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Abstract Transportation networks on the eastern coast of 
Australia are often built on or traverse coastal flood plains 
and marine clays with unfavourable soil conditions. In the 
past two decades, a significant number of laboratory inves-
tigations were carried out in soft soil improvement using 
Prefabricated Vertical Drains (PVDs) combined with vac-
uum-assisted surcharge preloading. In addition, significant 
research efforts were made to reduce the maintenance costs 
of railway tracks and increase their longevity by using syn-
thetic inclusions such as geocomposites, geogrids and shock 
mats. These research outcomes were implemented and vali-
dated in practice through several field investigations along 
the eastern coast of Australia. This paper demonstrates the 
significance of instrumentation and data interpretation in 
geotechnical field investigations through 6 case histories. 
Field trials including Port of Brisbane Land Reclamation, 
Ballina Bypass Upgrade and Sandgate Rail Separation 
Projects were presented highlighting innovative ways of 
monitoring the performance of PVDs with vacuum and non-
vacuum surcharge preloading. Also, railway track design 
improvements using geosynthetic and shock mats were dis-
cussed through Bulli and Singleton trial track case studies. 
Further, the heavy haul track testing facility at Russell Vale, 
New South Wales, was discussed as an alternative for expen-
sive and time-consuming field trials.

Keywords Prefabricated vertical drains · 
Instrumentation · Ballasted railway tracks · Vacuum 
preloading

Introduction

The rapid population growth along the eastern coast of 
Australia has increased the need for transportation infra-
structure. Much of the east coast of Australia is underlain 
by soft alluvial clays which possess low undrained shear 
strength and high compressibility [1]. Construction of dif-
ferent types of transportation infrastructures such as rail and 
road networks, commercial ports, etc., on such soils, poses a 
significant challenge to geotechnical engineers to build safer 
and more stable infrastructure. Road and railway networks 
play a crucial role in the economy through the transportation 
of freight and bulk commodities from commercial ports to 
major cities and regional centres in the country. Building 
infrastructure on soft marine and alluvial soils can lead to 
excessive surface settlements as well as the generation of 
excess pore water pressures. In railway tracks, these excess 
pore-water pressures if not dissipated quickly can pump up 
into the ballast layer, severely affecting the drainage capacity 
and causing track instability [2, 3]. Therefore, it is impera-
tive to apply different ground improvement techniques to 
the existing soft soils to prevent unacceptable settlements, 
and lateral movements and provide stability to foundations. 
Some of these ground improvement techniques include Pre-
fabricated Vertical Drains (PVDs) and surcharge preloading 
for quicker and more effective consolidation [4–9]. A com-
bination of PVDs with surcharge using vacuum preloading 
instead of traditional preloading was proved to accelerate the 
consolidation process. In addition, through the application 
of vacuum pressure, the surcharge height can be reduced 
while keeping the same total pressure. These types of ground 
improvement techniques demonstrate their usefulness while 
building commercial ports on reclaimed land such as Port of 
Brisbane and road highway embankments at Ballina on soft 
alluvial soils [7, 10, 11]. In addition, PVDs are also found to 
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be efficient in dissipating excess pore water pressures gener-
ated by cyclic loads from moving trains [5].

In addition to the problems associated with soft subgrade 
soils, a significant portion of the railway maintenance budget 
in Australia is related to ballast problems such as ballast 
degradation and ballast fouling, both from broken ballast 
particles and pumped-up clay from subgrades [12–14]. 
Routine maintenance procedures involve the replacement 
of fouled ballast with fresh ballast and have resulted in vast 
stockpiles of waste ballast. Ballast disposal has not only 
become an ongoing problem for railway asset owners to 
comply with the Environment Protection Authority (EPA) 
but also demands additional quarrying depleting limited 
resources [15]. In recent times, there have been significant 
efforts made for understanding the working principles of 
ballasted railway tracks. Upon prolonged cycles of train 
loading, ballast aggregates degrade resulting in the adverse 
consequences of ballast fouling, reduced drainage capacity, 
and reduction in the ultimate bearing capacity of the track 
[16–18]. Several laboratory studies conducted on the use of 
polymeric geosynthetics (geocells, geogrids, geotextiles and 
geocomposites), and rubber mats in traditional track design 
reported an increase in the bearing capacity of railway tracks 
as well as reducing the degradation of ballast aggregates 
[12, 14, 15, 19–22]. Polymeric geogrids are widely used to 
reinforce the ballast layer and by using an appropriate aper-
ture size, this technique is proven to increase ballast shear 
strength by increasing interlock and reduce particle degrada-
tion by restricting lateral movements of ballast [23]. To min-
imise the effects of impact loads caused by wheel irregulari-
ties such as wheel flats, rail squats, etc., Under Ballast Mats 
(UBM) made of rubber can be used at the ballast-concrete 
interface on bridge decks that can attenuate the dynamic 
forces in the ballast layer and can reduce ballast degrada-
tion [22, 24]. In addition, they are also efficient in reducing 
vertical deformations by 10–20% and lateral displacements 
by 5–10% [22]. Jayasuriya et. al. [25] investigated the use of 
another form of shock mats placed underneath the sleeper 
(Under Sleeper Pads, USP) and reported that the effective 
sleeper-ballast contact area was increased by USPs which 
resulted in minimising the stress concentration onto ballast 
aggregates. Embracing circular economy principles, the 
utilisation of recycled waste tyres in different forms (tyre 
with the side wall removed, rubber crumbs, chips, etc.) in 
rail substructure layers was investigated in recent years [26, 
27]. The enhanced damping capacity of rubber elements will 
aid in reducing the dilatancy of ballast and increases the 
energy absorption capacity of the overall track. Laboratory 
testing on a capping layer reinforced with passenger car tyres 
with the side wall removed proved an increase in track stiff-
ness by more than 50% [28]. While laboratory testing and 
analysis provides an overview of the mechanical behaviour 
of different soils in a controlled and confined environment, 

it is common to use idealised conditions such as loading 
parameters, material state, boundary and scale effects, etc., 
which differ from field situations. As much as investigating 
the fundamental concepts in the laboratory, it is important 
to verify the research innovations in practice to validate their 
economic feasibility and workability.

Role of Instrumentation in Transportation 
Geotechnics

Geotechnical field investigations related to transportation 
infrastructure often involve complex geological conditions 
in which the soil properties vary spatially with distance and 
with time. Due to the limited equipment dimensions, labora-
tory testing cannot mimic the exact field performance. For 
example, large-scale triaxial tests on ballast provide accurate 
information about the influence of confining stress, load-
ing frequency, and amplitude on the ballast deformations; 
however, they cannot capture the effects of moving loads 
and resting periods between consecutive train passages. In 
such cases, field instrumentation and data collection play an 
essential role in accurately investigating the spatial variation 
of geological conditions, climate variations, and degradation 
of geotechnical structures pertaining to the performance of 
different research innovations [29]. It is important to under-
stand the difference in the instrumentation process between 
laboratory and field and the use of sophisticated data acqui-
sition systems to record and store the data recordings in 
harsh environments. In addition, data obtained from a fully 
instrumented field trial is crucial for accurately estimating 
the benefits of different ground improvement techniques 
and data interpretation plays a key role while analysing the 
outcomes.

While it is essential to conduct in situ tests to under-
stand the soil/rock properties during the design phase such 
as shear strength, compressibility, permeability, etc., it is 
equally important to monitor the ongoing infrastructure’s 
performance. Different instruments are used for monitoring 
the performance of an infrastructure [10, 30]. These instru-
ments can be grouped into two categories. The first category 
includes instruments that need manual inspections, and the 
second category includes instruments and sensors that are 
equipped with automatic monitoring technologies. Use of 
remote sensing instruments such as displacement monitoring 
cameras using advanced digital image correlation algorithms 
have also been used to measure rail and sleeper movements, 
defects in rail components, etc. [31, 32]. In addition, acceler-
ometers fitted onboard in-service trains are recently explored 
to monitor the condition of the track based on intelligent 
systems [33, 34]. An integrated data acquisition system with 
these intelligent instruments will provide valuable insights 
into the current condition of the infrastructure that can be 
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used to inform maintenance decisions. In addition, they are 
useful to determine parameters such as load cycles, train 
speeds, surcharge loads, etc., which are essential to transport 
management. However, the accuracy of intelligent systems 
often depends on rigorous training through large databases 
and requires the correlation of sensor readings with track 
substructure problem history. A few selected instruments 
that are typically used in transportation infrastructure are 
shown in Table 1.

Through several years of research, several instruments 
were used in field investigations applying the research inno-
vations through separate case studies along the eastern coast 
of Australia as shown in Fig. 1. PVDs were used in the pro-
jects of Port of Brisbane, Sandgate rail upgrade and Bal-
lina trial embankment, where the consolidation process was 
carefully monitored through the different phases of the pro-
ject [6, 19, 35]. Innovations related to railway infrastructure 
were implemented in sections of instrumented rail tracks 
at Singleton and Bulli, New South Wales, Australia with 
the support of the Australian Rail Track Corporation and 
Transport for New South Wales (previously Sydney Trains), 
respectively [20, 21]. Further, a full-scale track testing facil-
ity at Russell Vale, New South Wales, Australia was used to 
demonstrate the use of recycled rubber tyres in enhancing 
the stability of ballasted railway track. The details of instru-
ments used and how they helped to monitor the performance 
of different transportation infrastructure is detailed in the 
following case studies. This paper also emphasises data 
interpretation of these six full-scale field trials to validate 
the effectiveness of research innovations applied in practice.

Land Reclamation at Port of Brisbane

Port of Brisbane was one of the large container shipping 
ports on the east coast of Australia at Fisherman Island near 
the mouth of the Brisbane River. To handle the increasing 

demand for trading activities at the port, a new area of 
about 235 hectares was reclaimed and improved in 2010 
as an extension to the Port of Brisbane (Fig. 2). The soil in 
this area was highly compressible and of low shear strength. 
Ground improvement using PVDs was initially proposed to 
facilitate the consolidation process, and a combination of 
surcharge with vacuum preloading was trialled to accelerate 
the consolidation. The current case study’s scope includes 
comparing Prefabricated Vertical Drains with vacuum and 
non-vacuum (with surcharge load) systems. A trial area 
named S3A is considered for the current study.

Trial Embankment Characteristics

The S3A area proposed for reclamation was divided into the 
vacuum (VC1-VC2) and non-vacuum areas (WD1-WD5), 
as shown in Fig. 3. The soil profile of the site consisted of 

Table 1  Field instruments used in transportation infrastructure

Objectives Instrument types Intended placement

Settlement measurement Settlement pegs/probes Sleeper, ballast, subgrade
Lateral displacements/deforma-

tions measurement
Extensometers, inclinometers linear variable differential transducers 

(LVDT)
Ballast, subgrade

In situ stress measurement Pressure cells Rails, sleepers, ballast, subgrade
Vibration measurement Accelerometers, geophones Rails, sleepers, embankment surface
Surface deflection measurement Motion sensing cameras Rails, sleepers
Pore-pressure measurement Vibrating wire piezometers, standpipe piezometers, pore pressure 

transducers
Subgrade/embankment

Soil moisture measurement Moisture sensors (ADR—Amplitude domain reflectometry) Subgrade/embankment
Soil matric suction measurement Tensiometers Subgrade/embankment
Directional strain measurement Multi-axial strain gauges Rails, artificial inclusions (geogrids, 

shock mats, etc.)

Fig. 1  Field studies on transport networks along the eastern coast of 
Australia
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an upper Holocene sand layer of about 2-3 m thick overly-
ing a Holocene clay deposit of 6–25 m thick, followed by a 
highly over consolidated Pleistocene clay [36]. A sand layer 
was laid on top of upper Holocene sand for the installation 
of PVD and to provide a drainage layer for vacuum sys-
tems. The ground improvement technique adopted in the site 
includes preloading with surcharge and membrane vacuum 

consolidation system with PVDs. The design specification 
included a maximum residual settlement of not exceeding 
250 mm over 20 years of 15–25 kPa service load application. 
Table 2 details the PVD, embankment height and treatment 
method used in different sub-divisions of area S3A. Different 
drain lengths were used due to different clay thicknesses.

Circular drains of diameter 34 mm at a spacing of 1.2 m 
were installed in sections VC1 and VC2. The membrane-
type vacuum preloading was adopted in these sections. After 
installing the PVDs, the sand blanket was placed with hori-
zontal perforated pipes. Subsequently, a membrane was laid 
on top with its end submerged in a bentonite slurry trench. 
This trench is a deep cut-off wall (of 15 m depth) provided 
along the periphery of the trial area and filled with soil-
bentonite slurry to ensure air tightness during the vacuum 
application [7, 36]. The instrumentations included vibrating 
wire piezometers, settlement plates magnetic extensometers 
and inclinometers. The inclinometers were installed at vari-
ous depths from the sand platform in different areas ranging 
from 5-18 m.

Field Instrumentation and Observations

The data from field instruments were analysed in detail 
to compare the performance of vacuum and non-vacuum 
systems of consolidation. Settlement plates, vibrating 
wire piezometers, magnetic extensometers and inclinom-
eters were used to obtain the settlement, pore pressure 
and lateral displacements, respectively. The embankment 

Fig. 2  Map of the extended area (encircled) at Port of Brisbane 
(source: Google Maps)

Fig. 3  Sub-divisions and 
instrument layout (plan view) 
of S3A area (sourced from 
Indraratna et al.[36])
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response in the form of settlements and pore pressure was 
plotted along with the stage embankment construction in 
Fig. 4. The embankment heights are different depending 
on the thickness of the clay layer for each section, as seen 
in Table 3. Figure 4 shows that the initial settlement trend 
is similar. However, the ultimate settlement depends on 
the clay layer thickness and embankment height, with 

the highest settlement occurring for WD4 (clay layer of 
19–26 m thick) and the lowest settlement for WD5A.

The strain-based DOC of different areas is shown in 
Table 3. When considering sections with similar clay thick-
ness, the DOC of VC2 is significantly higher than that of 
WD2. Furthermore, the vacuum application also helps 
reduce the cost of surcharge removal, as is evident from the 
fill height required for two locations.

Table 2  PVD characteristics and treatment methods for different sections [36]

Section Drain type Drain length (m) Drain 
spacing 
(m)

Clay thickness (m) Total fill height (m) Treatment method

WD1 Circular drains-34 mm diameter 14.5–18.5 1.1 12.0–15.5 5.2 Surcharge
WD2 Circular drains-34 mm diameter 22.5–27.5 1.3 20.0–23.5 7–7.2 Surcharge
WD3 Band drain Type –A (100 × 4 

 mm2)
17.1–23.5 1.1 14.0–17.0 4.3–4.6 Surcharge

WD4 Band drain Type –A (100 × 4 
 mm2)

27.0–28.7 1.3 22.5–24.5 6.1 Surcharge

WD5A Band drain Type –B (100 × 4 
 mm2)

6.0–8.0 1.2 6.0–8.0 3.3 Surcharge

WD5B Band drain Type –B (100 × 4 
 mm2)

13.5 1.1 9.5 5.5 Surcharge

VC1 Circular drains-34 mm diameter 14.0–26.5 1.2 9.0–21.0 3.2 Surcharge + 70 kPa vacuum
VC2 Circular drains-34 mm diameter 15.5–22.5 1.2 12.5–18.5 2.8 Surcharge + 70 kPa vacuum

Fig. 4  Embankment height, settlement and excess pore pressure at different sub-sections of S3A (data sourced from Indraratna et. al. [36])



 Indian Geotech J

1 3

The pore pressure reduction with time was compared 
for different areas to compare the performance of con-
ventional surcharge and vacuum systems of preloading. 
Figure 4 shows that the regions subjected to vacuum pre-
loading exhibit higher pore pressure dissipation, which 
highlights the effectiveness of vacuum consolidation in 
discharging pore pressure. It is to be noted that the nega-
tive excess pore pressures were observed for VC1 and VC2 
due to the effect of vacuum application at the site. The 
negative pore pressure approached the applied vacuum 
pressure (~ 70 kPa) with time for the case of VC1 and 
VC2. However, there is a mismatch which was observed 
between degrees of consolidation obtained from settle-
ment (strain based) and excess pore pressure trend after 
200 days and this is not uncommon for the field meas-
urement applicable soil consolidation induced by radial 
drainage. Indraratna et al. [6] show that the rate of excess 
pore water pressure dissipation is much slower compared 

to the rate of settlement. This can be attributed to the effect 
of clay viscosity and the clogging of the piezometer tips. 
Lateral movement in the vacuum and the non-vacuum 
area was compared using the inclinometers’ data for sec-
tions VC1 and WD3. Figure 5 shows the measured lateral 
displacement normalized with the total change in applied 
stresses at surface settlement plates MS28 (vacuum area 
VC1) and MS27 (non-vacuum area WD3). In the WD3 
area, the total surcharge pressure was 90 kPa, correspond-
ing to a surcharge height of 4–5 m, and in the VC1 area, 
a 2 m surcharge height (40 kPa) was applied in addition 
to 65 kPa vacuum pressure. From Fig. 5, it is evident that 
consolidation with vacuum pressure helps in curtailing 
lateral movement. The ratio of maximum horizontal dis-
placement to vertical settlement (μ) was considered a sta-
bility indicator and plotted along with time. The ratio for 
the area VC1 was lower than the area WD3, as shown in 
Fig. 6, indicating the vacuum’s effectiveness in reducing 
lateral displacements.

Table 3  Clay Layer thickness, embankment height and Degree of Consolidation (after 400 days) for different sub-divisions of the S3A section 
[36]

Sub-divisions of section S3A Upper holocene clay layer 
thickness (m)

Lower holocene clay layer 
thickness (m)

Degree of consolidation (DOC) 
after 400 days (strain-based)

WD1 (Surcharge only) 4–6 10–12 92
WD2 (Surcharge only) 2–5 18–20 82
WD3 (Surcharge only) 2–3 8–15 87
WD4 (Surcharge only) 1.5–3.5 18–23 85
WD5A (Surcharge only) 2–4 6–8 94
WD5B (Surcharge only) 2–4 7–8 92
VC1 (Surcharge plus 70 kPa vacuum) 2–3 5–18 87
VC2 (Surcharge plus 70 kPa vacuum) 2–3 9–16 90

Fig. 5  Ratio of lateral displace-
ment to total change in applied 
stress compared for vacuum 
and non-vacuum areas after 
400 days (data sourced from 
Indraratna et. al. [36])



Indian Geotech J 

1 3

Ballina Trial Embankment

Vacuum-assisted surcharge loading with PVDs (with mem-
brane) was also used at Ballina, NSW, to stabilise road 
embankments and improve the deep estuarine deposits by 
reducing the time required for consolidation. As a part of 
the Pacific Highway upgrade, a bypass route was planned to 
support the high traffic demands between Australia’s north-
ern and eastern coastal belts, linking Sydney and Brisbane. 
The route was designed to pass over a low-lying floodplain 
with highly compressible marine clay up to 30 m depth. 
In situ observations show that the soil profile consists of 
approximately 2–2.7 m thick alluvium soft soil as the top 
layer, underlain by very soft clay of 12 m thickness [37]. The 
soft clay deposit is followed by a 15 m thick, firm silty clay 
layer. The groundwater level at the site fluctuates between 
0.5 and 1 m below the ground surface. It is mainly elevated 
due to seepage after heavy rainfall or tidal influx. The in situ 
properties of the soil are listed in Table 4.

The effectiveness of the proposed ground improve-
ment technique was tested using a trial embankment at 
the southern approach to Emigrant Creek, which is to the 
north of Ballina. A total area of approximately 9500  m2 
was installed with 34 mm diameter circular drains in 
a square pattern at a spacing of 1.0 m. For the area on 

which vacuum pressure was applied, an impervious mem-
brane was laid on the sand blanket overlying the PVDs 
installed. The membrane edges were submerged in the 
peripheral bentonite slurry trench to maintain air tight-
ness, and heavy-duty vacuum pumps with horizontal 
transmission pipes were provided for the uniform distri-
bution of vacuum pressure [11].

Field instruments including surface settlement plates, 
inclinometers and piezometers were installed on the site. 
Figure 7 shows the location of field instrumentation at the 
test embankments. The piezometers were placed at 1.3, 4.5, 
and 8 m below the ground surface, and eight inclinometers 
were installed at the embankment edges.

Data Interpretation

The construction of the embankment was completed in 
stages. The embankment sections without and with vacuum 
are named section A and B, respectively. During the ini-
tial 100 days, the embankment was raised to 4–8 m. After 
90 days, vacuum suction in the range of 70–80 kPa was 
applied for 200 days. The second stage of embankment 
construction commenced after 660 days, and the surcharge 
preloading ceased after 1200 days.

Figure 8 shows the staged embankment construction 
along with the settlement and excess pore pressure data. The 
data from selected settlement plates SP1, SP3, SP5, SP7, 
SP9 and SP11 show that after 1200 days, the vertical strains 
range between 14 and 24%. The difference in clay depth and 
thickness (as shown in Table 5) result in significant varia-
tions in time-settlement curves. The vertical strain is low-
est in the non-vacuum area (SP1) because of the smaller 

Fig. 6  Stability indicator (lat-
eral displacement/surface settle-
ment) at the location of MS27 
and MS28 plotted with time 
(data sourced from Indraratna 
et. al. [36])

Table 4  In situ properties of 
the soft and medium silty clay 
layer (data from Indraratna et al. 
[11])

Properties Values

Water content 80–120%
Shear strength 5–40 kPa
Compression Index 0.30–0.50
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surcharge load and soft clay thickness (2.7–6.7 m). At the 
position of SP11, the clay thickness was higher; therefore, 
the maximum vertical strain is noted.

The excess pore pressure dissipation after the embank-
ment construction was higher in the vacuum area com-
pared to the non-vacuum area. In the non-vacuum area, 

Fig. 7  Instrumentation layout at the test embankment (not to scale) (Source: Indraratna et. al. [11])

Fig. 8  Settlement and excess pore pressure result with embankment construction schedule (data sourced from Indraratna et. al. [11])
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the embankment height could not be raised more than 4 m; 
whereas, the embankment height was increased to 8 m in 
the vacuum-applied areas. In the regions where the vacuum 
was applied, the peak excess pore pressure (120 kPa) was 
lower than the applied surcharge load (160 kPa). This was 
due to the suction provided by the vacuum, which increased 
the effective stress in soft soil layers.

The lateral displacement at the embankment’s edge was 
monitored by inclinometers I1, I2, I3 and I4. Inclinometer 
I1 was positioned at the border of section A; whereas, other 
inclinometers (I2-I4) were located at the edge of section B. 
Figure 9 shows the measured lateral displacement and lat-
eral displacement normalized by embankment height plotted 

against depth. The application of vacuum during preloading 
had a substantial effect in reducing lateral displacement.

A rapid increase in lateral displacements was observed 
for the first 400 days which became stagnant during the rest 
period. When the second stage of embankment construction 
commenced (i.e. after 750 days), there was a significant rise 
in measured lateral displacements from the inclinometers I3 
and I4. As shown in Fig. 10, the maximum lateral displace-
ment with the surface settlement shows that maximum lateral 
displacements in the vacuum area are less than in the non-
vacuum area.

Effectiveness of Vertical Drain Systems

The performance of a vertical drain system depends on the 
drain length ( l

d
 ), the height of the surcharge load (H) and the 

diameter of drain influence zone ( d
e
 ). Therefore, a normal-

ised parameter (β) which captures the effect of drain length, 
surcharge load height, and drain influence zone, was intro-
duced to study the efficiency of the drain system in varied site 
conditions.

(1)� =

l
d
H

d2
e

Table 5  Bottom level of the soft clay layer at the positions of each 
settlement plate [11]

Settlement plate The bottom level of 
soft clay layer in m 
(RL)

SP1, SP2 2.7–6.7
SP3, SP4 6.7–9.7
SP5, SP6 9.7–11.7
SP7, SP8 11.7–14.7
SP9, SP10 14.7–17.7
SP11, SP12 20.7–24.7

Fig. 9  Measured lateral displacements and lateral displacements normalized with embankment height after the first stage of construction (data 
sourced from Indraratna et. al. [11])
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The dimensionless parameter, β, was used to compare 
the performance of vacuum-assisted surcharge preloading 
with the non-vacuum areas (as the settlement pattern was 
the same for these areas). Figure 11 compares the perfor-
mance based on surface settlement and vertical strain rate. 
It can be inferred that the vacuum consolidation reached 
the highest efficiency in the area of SP3 due to the lower 
soft clay thickness (6.7–9.7 m) in that area compared to 
other vacuum sites. In the locations where the clay layer 
thickness exceeded 12–15 m (SP7, SP9 and SP11), there 
was a decrease in the β parameter and vertical strain rate, 
thus indicating that increased thickness of the clay layer 
can restrict the efficient propagation of vacuum in the lat-
eral directions.

Sandgate Rail Grade Separation Project

The eastern part of Kooragang Island near Newcastle, New 
South Wales, was a major coal export port and was con-
nected to the Sandgate through a railway line across the 
Hunter River. Due to the increasing freight traffic to the 
port, new railway lines were constructed along the main 
line in Sandgate, which acts as a junction for freight traffic 
from the port and passenger traffic on the main line. The 
subgrade consisted of very soft clays that needed further 
ground improvement before commencing construction. Pre-
fabricated vertical drains were considered to improve the 
track’s soft formation. Due to the time constraints for track 
construction, the dead load from the track and live loads 

Fig. 10  Relation between 
measured lateral displacements 
and surface settlements (data 
sourced from Indraratna et. al. 
[11])

Fig. 11  Surface settlement and 
vertical strain rate comparison 
(data sourced from Indraratna 
et. al. [11])
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from trains were used as surcharges instead of the tradi-
tional embankment surcharge. This case study highlights 
the importance of Class-A predictions that were carried out 
using numerical analysis to determine the length and spac-
ing of PVDs.

Site investigations conducted at the site using boreholes, 
piezocone, Cone Penetration tests, and in situ vane shear 
tests indicated a soft compressible soil deposit of thickness 
4–30 m underlying the existing embankment. Under the soft 
soil layer, a soft residual soil layer was encountered, fol-
lowed by shale bedrock. Further, laboratory index tests from 
field samples reported that the water content of the soft clay 
layer was close to its liquid limit with an undrained shear 
strength of 10–40 kPa [35].

Class A Predictions with Finite Element Modelling

Numerical analysis was conducted using the finite element 
software PLAXIS to simulate the behaviour of the track sub-
grade using a coupled flow-deformation analysis. The track 
was modelled in 2D plane strain with triangular elements, as 
shown in Fig. 12. The ballast and fill layers were modelled 
using the Mohr–Coulomb criterion; while, the soft soil lay-
ers were modelled using the modified cam clay theory. To 
simulate PVDs, interface elements with zero excess pore 
pressure were used, and four vertical drains were considered 
for the analysis. The ballast layer was regarded as free drain-
ing, and the bottom boundary was set as a non-displacement 
boundary at a depth of 20 m from the surface. The lateral 
boundary was chosen to be 45 m away from the embank-
ment edge. Conversion of axisymmetric to 2D conditions 
was adopted to conduct the multi-drain analysis. The conver-
sion details can be found elsewhere [35].

The predictions of settlements and excess pore-water 
pressures from the numerical model are shown in Figs. 13a 
and b. From the finite element studies, vertical drains 
assisted with 90% consolidation in the first year compared 
to 20 years in the case without PVDs (Fig. 13a). Additional 

drainage via PVDs also dissipated 60% of pore pressure in 
the first three months and was beneficial in curtailing lateral 
displacement (Fig. 13b). A closer PVD spacing of 1.5 m 
performed better than 2 m spacing in accelerating the con-
solidation process. However, the difference in performance 
was found insignificant, and 2 m spacing was used to mini-
mise the costs.

Installation of PVDs and Instrumentation

The PVDs of 8 m in length at a spacing of 2 m were installed 
in a triangular pattern using a steel mandrel. The PVDs were 
100 mm wide and 4 mm thick, with a discharge capacity of 
3 ×  106 L per year. Different field instrumentations, such as 
settlement plates, inclinometers, and vibrating wire piezom-
eters, were installed to monitor the consolidation process 
and the resulting track settlements. The field data were 
considered essential to assess the safety and suitability of 
the track, verify the design recommended, and improve the 
guidelines for future works with vertical drains. The field 
instrumentation data were also used to compare the results 
from the finite element analysis carried out as part of Class 
A prediction.

Comparison of Class A Predictions and Field Data

Immediately after the PVD insertion, the track was con-
structed, and the train load (25-ton axle load) at a low speed 
was applied as the external surcharge due to the time con-
straint. After a year of track operation, the field data were 
compared with the Class-A predictions. It was observed 
from Fig. 14a that the Class A predictions and field results 
of settlements at the centre of rail lines showed good agree-
ments with each other. In addition, the track lateral displace-
ments observed in the field also agreed with the predictions 
(Fig. 14b).

Fig. 12  Cross section of rail 
track and subgrade (source: 
Indraratna et. al. [35])
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Recycled Ballast with Geosynthetic Reinforcement 
at Bulli, NSW

In addition to improving subgrade soils for the construc-
tion of road and rail infrastructure, a number of field stud-
ies were conducted to improve the performance of railway 
ballast and minimise ballast degradation using different 
artificial inclusions. An experimental track section was 
built at Bulli, NSW, with sponsorship from Sydney Trains 
(formerly RailCorp) to examine the performance of recy-
cled ballast along with a geocomposite layer (geogrid 
bonded with non-woven geotextiles) [20]. Laboratory 
investigations using large scale cubical triaxial apparatus 
reported that the geocomposite layer not only provided sta-
bilisation of recycled ballast when compared to standard 
geogrids but also was effective in preventing the migration 
of subgrade fines and capping material into the ballast 
layer [13, 19].

Site Characteristics and Track Construction

The experimental track section was constructed between 
two turnouts at Bulli with a total track length of 60 m, 
divided into four sections in which different combina-
tions of fresh ballast, recycled ballast, and geocomposites 
were used, as shown in Fig. 15. The track substructure 
included 300 mm of ballast layer and 150 mm of cap-
ping layer. Fresh and recycled ballast was sourced from 
Sydney Trains following the technical specification TS 
302 (Rail Infrastructure Corporation of NSW 2001a). The 
geocomposite layer consisted of a bioriented geogrid with 
rectangular apertures (size = 40 mm × 27 mm, peak tensile 
strength = 30 kN/m) placed over a non-woven geotextile 
of 2 mm thickness. Other specifications of the geocom-
posite are mentioned elsewhere in Indraratna et. al. [20]. 
The subgrade conditions at the track location were inves-
tigated using test pits and cone penetrometer tests. The 

Fig. 13  Plot depicting a surface 
settlement at the centre line of 
rail load b excess pore pressure 
dissipation at 2-m depth at the 
centre line of rail track (data 
sourced from Indraratna et. al 
[35])
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Fig. 14  Predicted and meas-
ured a consolidation settlements 
at the centre line of railway 
tracks b lateral displacement 
profiles near embankment toe 
at 180 days (data sourced from 
[35])

Fig. 15  Schematic of a Plan 
view of track showing different 
trial sections b Cross section of 
track (modified after Indraratna 
et al. [20])
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subgrade was comprised of a stiff over-consolidated silty 
clay layer with shale cobbles and gravels underlain by a 
highly weathered sandstone bedrock. The depth of bed-
rock was reported as 2.3 m in Sect. 4, while its depth 
increased gradually towards Sect. 1.

Field Instrumentation

Three types of instruments were installed at the track site: 
settlement pegs and displacement transducers to measure 
deformations in vertical and lateral directions, and pres-
sure cells to measure cyclic vertical stresses in the track, 
as shown in Fig. 16. The settlement pegs and displacement 
transducers were placed at two depths: at the sleeper-ballast 

Fig. 16  Field instrumentation at Bulli: a Schematic of all instruments b Displacement transducer, c Settlement pegs d Protective casing for 
cables (modified after Indraratna et. al. [20])
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interface and ballast-capping interface, both underneath the 
rail and near the edge of the sleeper. Traditionally displace-
ment transducers are used for measuring vertical displace-
ments; however, these were used to measure transient lateral 
track movements (See Fig. 16a). A 2.5 m long protective 
casing was provided to displacement transducers to prevent 
damage from ballast aggregates and moisture ingress. Six 
vertical pressure cells were used at the three interfaces, 
i.e. sleeper-ballast, ballast-capping, and capping-subgrade; 
while, four lateral pressure cells were used to monitor in situ 
lateral stresses in the ballast layer. All the electrical cables 
were connected to a data acquisition system securely fixed 
at a central location adjacent to the track.

A manual surveying technique was used to measure the 
vertical position of settlement pegs at different time intervals 
for 17 months. Data from displacement transducers and pres-
sure cells were recorded using a manual trigger mechanism 
for each train passage, and the data logger was operated at a 
maximum frequency of 40 Hz. To correlate the deformations 
recorded by the data logger (in time scale) with respect to 
the number of loading cycles, the annual rail traffic (in Mil-
lion Gross Tonnage, MGT) and axle load ( P

t
 ) were trans-

formed into N
t
= 10

6
∕(P

t
∗ N

a
) , where N

t
 is a number of 

load cycles per MGT and N
a
 is the number of axles in each 

load cycle. For an annual traffic of 60 MGT, a 25 T axle 
load with four axles per cycle gives 600,000 load cycles per 
MGT, and this calculation was used for analysing the results.

Field Data Interpretation

Stress in the Track Layers

The peak cyclic vertical and lateral pressures at different 
depths of ballast underneath the rail recorded for passenger 

and coal trains travelling at 60 km/h in Sect. 1 (i.e. fresh 
ballast without geocomposites) are shown in Fig. 17. The 
passenger and coal trains had an axle load of 20.5 and 25 t, 
respectively. As expected, the vertical and lateral stresses 
recorded under passenger trains are lower than that of a 
coal train due to a lower axle load. The vertical stresses 
attenuated with depth, and the gradient of stress attenua-
tion is higher in the ballast layer when compared to that in 
the capping layer. As the number of load cycles increased, 
the vertical stresses increased by approximately 10% at all 
depths, and this can be attributed to the reduction of the 
bearing capacity of ballast as degradation increases. The 
recordings show that the lateral stresses recorded for both 
trains are lower than that of the vertical stresses, therefore 
producing the potential for large shear strains in the track 
layers. In contrast to vertical stresses, there is no significant 
depth attenuation observed in lateral stresses.

Deformations

Ballast vertical deformations are computed by subtracting 
the settlement peg readings at the ballast-capping interface 
from the readings at the sleeper-ballast interface. The verti-
cal deformation of the ballast layer with the number of load-
ing cycles at different track sections is plotted in Fig. 18. As 
observed, all sections of the track showed increased defor-
mations with time, i.e. an increase in loading cycles. The 
magnitude of deformations in fresh ballast was found to be 
higher than that of recycled ballast and much of this dif-
ference occurred in the first few cycles. This can be due to 
the lower angularity of recycled ballast when compared to 
fresh ballast yielding less particle breakage during the initial 
phases of loading. However, the benefits of geocomposites 

Fig. 17  Stress distribution in ballasted railway track (depths under-
neath rail) under different trains (data sourced from Indraratna et. al. 
[20])

Fig. 18  Vertical deformation of ballast in fresh ballast and recycled 
ballast sections with and without geocomposites (data sourced from 
Indraratna et. al. [20])
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were found maximum in fresh ballast, which showed a 
33% reduction of vertical deformations compared to 9% 
in recycled ballast. Similarly, a 49% reduction in lateral 
deformations was observed for geocomposite with fresh 
ballast; while, 11% reduction was recorded with recycled 
ballast, signifying that geocomposites can improve lateral 
stability. Nevertheless, the environmental benefits are evi-
dent by using recycled ballast while its performance can be 
enhanced by geocomposite reinforcement. This field study 
considered only one type of geocomposite due to constraints 
with time. These limitations were addressed in the field 
study conducted in Singleton, NSW in 2014 where different 
types of geocomposites were tested on both soft and hard 
subgrades along with other research innovations.

Performance Evaluation of Geocomposites 
and Shock Mats at Singleton, NSW

Earlier field investigations from Bulli showed that geocom-
posites work effectively to reduce both vertical and lateral 
deformations in the ballast layer, however, the type of geo-
composites and subgrade conditions are limited to a particu-
lar type. As an extension, different types of geosynthetics, 
along with a shock mat were tested in different subgrade 
conditions at Singleton, NSW. This track was owned and 
operated by Australian Rail Track Corporation (ARTC) and 
was located inland in the Hunter Valley region of NSW.

Site Characteristics and Track Construction

Subsurface exploration at the site was done using 33 
boreholes, eight dynamic cone penetration tests, and 11 
standpipe piezometers and three subgrade conditions 
were selected. These included medium to high-strength 
siltstone rock, a flood plain with soft alluvial deposits, and 
a reinforced concrete bridge supported by piled abutments 
[21]. The flood plain consisted of silty clay (7–10 m thick) 
and medium dense sand-silty clay of 7–9 m thick layers 
underlain by medium-strength siltstone. In addition to bal-
last (300 mm) and capping (150 mm) layers, a 500 mm 

structural fill was placed on the subgrade. Four types of 
polypropylene geogrids, a geocomposite layer, and a shock 
mat were installed at the ballast-capping interface in 8 
different sections, as given in Table 6. More specifica-
tions of these inclusions are reported in Nimbalkar and 
Indraratna [21].

Field Instrumentation at Singleton

In this track, settlement pegs and pressure cells were 
installed at different layer interfaces to monitor deforma-
tions and stresses, respectively. In addition, high-precision 
sensors such as strain gauges were installed in the track 
to monitor longitudinal and transverse strains mobilised 
in geogrids and geocomposite layer as shown in Fig. 19a. 
These strain gauges are temperature resistant, could meas-
ure up to 15% strains, and were installed on the top and 
bottom of the geogrids at 3 spatial locations, i.e. below the 
edge of the sleeper, below the rail and near the centre of 
the track. To measure the lateral and vertical deformations 
in the ballast layer, a group of linear variable differential 
transformers (LVDTs) was mounted on a custom-made 
frame near the shoulder, as shown in Fig. 19b. As observed 
from Fig. 19b, this setup allows the measurement of tran-
sient lateral movements at different depths of ballast layer. 
Detailed site instrumentation drawings are presented in 
Nimbalkar and Indraratna [21].

For the standard sleeper width of 240  mm, a train 
speed of 100 km/h would require a data acquisition sys-
tem with a minimum acquisition frequency of 350 Hz for 
the instrumented sleeper to sufficiently capture the effects 
of a passing wheel. It was reported in earlier field trials at 
Bulli that a data acquisition system with 40 Hz could not 
capture the data entirely and data loss was observed. To 
minimise this, the Singleton field trial was equipped with 
an advanced data acquisition system to obtain data at a 
2 kHz frequency. Further, each load cycle in this study 
was considered equivalent to one axle instead of one bogie 
used at Bulli.

Table 6  Type of inclusions 
installed in railway track at 
Singleton, NSW

Subgrade conditions Type of inclusion (aperture size)

Section-1 Alluvial deposit GG-1 (44 × 44 mm)
Section-2 Alluvial deposit GG-2 (65 × 65 mm)
Section-3 Alluvial deposit GG-3 (40 × 40 mm)
Section-4 Alluvial deposit GC-1:GG-4 (31 × 31 mm) + Non-woven geotextile
Section-5 High strength siltstone GG-3
Section-A Alluvial deposit Standard section for comparison
Section-B Concrete Bridge deck Shock mat (polyurethane elastomer, 10 mm thick)
Section-C High strength siltstone Standard section
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Performance of geogrids and geocomposites

The track at Singleton was used by freight trains of two-axle 
loads (25 and 30 T) at different train speeds. The vertical 
deformations of the ballast are shown in Fig. 20a. Similar to 
ballast deformations in the laboratory, the ballast layer expe-
rienced large deformations in the first 10,000 load cycles, 
after which the increment rate gradually reduced. After the 
initial phase, it was observed that ballast deformations on the 
soft subgrade were 30% higher than those on the hard sub-
grade. The ballast on the concrete bridge deck experienced 
only about 9 mm deformations which are 60% less than that 
on hard subgrade. These low deformations on the concrete 
bridge deck are predominantly because of shock mats placed 
underneath the ballast. Further, the lateral restraint of ballast 
by bridge-side barriers reduced vertical deformations when 
compared to other sections with free shoulders. The influ-
ence of different geogrid inclusions on ballast deformations 

for soft subgrades is shown in Fig. 20b. The results indicated 
that geogrid reinforcement reduced ballast deformations, and 
GG-3 performed better than all other types, including geo-
composite layer, providing maximum reinforcement. It was 
interesting to note that the aperture size of GG-3 was close 
to the optimum aperture size (1.1 d

50
=40 mm) reported by 

laboratory investigations and better performance compared 
to other geogrids, even with a non-woven geotextile inclu-
sion. Further, Nimbalkar and Indraratna (2016) reported that 
higher transverse and longitudinal strains were mobilised in 
GG-3, indicating maximum resource utilisation.

Track Dynamic Response

Figure 21a and b shows the peak dynamic stress and tran-
sient vertical displacements at the sleeper-ballast interface 
at different locations, respectively. In all track sections, the 
dynamic stresses increased as train speeds increased for the 

Fig. 19  Pictures of a strain gauges installed on geogrids b LVDTs 
mounted on displacement measurement frame (Source: Nimbalkar 
and Indraratna [21])

Fig. 20  Deformations of ballast layer with number of loading cycles 
for a different subgrade conditions b Different geosynthetic inclu-
sions on soft alluvial deposits (data sourced from [21])
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same axle load. This dynamic amplification is due to the 
propagation of surface waves in the track substructure lay-
ers, and the wave propagation characteristics are directly 
related to subgrade conditions. The magnitude of stresses 
was found to be maximum for the track on medium-stiff 
siltstone and minimum for the track on soft alluvial deposit 
(see Fig. 21a). This high amplification on hard subgrades 
can be attributed to the reflection of stress wave from stiff 
siltstone layers, which has higher shear modulus compared 
to the other substructure layers above it. Despite the higher 
shear modulus of reinforced concrete, the vertical stresses 
recorded on bridge decks were lower than those for stiff 
subgrade conditions. The shock mats placed on the bridge 
deck acted as an energy-absorbing layer attenuating the 
dynamic effects of wave reflection on stiff subgrades, thus 
reducing the dynamic vertical stresses. The amplification of 
stress with train speed curves was found to be linear, and the 

dynamic amplification factor, i.e. the slope of trend line, was 
higher on stiff subgrades (1.4) and reduced to 0.95 and 0.42 
on the concrete bridge deck and soft subgrade, respectively.

Further, when the transient displacements were plotted 
against train speeds (see Fig. 21b), it was observed that the 
displacements were maximum for the track on soft alluvial 
deposits and minimum on hard subgrades. This is expected 
as stiffness and displacements are inversely related to each 
other. However, the amplification trend of displacements 
was found to be nonlinear in contrast to stresses; while, the 
apparent amplification was higher on soft subgrades.

Large‑Scale Heavy Haul Track Testing Facility

The case studies discussed in the previous sections demon-
strate that an extensive amount of effort, time and money 
must be invested in conducting full-scale field trials on 
active railway tracks. Moreover, it is not feasible to modify 
the test tracks after commissioning to incorporate any design 
modifications or new research innovations. Any such modi-
fications would require the whole track construction process 
to be repeated. In view of this, a prototype test facility was 
built at Russell Vale, 80 km south of Sydney, which can 
simulate the axle loading and track in situ boundary condi-
tions for standard gauge heavy haul tracks. This National 
Facility for Heavy-haul Railroad Testing (NFHRT) was built 
through a collaboration of multiple Universities, Industry 
organisations and the Australian Research Council under 
the leadership of the first author. This case study presents 
some of the critical aspects of NFHRT and the performance 
of a standard test compared with Bulli and Singleton field 
studies.

Specifications of NFHRT

A full-size (1:1 scale) instrumented track section of 6 m 
length was constructed on a test pit with 6 m width and 
2.3 m depth to minimise the boundary effects that are 
generally associated with unit cell type large-scale test-
ing facilities. The schematic and real-life picture of the 
facility is shown in Fig. 22a and b, respectively. Vibra-
tion insulation has been provided to the edges of the test 
pit through 900 mm thick reinforced concrete walls and 
600 mm thick concrete floor to prevent vibrations from 
propagating to other nearby facilities. The equivalent 
load from a typical freight wagon bogie was simulated 
in NFHRT using four dynamic hydraulic actuators with 
a capacity to apply up to 40 T axle loads to 200 km/h. 
These hydraulic actuators are mounted on a loading frame 
and controlled using the hydraulic servo-controlled sys-
tem, as shown in Fig. 22a. All the actuators were con-
trolled through a computerised operating system linked to 
a robust data acquisition system. The four actuators were 

Fig. 21  a Dynamic vertical stresses under sleepers and b transient 
sleeper displacements at Singleton for different subgrade conditions 
(data sourced from Nimbalkar and Indraratna [21])
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paired into two axles (front and rear) which operate at a 
phase difference equivalent to the simulated train speed 
based on Indraratna et al. (2011).

Track construction and instrumentation

To simulate field conditions of railway tracks on soft 
alluvial subgrades, the test pit was filled and compacted 
to ground level by drainage layer, subgrade, structural 
fill, and capping layer in sequence from the bottom of 
the pit. Material characteristics of each layer and their 
design thickness are summarised in Table 7. On top of the 
capping layer, 300 mm thick fresh ballast obtained from 
Bombo quarry in NSW was placed and compacted, over-
lain by the standard rail-sleeper assembly. The construc-
tion of capping and ballast layers was done in accordance 
with AS 1289.5.1.1 and AS1289, respectively.

Many instruments were installed in the track during 
construction, including settlement pegs, pressure cells, 
and high-precision sensors such as horizontal displace-
ment transducers, pore pressure gauges, and soil moisture 
sensors as shown in Fig. 23. In addition, accelerometers 
were installed on rails and sleepers to measure acceler-
ations during loading. The exact locations of all these 
instruments are given elsewhere in Indraratna et al. [38].

Data Interpretation  

A 25 T axle load bogie with an applied frequency of 15 Hz 
(~ 60–80 km/h) was simulated in the facility up to 500,000 
cycles. Figure 24a shows the average vertical settlement of 
two sleepers under each axle, measured by settlement pegs. 
The measurements showed that most settlements occurred 
in the first 50,000 cycles and the rate of increment in set-
tlements reduced gradually with an increase in the number 
of loading cycles. Sleeper settlements from Bulli and Sin-
gleton field studies, along with large-scale cubical triaxial 
tests, were also plotted for comparison. In the initial 50,000 
cycles, all measurements were in good agreement; however, 
the sleeper settlements in NFHRT at higher loading cycles 
are higher than those from laboratory testing but lower than 
those from field trials. Higher settlements in field trials are 
due to large depths of alluvial silty clay layers, i.e. 2.3–3 m 
at Bulli and 7–10 m at Singleton. While a large-scale cubi-
cal triaxial facility could not simulate these higher depths 
at the base resulting in boundary effects, a full-scale test in 
NFHRT was able to capture the depth effect satisfactorily, 
clearly highlighting the advantage of NFHRT. However, 
slight differences in NFHRT and field measurements can be 
due to external factors that are common in the field such as 
mixed axle loads (25 to 30 T), impact loads caused by wheel 
flats and rail corrugations, train acceleration-deceleration 
forces and seasonal moisture variations in subgrade layers.

Fig. 22  a 3D Schematic of NFHRT b Real-life picture of mounting frame with actuators resting on track (Source: Indraratna et al. [38])

Table 7  Materials used in 
NFHRT (data sourced from 
Indraratna et. al. [38])

Layer Thickness (mm) Properties

Drainage layer 75 Coarse-grained gravel overlain by a non-woven geotextile
Subgrade 795 Fine-grained CL type subgrade soil ( w= 20%, compacted in 4 

layers to �dry= 16.5 kN/m3)
Structural fill 650 w=20%, compacted in 4 layers to �dry= 18.5 kN/m3

Capping layer 180 Sand-gravel mixture, compacted in 2 layers to �dry= 19.5 kN/m3
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Further, Fig. 24b shows the measured vertical stresses 
at different depths underneath the sleeper and compares 
them with field and lab studies. It can be observed that 
the vertical stresses attenuate with depth rapidly in the 
ballast layer and then gradually in subsequent layers. The 
peak vertical stress recorded was 225 kPa at the sleeper-
ballast interface and 150 kPa at ballast-capping interfaces. 
The corresponding peak vertical stresses measured at Bulli 
were lower than the NFHRT measurements since the field 
stresses were measured for passenger trains (~ 19 T axle 
loads). Also, because of boundary effects in laboratory 
equipment were evident in high sleeper-ballast interface 
stress due to stress-wave reflection, while these wave 
reflection effects were not observed in full-scale tests con-
ducted in NFHRT.

Challenges with Field Instrumentation

While conducting field trials, it is common that some of 
the installed instruments show erroneous measurements due 
to incorrect installation procedures, insufficient capacity of 
sensor measurements and insufficient protection of sensors 
and data cables from damage. For piezometers used in Port 
of Brisbane and Ballina case studies, the piezometers capaci-
ties are selected such that they can measure negative excess 
pore pressures (~ 70 kPa) that could occur due to the applica-
tion of vacuum. In railway tracks, sharp angular ballast par-
ticles can easily damage any cables that are passing through 
the ballast layer and appropriate protective casing were used 
in Singleton and Bulli field studies to prevent such faults. 
Incorrect placement of sensors such as pressure cells could 

Fig. 23  a Plan view and b Cross section view of instrumentation at NFHRT c Installation of pressure plates in subgrade d pressure plates and 
settlement plates at sleeper base (sourced from Indraratna et al. [38])
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also lead to wrong measurements, for e.g., the sensing face 
of the pressure cell should have sufficient contact with higher 
number of ballast particles to prevent stress concentrations 
and maintain accuracy of measurements [20, 21]. Further, 
the frequency of data acquisition becomes important while 
measuring the dynamic stresses and displacements under 
train loads, as lower frequency acquisition leads to loss of 
measurement data in terms of local minima and maxima. In 
such cases, it is essential to calculate minimum frequency 
based on the average train speed at the location to improve 
the quality of data.

In addition to incorrect installation procedures, interac-
tion of some instruments with harsh conditions can also 
affect the accuracy of measurements. As observed in the 
Port of Brisbane and Ballina field cases, clogging of vibrat-
ing wire piezometers limited the capacity of the instrument 
to detect pore water pressures as expected. This trend was 
observed for much of the eastern coastal belt which is pre-
dominantly affected by Acid sulphate soil conditions which 

contain oxidisable pyrite layers at shallow depths in upper 
Holocene clay [6]. In such cases, data interpretation follow-
ing fundamental concepts aided by supplementary numerical 
modelling plays a crucial role in identifying the erroneous 
measurements recorded by damaged instruments.

Conclusions

A number of field investigations involving several ground 
improvement techniques in transportation infrastructure 
were discussed in this paper through separate case studies. 
Different instrumentation procedures and analysis tech-
niques were highlighted, explaining the importance of field 
measurements in monitoring the performance of embank-
ments and railway tracks.

The use of field instruments like settlement plates, pie-
zometers and inclinometers helped analyse the performance 
of PVDs to improve soft subgrades with vacuum-assisted 
preloading. Port of Brisbane and Ballina trial embankments 
showed that PVDs performed better in vacuum areas than 
non-vacuum areas. They were more effective in propagating 
the vacuum pressure to a greater depth. Vacuum-assisted 
preloading also showed a higher dissipation of excess pore 
water pressures, thus highlighting the effectiveness of vac-
uum consolidation. A settlement-based degree of consoli-
dation (DOC) showed that DOC in the vacuum area was 
significantly higher compared to the non-vacuum areas. The 
surface settlement data, when analysed, indicate that the set-
tlement increased with the clay layer thickness, embank-
ment height and vacuum application. Furthermore, as the 
clay layer thickness increases, the effectiveness of PVDs 
reduce as thicker clay layer tend to reduce vacuum propa-
gation in lateral directions. Inclinometer readings proved 
that vacuum pressure significantly helped in curtailing the 
lateral displacements and the stability of the embankment 
was greater with vacuum consolidation indicated by � . The 
field trial at Sandgate proved that low-speed train loads 
could be used as an alternative for traditional embankment 
surcharge preloading at locations when time constraints are 
strict. Further, it was also evident that Class A predictions 
using appropriate numerical modelling techniques with lab-
oratory-determined parameters can help design the PVDs. 
However, the effectiveness of Class A predictions can be 
compromised if the soil parameters needed for numerical 
predictions are not accurately measured from laboratory and 
in situ investigations.

Field investigations on railway tracks proved that geo-
composites enhanced the performance of the ballast layer 
by reducing vertical and lateral deformations as well as the 
degradation of ballast aggregates. Maximum performance 
was observed when the aperture size of geogrids was closer 
to the optimum aperture size reported from laboratory 

Fig. 24  Comparison of NFHRT test measurements with previous 
field and laboratory studies a Ballast settlement b Vertical stresses 
(data sourced from Indraratna et. al. [38])
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investigations. The use of recycled ballast was found to be 
a feasible solution when used along with geocomposites to 
maximize the utilisation of quarry materials and minimise 
further ecological damage. On concrete bridge decks, shock 
mats reduced the dynamic load amplification at higher train 
speeds while also reducing ballast breakage.

Full-scale track testing facilities such as NFHRT at Rus-
sell Vale reduce the amount of effort, time and money 
in repeating field tests and helps accelerate the research 
validation. Heavy haul track testing using NFHRT showed 
that the scale and depth effects are minimised when com-
pared to traditional small-scale and large-scale laboratory 
testing. This provides an opportunity to investigate further 
the dynamic influence of different train loads on track lay-
ers and the use of innovative inclusions such as geogrids, 
geocomposites, shock mats, etc., and sustainable materi-
als for enhanced stability and resiliency of railway tracks.
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