their effi-
ciency and reduce the maintenance and infra-
structure costs (Indraratna et al. 2011). Australian 
railway companies now place more emphasis on im-
plementing high-speed train corridors and heavier 
freight operations in order to achieve more efficient 
and cost-effective services, particularly in the mining 
and agricultural sectors. 
 

In spite of recent advances in rail geotechnics, the 
suitable choice of ballast for rail track foundation is 
considered the most important because aggregates 
progressively deteriorate and break down under 
heavy cyclic loading (Tutumluer et al. 2008, 
McDowell and Li 2016, Indraratna et al. 2018, Ngo et 
al. 2017). Subjected to large cyclic stresses, ballast 
aggregates exhibited significant degradation, as a re-
sult, ballast becomes fouled, less angular, and its 
shear strength decreases (Indraratna et al. 2017, 

Huang et al. 2010, Powrie et al. 2007, Zhai et al. 
2004). The degradation of ballast is influenced by fac-
tors including the amplitude and number of load cy-
cles, gradation of aggregates, track confining pres-
sure, and the angularity and fracture strength of 
individual grains. The cost of track maintenance can 
be significantly reduced if the geotechnical behaviour 
of rail substructure, in particular, the ballast layer, is 
better understood (Indraratna et al. 2011). 

  
Ballast forms the largest component of a rail track 

by weight and volume. Ballast materials usually in-
clude dolomite, rheolite, gneiss, basalt, granite and 
quartzite. It consists of medium to coarse gravel sized 
aggregates (10 - 60 mm) with a smaller percentage of 
cobble-sized particles (Selig and Waters 1994, In-
draratna and Ngo 2018). High quality ballast should 
possess angular particles, high specific gravity, high 
shear strength, resistance to weathering, and a mini-
mum of hairline cracks (Marachi et al. 1972, Marsal 
1973). The main functions of ballast are to distribute 
and damp the loads imparted by train loading, provide 
lateral resistance to the track, and provide rapid drain-
age.  

With this increasing demand for heavy freight 
trains in Australia, it would be inappropriate to in-
crease heavy axle train speeds on ballast tracks built 
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on formation soils without carrying out large-scale 
testing of model track sections under dynamic condi-
tions, and field monitoring. Since existing railway 
standards are mainly designed for static loading con-
ditions, they are only suited to shorter trains with low 
axle loads traveling at low speeds of less than 80 
km/h. In some parts of Australia, freight trains can be 
almost 5 km long, which means that ballast degrada-
tion, mud pumping of certain formation soils, and dif-
ferential track settlement must be studied and quanti-
fied to achieve a resilient track design and to avoid 
hefty maintenance costs after construction. 

 
Conventional triaxial apparatus is one of the most 

versatile methods for obtaining the deformation and 
strength of coarse- and fine-grained materials in the 
laboratory. However, the discrepancy between the ac-
tual shape and size of particles in the field and the 
much-reduced particle sizes adopted in conventional 
laboratory equipment contributes to inaccurate load-
deformation responses and failure modes measured in 
the laboratory. This result is due to the inevitable size 
dependent dilation and different mechanisms of par-
ticle crushing (Indraratna et al. 1998), and because 
testing coarse aggregates in conventional apparatus 
can give misleading results due to the disparity be-
tween particle and equipment sizes. Past large-scale 
triaxial tests carried out by many researchers show 
that as long as the ratio between the size of the testing 
chamber and the particle size ratio is greater than 7-8 
for most particles, the boundary effects can be omit-
ted (e.g. Marachi et al. 1972, Marsal 1973).  

 
To mitigate these size dependent issues, large-

scale facilities for testing ballast have been designed 
and built at the University of Wollongong over the 
last two decades; as expected these facilities provide 
more realistic information on the ballast stress-strain 
and degradation behaviour while using prototype 
rock fragments (i.e. correct size, shape and angular-
ity). This large-scale apparatus has been used to in-
vestigate the deformation and degradation of ballast 
under different loading conditions. Further details of 
the components of this apparatus and measuring tech-
niques can be found elsewhere (e.g. Indraratna et al. 
2018, 2019.  

 
 

2 TRACK PROCESS SIMULATION TRIAXIAL 
APPARATUS 

 
A large-scale track process simulation triaxial appa-
ratus (TPSTA) was designed and built at UOW in the 
mid-1990s to investigate the response of a ballasted 
track under cyclic loading (Figure 1a). This TPSTA 
can accommodate specimens 800 mm long by  600 
mm wide and  600 mm high.  This is a true triaxial 
(prismoidal) apparatus where three independent prin-

cipal stresses can be applied in three mutually orthog-
onal directions (Indraratna and Salim 2005). The di-
mensions of the testing chamber are based on the unit 
cell concept for standard gauge Australian rail track. 
Sleepers are laid 600 mm apart, so by applying sym-
metry around the centre line of the sleeper, the effec-
tive length of ballast per sleeper in a longitudinal di-
rection at the sleeper-ballast interface is 600mm. In a 
transverse direction, this dimension is based on the 
effective length of the sleeper that supports the load 
transferred by rolling stock that is equivalent to one-
third of the total length of a sleeper, so since a stand-
ard Australian concrete sleeper is 2400mm long, the 
effective length is 800 mm. The testing chamber is 
deep enough (600 mm) to accommodate an actual 
track substructure arrangement. This apparatus can 
simulate realistic track conditions because three inde-
pendent principal stresses can be applied in three or-
thogonal directions (Figure 1b). The PSTA could ap-
ply 100 kN dynamic actuator load with frequencies 
up to 40 Hz to simulate a 35-ton axle load and a train 
speed of up to 220 km/hour. Further details on the 
TPSTA and its specifications can be found in In-
draratna et al. (2013); Navaratnarajah et al. 2018; In-
draratna et al. 2018, among others.  

 
The system of hinges and ball bearings of the ap-

paratus are regularly lubricated to minimize frictional 
resistance and enable the vertical walls to displace lat-
erally with minimum friction. The walls of the testing 
chamber can move freely in lateral and longitudinal 
directions, so the required confinement provided by 
the weight of the crib and shoulder ballast in a real 
rail track, can be applied through the hydraulic jacks 
attached to the walls. There is an array of steel settle-
ment pegs at the level of each sleeper/ballast and bal-
last/capping interface to measure the settlement and 
vertical strain of the ballast layer during the testing. 
Pressure plates, potentiometers, displacements trans-
ducers and Fibre Bragg Grating (FBG) are used to 
measure the stress and displacement during a test. Cy-
clic loads are applied by a servo-hydraulic actuator 
and transmitted through the ballast by a concrete 
sleeper connected to a steel rail. A linear variable dif-
ferential transformer (LVDT) is connected to the ac-
tuator to record its vertical movement. The confining 
pressures applied in two horizontal directions (per-
pendicular and parallel to the sleeper) are via hydrau-
lic jacks connected with load cells to control the pres-
sure applied during testing. The lateral movement of 
the four vertical walls is measured by 16 electronic 
potentiometers. All the instrumentations are cali-
brated before being connected to an electronic data 
logger (DT800) that is controlled by a host computer 
supported with Labview software to accurately record 
vertical settlement, pressures and associated wall lat-
eral displacements at desired time intervals during the 
testing process. 

 



                                                (a) 

 

                                               (b) 

Figure 1. (a) Large-scale track process simulation triaxial appa-

ratus (TPSTA); (b) cross section 

 
This TPSA has been used extensively to study the po-
tential use of artificial inclusions (e.g. rubber mats, 
geosynthetics, under sleeper pad-USP, scrap tyres), 
waste and marginal materials (coal wash, fly ash and 
mixtures of rubber crumbs) to improve the perfor-
mance of rail tracks. These studies have been report-
ed in a number of journal articles (e.g. Indraratna et 
al. 2013, Jayasuriya et al. 2019, Navaratnarajah et al. 
2018, Biabani et al. 2016, among others). Moreover, 
these energy-absorbing materials made from waste 
tyres and tyre cells can also help to attenuate dynam-
ic train loads and vibration; they also help to mitigate 
ballast degradation and deformation, as well as im-
provingtrack stability and increasing longevity. Recy-
cling waste materials not only helps to solve geotech-
nical issues, they are also economically beneficial and 
environmentally sustainable. The practical applica-
tions of these studies will lead to an in-depth under-
standing of how these artificial inclusion and mar-
ginal materials will improve the performance of 
ballasted tracks under high speed and heavy haul 
loading, as well as contributing to huge savings with-
out comprising safety and passenger comfort. In fact, 

some of these research outcomes (i.e. the use of recy-
cled rubber mats and geosynthetics) have already 
contributed to innovative track upgrading have now 
been implemented in collaboration with the Austral-
ian Rail Track Corporation (ARTC). In addition, 
based on extensive testing results measured from the 
TPSTA, a new Railway Ballast Grading New Stand-
ard: AS:2758.7 (2015): 60-Graded has been intro-
duced and adopted by Australian rail organisations 
for some parts of their tracks. Furthermore, the new 
ASTM standards based on UOW's Ballast Breakage 
Index, BBI (Indraratna et al. 2011) and Void Contam-
ination Index, VCI (Tennakoon et al. 2012) will be 
used for some parts of track design, as tested using 
these apparatus. 

 

2.1 Measured ballast deformation under cyclic 
loading 

Figure 2 shows the typical vertical and lateral defor-
mation of ballast with and without the inclusion of 
under sleeper pads (USP) subjected to 25 and 35-ton 
axle loads, as measured from the TPSTA. Note that 
the accumulated vertical (Svp) and lateral (Shp) dis-
placements of ballast (with and without USP) in-
creases rapidly up to around 10,000 cycles due to its 
initial densification and further packing after the cor-
ners of the sharp angular aggregates begin to break. 
However, once the ballast starts to stabilize, the rate 
of deformation gradually decreases and remains rela-
tively constant after 100,000 cycles. This shows that 
ballast aggregates undergo considerable particle rear-
rangement and densification during the initial cycles, 
but after reaching a threshold compression, any sub-
sequent load cycles would resist further deformation. 
It is evident that ballast deformation has decreased 
significantly due to the inclusion of USP. Moreover, 
the increased contact area of ballast by the USP at the 
sleeper-ballast interface could reduce the loads in this 
area and at particle-particle contact, thus allowing for 
a more uniform distribution of stress which then re-
duces the overall ballast deformation. This study 
shows that when concrete sleepers (new track) or 
wooden sleepers on an existing track are replaced by 
sleepers with USPs attached to the bottom surface, it 
could reduce the long-term plastic settlement of a 
track subjected to repetitive cyclic train loading. 
 
 
 
 
 
 
 
 
 

 
 

 



Figure 2. Variation of vertical and lateral plastic deformation of 

ballast with and without USP measured from the TPSTA (data 

source: Navaratnarajah et al. 2018) 

 
3 NATIONAL FACILITY FOR CYCLIC 

TESTING OF HIGH-SPEED RAIL 
 
Frontier technologies in rail transport demand access 
to state-of-the-art testing facilities for track model-
ling at high train speeds. The recently built National 
Facility for Cyclic Testing of High-speed Rail 
(FCTHSR) at Russell Vale, NSW Australia is the first 
to be designed and built in-house to examine a range 
of Australian ground conditions and integrated track 
components. In collaboration with eleven other Uni-
versities and Australian rail organizations, the Aus-
tralia's first and foremost National Facility for Cyclic 
Testing of High-Speed Rail (FCTHSR) has now been 
constructed, and is fully operational (Figure 3). The 
FCTHSR enables a fully instrumented railway track 
at 1:1 real size to be tested and thus capture the effects 
of track substructure that are not usually found in con-
ventional geotechnical testing devices. The FCTHSR 
will enable us to more realistically simulate Austral-
ian track conditions (often involving problematic sub-

soils) in a controlled laboratory environment while fa-
cilitating innovative designs for enhanced track ca-
pacity at significantly elevated speeds and heavy axle 
loads. This unique facility will also offer a national 
and international hub for Australian industry-driven 
research and consulting. 

 

3.1 Design and construction of the FCTHSR 

The FCTHSR consists of a test pit, loading frame, hy-
draulic servo-controlled system with dynamic actua-
tors, high-capacity power supply system, an instru-
mentation and data acquisition system (MOOG) and 
an 5 tonne overhead movable crane. A schematic de-
sign concept of the FCTHSR is illustrated in Figure 
3a.  A 5.90m×5.90m×2.32m test pit (Fig. 3b) and a 
9.13m×1.35m×0.5m trench for the hydraulic pipe-
work has been excavated and the reinforced concrete 
walls and bottom floor are now complete. The main-
frames are now fabricated and bolted in position. Four 
actuator frames have been fabricated and installed to 
apply dynamic train loading (Fig. 3c). The hydraulic 
hose connections from the pipework to the four actu-
ators, and the electrical services are built in house 
with hydraulic pump. Cyclic loads simulating up to 
40-tonne axle trains operating at speeds between 75 
and 250 km/h can be applied via a hydraulic servo 
system. Track materials such as ballast, capping, re-
cycled rubber mats, geogrids, structural fills, sub-
grade and drainage layer have been installed beneath 
a rail-sleeper assembly subjected to dynamic loading 
actuators to examine track conditions such as differ-
ent structural fills and subgrade conditions, variations 
of pore water pressure and associated mud-pumping, 
and accurately estimate the real-life stress-strain re-
sponse of track components under realistic loading 
conditions. 

3.2 Instruments installed for the FCTHSR 

The FCTHSR represents a 1-to-1 prototype scale 
fully instrumented track subjected to dynamic loading 
actuators so that realistic stress-strain responses can 
be accurately estimated. While the FCTHSR was un-
der construction, an advanced instrumentation system 
that includes an automatic real-time data logger sys-
tem, pressure plates, strain gauges, multi-point exten-
someters, Fibre Bragg Grating sensor (FBG), accel-
erometers, lateral displacement transducers, and 
settlement pegs were used to monitor data in  real 
time. A typical cross section of the FCTHSR shown 
in Figure 4 shows the positions of these instruments 
were placed in the ballast and capping layers. Figures 
5-6 shows typical photos of the installation of mois-
tures probes, pressure plates, irrigation system (for 
controlling saturation level of subgrade), displace-
ment transducers, settlement pegs and accelerometers 
during the construction of this high speed rail facility. 
The FCTHSR is now fully operational and the first 
test has successfully been carried out under a 25-



tonne axle load, a frequency of f=15 HZ, and for up 
to N=500,000 load cycles. 
 
  

(a) 

(b) 

(c) 
Figure 3. (a) Schematic design concept of the FCTHSR; (b) 

Reinforced concrete test pit and loading frame; and (c) High 

Speed Rail testing facility completed 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Figure 4. A typical cross-section of the FCTHSR with detailed 

instrumentations  

 
4 CONCLUSIONS 
 
This paper presents the iconic high speed railway pro-
cess simulation test equipment designed and built at 
the University of Wollongong, Australia; including 
Track Process Simulation Triaxial Apparatus and Na-
tional Facility for Cyclic Testing of High-Speed Rail. 
The tangible outcomes from using these iconic rail 
testing facilities will make a huge impact on the Aus-
tralian rail industry by forcing design modifications 
and providing new technical standards for Australian 
railways. Already, a great deal of the R & D work in 
this area of research has been captured by our in-
house computer software (SMART–Systematic 
Methods of Analysis of Rail Track). This software 
can readily accommodate a variety of problematic 
ground conditions in Australia in user-friendly mod-
ules that enable best track management practices. 
These UOW-based R & D outcomes will be incorpo-
rated into the design/construction aspects of the 
1700km long Melbourne to Brisbane Inland Rail 
(heavy haul). The new Australian Standards for bal-
last, called 60-Graded (AS 2758.7. 2015), and the 
new ASTM standards based on UOW's Ballast 
Breakage Index (BBI) and Void Contamination Index 
(VCI) will be adopted for some parts of track design 
after being tested by these devices. 

In addition to this paper, an 8-minute video presen-
tation will demonstrate how this Process Simulation 
Test equipment can be used to examine  the behaviour 
of track sections (Unit Cell) and full 1:1 real-life test-
ing, including all the substructure components from 
subgrade to ballast, sleeper-rail assemblies and geo-
inclusions, recycled rubber (energy absorbing) ele-
ments to stabilise track at high axle loads and elevated 
speeds. 

 



 
 

 

Figure 5. Installation of instrumentations for the FCTHSR  
 
 
 
 

 
 

 

 
 

       
Figure 6. Installation of instrumentations for the FCTHSR 
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