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ABSTRACT: A great deal of the world’s transport infrastructure is built along congested coastal belts that 
consist of highly compressible and weak soils with very low bearing capacity and excessive settlement charac-
teristics, so stabilising them before construction will guarantee long term and short term stability. Pre-
construction consolidation of soft soils via a surcharge load alone often takes too long, and the load required to 
achieve more than 90% consolidation can be excessively high over a prolonged period, which is why a system 
of vertical drains combined with vacuum pressure and surcharge preloading has become an attractive alterna-
tive for ground improvement. This technique accelerates consolidation by enabling a rapid radial flow which 
decreases the excess pore pressure while increasing the effective stress. Ballasted railroads form one of the 
major worldwide transportation networks and they continue to provide quick and safe transportation. As the 
axle loads and number of high-speed trains’ increases, so the quality of track substructure becomes extremely 
important, and the excessive deformation and degradation of the granular media and unacceptable differential 
settlement of soft subgrade necessitates frequent track maintenance. To rectify these problems, the use of arti-
ficial inclusions in the rail environment has been effective. Field measurements, analytical approach and nu-
merical modelling are among the methodologies used to evaluate the effectiveness of these artificial inclu-
sions. Comprehensive field trials were carried out to assess the role of geogrids, geocomposite, and shock mats 
in stabilising ballast embankments at Bulli and Singleton, New South Wales, Australia. Large-scale triaxial 
tests were conducted to investigate the behaviour of reinforced and un-reinforced subballast under cyclic load 
using process simulation triaxial apparatus. Geocells influenced the behaviour of subballast under cyclic load-
ing, particularly at low confining pressure and high frequency. Coal wash (CW) and basic oxygen steel slag 
fines (BOS) were used as fill for the reclamation project at the Outer Harbor extension of Port Kembla, at 
Wollongong, NSW.  The laboratory investigation on the optimum CW-BOS mixtures is depicted here. Fur-
thermore, a new methodology using a field evaluation of the shear wave velocity (Vs) combined with matric 
suction (ua-uw) or moisture content was applied to assess compaction at Penrith Lakes, NSW. This paper de-
scribes an evaluation of the performance of artificial inclusions and compaction control using laboratory test-
ing, analytical approaches, numerical modelling and field measurements. 

1 INTRODUCTION 

The fast development of coastal and metropolitan 
areas has necessitated the use of previously unde-
veloped low lying areas for construction purposes 
(Indraratna et al., 1992; Indraratna, 2010). The low 
bearing capacity and high compressibility of these 

soft deposits would have a detrimental effect on 
the long term stability and serviceability of the 
transport infrastructure (Johnson 1970), and there-
fore these soils must be stabilised before com-
mencing construction to prevent unacceptable dif-
ferential settlement. Various types of vertical 
drains such as sand drains, sand compaction piles, 
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PVDs, stone columns, and gravel piles have all 
been used, but to minimise the risk of damage to 
utilities from lateral ground movement and because 
of the significant reduction in the price of flexible 
PVDs, they are being used more often than granu-
lar drains. Indeed, their installation can significant-
ly reduce the preloading period by decreasing the 
length of the drainage path, sometimes by a factor 
of 10 or more, and moreover, they can be installed 
quicker and with with minimum environmental 
implications and quarrying requirements. Preload-
ing is one of the most successful techniques used 
to improve  the shear strength of low-lying areas 
because it loads the ground surface which in turn 
induces a greater part of the ultimate settlement 
that it is expected to bear after construction 
(Richart 1957; Indraratna and Redana 2000; 
Indraratna et al. 2005a). Since most compressible 
low-lying soils are often thick and thus have very 
low permeability, they need a lengthy time period 
to achieve the desired primary degree of consolida-
tion (>95%). When PVDs combined with sur-
charge preloading are applied, the vertical drains 
provide a short radial drainage path which signifi-
cantly reduces the required preload period. Vacu-
um pressure has been used to increase the efficien-
cy of PVD when a desired degree of consolidation 
is required over a relatively short time because the 
suction distributed along the drains and onto the 
surface of the ground accelerates consolidation, re-
duces lateral displacement, and increases the effec-
tive stress. Nowadays, PVDs combined with vacu-
um preloading are being increasingly used in 
ground improvement all over the world.  

Ballasted railroad tracks are popular because of 
their relatively lower capital costs and flexib le 
maintenance, and thus ballast is a major compo-
nent of track substructure that ensures the cyclic 
loads are transmitted safely to the capping or for-
mation soils. But if ballast is not maintained 
properly the track geometry will deteriorate (Selig 
and Waters 1994). The degradation of ballast is in-
fluenced by factors such as the amplitude of cyclic 
loading, the frequency and number of load cycles, 
the grain size distribution of aggregates, the track 
(internal) confining pressure, and the shape and 
fracture strength of individual grains. For high 
load-bearing characteristics and maximum track 
stability, ballast needs to be angular, well graded, 
and compact (Indraratna et al. 2006), as well as re-
inforced with artificial inclusions. Geosynthetics 
can be used in new rail tracks and track rehabilita-
tion schemes to curtail future deformation. A num-
ber of laboratory tests on model-scale tracks have 
already been conducted to assess the performance 
of ballast with and without geogrids and 
geocomposites (Bathurst and Raymond 1987; 
Indraratna et al. 2011b). Geogrids/geotextiles can 

reduce the lateral spreading and fouling of ballast, 
as well as its degradation, especially in wet condi-
tions (Shin et al. 2002; Indraratna and Salim 2003; 
Indraratna et al. 2007; Indraratna and Nimbalkar 
2013), and without sufficient confinement, 
subballast can also undergo significant lateral 
spreading that leads to substantial vertical strain, 
and therefore geocells (a three-dimensional form of 
geosynthetics) is a feasible alternative to improve 
confinement (Mengelt et al. 2006; Tafreshi et al. 
2014),  and improve track performance. Large 
scale laboratory tests were conducted to study the 
effectiveness of geocells under varying confining 
pressures and frequencies. Comprehensive field 
studies on instrumented tracks at Bulli (near Wol-
longong) and Singleton (near NewCastle) support-
ed by RailCorp and ARTC, were carried out to 
measure the in-situ stresses and deformation of 
ballast, and to study the effectiveness of different 
types of geosynthetics and shock mats installed at 
the ballast-capping interface (Indraratna et al. 
2010; 2014a,b). The results of large-scale laborato-
ry testing and full-scale field monitoring have 
demonstrated the benefits of geosynthetic rein-
forcements (geogrids, geocomposites, geocells) 
and shock mats for ballasted track infrastructure.  

As by-products of coal mining and steel indus-
tries respectively, coal wash (CW) and basic oxy-
gen steel slag (BOS) are typically disposed of as 
waste in stockpiles which occupy usable land in 
urban areas.  For the sake of the environment and 
the economy, these granular wastes should be re-
cycled through large-scale civil engineering appli-
cations such as reclamation and/or back-fill mate-
rials. However, due to the heterogeneity of these 
materials and their complex behaviour, especially 
under submerged conditions when used as harbor 
reclamation fill, all design and construction utilis-
ing these waste products poses significant geotech-
nical challenges.  In addition, fill areas, e.g. Pen-
rith Lakes, New South Wales, Australia are always 
deemed as uncontrolled fill because of the insuffi-
cient compaction records. Therefore, a new meth-
odology to assess the quality of previously com-
pacted areas, which combines the use of MASW 
techniques and field matric suction, was investi-
gated. In this paper, detailed laboratory investiga-
tions and preliminary field trials are reported.  

2 PVDs COMBINED WITH SURCHARGE 
AND VACUUM PRELOADING 

2.1 Principles of vacuum consolidation via PVDs 

The vacuum preloading method for vertical drains 
was arguably first introduced in Sweden by Kjell-
man (1942). Since then, it has been used world-
wide to accelerate the consolidation of soft ground, 
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for instance at the Philadelphia International Air-
port, USA; Tianjin port, China; North South Ex-
pressway, Malaysia; Reclamation world in Singa-
pore and Hong Kong, China; Suvarnabhumi 
Second Bangkok International Airport, Thailand; 
Balina Bypass NSW and the Port of Brisbane, 
Queensland in Australia (Holtan 1965; Choa 1990; 
Jacob et al. 1994; Bergado et al. 2002; Chu et al. 
2000; Yan and Chu 2003). When a high surcharge 
load is needed to achieve the desired undrained 
shear strength, the optimum solution is to use a 
combined vacuum and fill surcharge approach. In 
very soft clays where a high surcharge embank-
ment cannot be constructed without affecting sta-
bility (large lateral movement) or having to work 
within a tight construction schedule, the applica-
tion of vacuum pressure is quite often the most ap-
propriate choice.  
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Fig. 1 Spring analogy of vacuum consolidation process: 

(a) under fill surcharge; (b) under vacuum load (adopted 

from Chu and Yan 2005). 

 

This PVD coupled system is designed to dis-
tribute the vacuum (suction) pressure to deep lay-
ers of the subsoil to increase the consolidation rate 
of reclaimed land and deep estuarine plains (e.g. 
Indraratna et al. 2005b; Chu et al. 2000). The 
mechanism for vacuum preloading can be ex-
plained by the spring analogy (Fig.1) described by 
Chu and Yan (2005), where the effective stress in-
creases directly due to the suction (negative) pres-
sure, while the total stress remains the same. This 
is in the context of conventional case surcharge 
preloading.  

The general characteristics of vacuum preload-
ing compared to conventional preloading are as 
follows (Qian et al. 1992; Indraratna and Chu 
2005): 

(1) The effective stress related to suction pres-
sure increases isotropically, whereby the corre-
sponding lateral movement is compressive. Conse-
quently, the risk of shear failure can be minimised 
even at a higher rate of embankment construction, 

although any ‘inward’ movement towards the em-
bankment toe should be carefully monitored to 
avoid excessively high tensile stresses.  

(2) The vacuum head can propagate to a greater 
depth of subsoil via the PVD system and the suc-
tion can propagate beyond the tips of the drain and 
the boundary of the PVD.  

(3) Assuming air leaks and depending on the ef-
ficiency of the vacuum system used in the field, the 
volume of surcharge fill can be decreased to 
achieve the same degree of consolidation.  

(4) Since the height of the surcharge can be re-
duced, the maximum excess pore pressure gener-
ated by vacuum preloading is less than the conven-
tional surcharge method (Fig. 2). 

(5) With the applied vacuum pressure, the inevi-
table unsaturated condition at the soil-drain inter-
face may be partially compensated for. 

(6) With field vacuum consolidation, the confin-
ing stress applied to a soil element may consist of 
two parts: (a) vacuum pressure and (b) lateral earth 
pressure (Chai 2005).  Chai et al. (2008) demon-
strated the possibility of improving clayey deposits 
by combining the cap-drain with a vacuum and the 
surface or subsurface soil as a sealing layer, in lieu 
of an air tight sheet on the ground surface. How-
ever, this method depends on preventing the sur-
face sand from being affected by pressure from 
pervious layers of sand and discontinuities in the 
ground.  
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Fig. 2 Consolidation process: (a) conventional loading 

(b) idealised vacuum preloading (inspired by Indraratna 

et al. 2005c). 

 

With vacuum assisted preloading, some hori-
zontal drains must be placed in transverse and lon-
gitudinal directions after installing the sand blanket 
in order to distribute the surface suction uniformly. 
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All vertical and lateral drains can then be connect-
ed to the edge of a peripheral bentonite slurry 
trench, which is normally sealed by an impervious 
membrane system (Fig. 3a). The trenches can then 
be filled with water or bentonite slurry to improve 
the intact sealing of the membrane around the 
boundary of the treated zone. The vacuum pumps 
are then connected to the prefabricated discharge 
system extending from the trenches. The suction 
head generated by the vacuum pump helps dissi-
pate the excess pore water pressure via the PVDs.  

When a reclaimed area must be sub-divided 
into a number of sections to facilitate installation 
of the membrane, vacuum preloading can only be 
carried out in one section at a time. Vacuum pre-
loading can become cumbersome over a very large 
area because the suction head may not be sustained 
due to the pressure from the layers of sand or be-
cause it is too close to a marine boundary, in which 
case a cut off wall will often be used. An alterna-
tive method is to apply the vacuum directly to the 
individual PVD with flexible tubes without using a 
membrane. Here, each PVD is connected directly 
to the collector drain (Fig. 3b). Unlike the mem-
brane system where an air leak can affect the entire 
PVD system because in this membrane-less sys-
tem, each drain acts independently.  
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Fig. 3 Vacuum-assisted preloading system:  (a) mem-

brane system; and (b) membrane-less system (Geng et 

al. 2012, with permission from ASCE). 

 
The analytical modelling principles for both 

systems of the applied vacuum are shown in Fig. 4. 
The smear zone and well resistance are also con-

sidered in both of these models. The general solu-
tions for excess pore water pressure, settlement, 
and degree of consolidation were derived through 
the Laplace transformation technique. In addition, 
a time dependent surcharge preloading can be con-
sidered in lieu of an instantaneously applied con-
stant load that can neither simulate the construction 
history of the embankment or variations of the ap-
plied vacuum pressure. These results elicited the 
need for correctly determining the permeability of 
the sand blanket in the membrane system, and the 
role of any variation in vacuum in the membrane-
less system. The permeability of the sand blanket 
can significantly affect overall consolidation in the 
membrane system.  
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Fig. 4 Analysis schemes of unit cell with vertical drain: 

(a) membrane system; and (b) membrane-less system 

(Geng et al. 2012, with permission from ASCE). 
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2.2 Vacuum consolidation theory 

Mohamedelhassan and Shang (2002) developed a 
combined vacuum and surcharge load system and 
also adopted the one-dimensional Terzaghi’s con-
solidation theory (Fig. 5). The mechanism for the 
combined vacuum and surcharge loading (Fig. 5a) 
may be determined by the law of superposition 
(Figs. 5b and 5c). The average of the degree of 
consolidation for combined vacuum and surcharge 
preloading can then be expressed by:  

2

0

2
1 exp vcM T
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∞
−

=
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2/vc vcT c t H=                             (2) 

where 
vcT is a time factor for combined vacuum 

and surcharge preloading, and 
vcc is the coefficient 

of consolidation for combined vacuum and sur-

charge preloading.  
Indraratna et al. (2004) showed that when a 

vacuum is applied in the field through PVDs, the 
suction head along the length of the drain may de-
crease with depth, thereby reducing its efficiency. 
Laboratory measurements taken at a few points 
along PVDs installed in a large-scale consolidome-
ter at the University of Wollongong clearly indi-
cated that the vacuum propagates immediately, but 
a gradual reduction in suction may occur along the 
length of the drain. The rate at which the suction 
develops in a PVD depends mainly on the length 
and type of PVD (core and filter properties). How-
ever, some field studies suggest that suction may 
develop rapidly even if the PVDs are up to 30 m 
long (Bo et al. 2003; Indraratna et al. 2005a).  

Indraratna et al. (2004, 2005a) proposed a 
modified radial consolidation theory inspired by 
laboratory observations to include different distri-
bution patterns of vacuum pressure (Fig. 6). These 
results indicated that the efficiency of the PVD de-
pended on the magnitude and distribution of the 
vacuum. In order to quantify the loss of vacuum, a 
trapezoidal distribution of vacuum pressure along 
the length of the PVD was assumed. 

Based on these assumptions, the average excess 

pore pressure ratio )/( 0upRu ∆=  of a soil cylin-

der for radial drainage that incorporates vacuum 

preloading can be given by: 
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   (4) 
where p0 = the vacuum applied at the top of the 
drain, k1 = ratio between the vacuum at the top and 
bottom of the drain, 0u = the initial excess pore 
water pressure, kh = the horizontal permeability co-
efficient of soil in the undisturbed zone, ks = the 
horizontal permeability coefficient of soil in the 
smear zone, Th = the time factor, n = the ratio de/dw  

(de is the diameter of the equivalent soil cylinder = 
2re and dw is the diameter of the drain = 2rw), s = 
ratio ds/dw (ds is the diameter of the smear zone = 
2rs), z = depth, l = the equivalent length of drain, 
qw = the well discharge capacity. 
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Fig. 5 Schematic diagram of vacuum preloading system: (a) vacuum and surcharge combining load; (b) surcharge pre-

loading; and (c) vacuum preloading (after Mohamedelhassan and Shang 2002, © Canadian Science Publishing or its li-

censors). 
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Fig. 6 The distribution patterns of vacuum pressure in 

the vertical directions (after Indraratna et al. 2005a, © 

Canadian Science Publishing or its licensors). 

2.3 Effect of smear zone 

Installing vertical drains with a steel mandrel re-
moulds the subsoil quite significantly, especially in 
its immediate vicinity. This disturbed annulus in 
the smear zone has a reduced lateral permeability 
and increased compressibility. In varved clays, the 
finer and more impervious layers are dragged 
down and smeared over the more pervious layers 
which in turn decrease the permeability of the soil 
near the periphery of the drain. Barron (1948) sug-
gested the concept of reduced permeability by arbi-
trarily lowering the apparent value of the coeffi-
cient of consolidation. Hansbo (1979) included a 
further explicit smear zone with a reduced perme-
ability near the drain, surrounded by an outer un-
disturbed zone.  

Based on constant but reduced permeability in 
the smear zone, Jamiolkowski et al. (1983) pro-
posed that the diameter of the smear zone (ds) and 
the cross section of the mandrel can be related by: 

sd = (2.5 to 3) md                       (5) 

In the above, dm is the diameter of the circle 
with an area equal to the cross section of the man-
drel. Based on the results of Akagi (1979) and 
Hansbo (1987), the smear zone is often evaluated 
by the simple expression: 

ms dd 2=                               (6)  

Onoue et al. (1991) introduced a three zone hy-
pothesis defined by (a) a plastic smear zone close 
to the drain where the soil is highly remoulded dur-
ing installation, (b) a plastic zone where the per-
meability is reduced moderately, and (c) an outer 
undisturbed zone where the soil is unaffected by 

installation. For practical purposes a two-zone ap-
proach is generally sufficient.  

On the basis of their experimental work, 
Indraratna and Redana (1998) proposed that the es-
timated smear zone is at least 3-4 times larger than 
the cross section of the drain. This proposed rela-
tionship was verified using a specially designed 
large scale consolidometer (the schematic section 
is shown in Fig. 7). Fig. 8 shows the variation of 
the ratio of horizontal to vertical permeability 
(kh/kv), and the water content along a radial dis-
tance from the central drain in the large scale con-
solidation apparatus (Indraratna and Redana 1998; 
Sathananthan and Indraratna 2006a; Walker and 
Indraratna 2006). The radius of the smear zone is 
about 2.5 times the equivalent radius of the man-
drel. The lateral permeability (within the smear 
zone) is 61-92% of the outer undisturbed zone, 
which is similar to Hansbo (1987) and Bergado et 
al. (1991) recommendations. Only recently, 
Sathananthan et al. (2008) used the cavity expan-
sion theory (CET), obeying the modified Cam-clay 
model, to analyse the extent of the smear zone 
caused by mandrel driven vertical drains.  Their 
predictions were verified by large scale laboratory 
tests where the extent of the smear zone was quan-
tified based on (a) response of excess pore pressure 
generated while driving the steel mandrel, (b) 
change in lateral permeability, and (c) obvious re-
duction in the water central towards the content 
drain.   
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the central drain and associated smear (Indraratna and 

Redana 1998, with permission from ASCE). 
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Fig. 8 Smear zone determination using: (a) permeability 

ratio; and (b) water content (Sathananthan and 

Indraratna 2006a, with permission from ASCE). 

 
As inspired by field observations, a lower 

boundary for drain spacing seems to exist, below 
which there is no discernible increase in the rate of 
consolidation. Walker and Indraratna (2007) inves-
tigated the effect of overlapping smear zones by 
incorporating a more realistic linear permeability 
distribution. As Fig. 9 shows, two smear zones will 
interact when the spacing parameter n is less than 
the parameter s  of the smear zone. With refer-
ence to the undisturbed soil properties, a newly 
modified expression µX representing the effect of 
interacting smear zones can be defined.  
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Fig. 9 Schematic of overlapping smear zones (Walker 

and Indraratna 2007, with permission from ASCE). 
 

 

0.0 0.2 0.4 0.6 0.8 1.0

0

100

200

300

400

500

600

0.0 0.2 0.4 0.6 0.8 1.0
0

500

1000

1500

2000

2500

3000

3500

4000

0.0 0.2 0.4 0.6 0.8 1.0

0

200

400

600

800

1000

1200

1400

1600

c ht 90
/r

w

2

r
e
/r

s

k
h
/k

0
 = 5

4

3

2

1.5

1

c
ht 90

/r
w

2

r
e
/r

s

k
h
/k

0
 = 5

4

3

2

1.5
1

c h
t 90

/r
w

2

r
e
/r

s

k
h
/k

0
 = 5

4

3

2

1.5

1

0/ 1v vm m =

/ 10s wr r =

0/ 1v vm m =

/ 20s wr r =

0/ 0.25v vm m =

/ 10s wr r =

 
Fig. 10 Time required for 90% consolidation for over-

lapping smear zones with linear variation of permeabil-

ity. (Walker and Indraratna 2007, with permission from 

ASCE). 

 

Fig. 10 shows the time required to reach 90% 
consolidation (t90) for various interacting smear 
zone configurations.  As Fig. 10 suggests, a range 
of drain spacing values exist, across which the time 
required to reach a certain degree of consolidation 
does not change. These results also agree with 
some observations reported by Saye (2001). This 
new analytical model for overlapping smear zones 
provides the basis for selecting the minimum drain 
spacing, below which the rate of consolidation may 
decrease. It appears that this radius of minimum in-
fluence is 0.6 times the value of the radius of the 
linear smear zone assumed for non-overlapping 
smear zones. 

2.4 Effect of vacuum consolidation on the lateral 
yield of soft clays 

In order to investigate the effect of a combined 

vacuum and surcharge load on lateral displace-

ment, a simplified plane strain (2-D) finite element 

analysis could be used (Indraratna et al. 2008). The 

outward lateral compressive strain due to surcharge 

can be reduced by applying suction (vacuum pre-

loading). The optimisation of vacuum and sur-

charge preloading pressure to obtain a given set-

tlement must be considered in any numerical 
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model to minimise lateral displacement at the em-

bankment toe (Fig. 11a), while identifying any ten-

sion zones where the vacuum pressure may be ex-

cessive. 
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Fig. 11(a) Lateral displacements; and (b) surface settle-

ment profiles (Indraratna et al. 2008, with permission 

from ASCE). 

 

As expected, vacuum pressure alone can create 

an inward lateral movement, whereas preloading 

without any vacuum may contribute to an unac-

ceptable outward lateral movement. The particular 

situations for most clays is generally a combination 

of 40% surcharge preloading stress with a 60% 

vacuum, which seems to maintain a lateral dis-

placement close to zero. Fig. 11b presents the vari-

ous profiles of surface settlement with an increas-

ing surcharge loading. A vacuum alone may 

generate settlement up to 10m away from PVD 

treated boundary while the application of VP can 

minimise the value of soil heave beyond the em-

bankment toe.  

2.5 Non-Darcian flow 

Hansbo (1997) stated that at small hydraulic gradi-
ents, conventional (linear) Darcy’s law may be re-

placed by a non-Darcian flow condition defined by 
an exponential relationship.  

Connection to data logger

Vertical 
drain Soil

Settlement transducer

Connection to diaphragm 

pressure system

Rim drain

Rubber 

diaphragm

Rigid disc

O-ring

Drainage /

vacuum
water

5
0

-8
0

 
(a) 

rBC

2R=151

20 10 2010

14.5 8.5 8.5 8.5

 
(b) 

Fig. 12 (a) Modified 150 mm Rowe cell; (b) baseplate 

of Rowe cell showing locations of pore pressure meas-

urement (dimensions in mm) (Kianfar et al. 2013). 

 

Based on the measured excess pore pressures 
inside a modified 150mm Rowe cell (Fig. 12), a 
novel model for radial consolidation incorporating 
the effects of vacuum preloading and non-Darcian 
flow was proposed by Kianfar et al. (2013). An 
exponential relationship between the flow velocity 
v and the hydraulic gradient i was suggested as: 

cv iβα=                                       (7) 

where αc and β can be determined through the 
Rowe cell tests where v and i can be determined by 
the measurement of excess pore pressure using the 
following relationship: 
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∂
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where ε is the axial strain. 
By solving the governing equation incorporat-

ing non-Darcian flow and vacuum preloading 
based on equal strain assumption, an analytical so-
lution was given by Kianfar et al. (2013), 
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where u is the average excess pore pressure, P0 is 
the applied vacuum pressure, mv is the volume 
compressibility coefficient, and η is the intermedi-
ate parameter defined by Kianfar et al. (2013), 
which depends on the soil permeability and geo-
metric properties of the vertical drain.  
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Fig. 13 Comparison between prediction and test data in 

(a) excess pore pressure and (b) axial strain (Kianfar et 

al. 2013). 

The proposed model was validated by the 
measured data obtained from a Rowe cell with a 
diameter of 75mm. The comparison between the 
prediction and the measurement in terms of aver-
age excess pore pressure and axial strain is given 
in Fig. 13. The results using the Darcian-based 
model were also calculated, where ch was deter-
mined by four methods where Methods A, B, C, 
and D represent the steepest tangent method, the 
square root method, the log-log method, and the 
logarithm-of-time method, respectively. A good 
agreement between the prediction from the pro-
posed model of Kianfar et al. (2013) and the test 
data was obtined. On the contrary, for the Darcian-
based models, the results were very sensitive to the 
value of ch, which could vary depending on the 
methods. 

2.6 Performance of PVD subjected to cyclic 
loading 

Low lying areas with high volumes of plastic clays 
can sustain high excess pore water pressure during 
static and repeated cyclic loading. The effective-
ness of PVDs for dissipating cyclic pore water 
pressures has been discussed by Indraratna et al. 
(2009a). 

A large scale tri-axial test was used to examine 
the effects of cyclic load on radial drainage and 
consolidation by PVDs (Fig. 14a). This test cham-
ber can accommodate specimens 300 mm diameter 
and 600 mm high (Fig. 14b). The excess pore wa-
ter pressure was monitored via miniature pore 
pressure transducers. These instruments were satu-
rated under distilled water with vacuum pressure, 
and then fitted through the base of the cell to the 
desired locations on the samples.  

 
(a)                    (b) 

Fig. 14 (a) Large-scale tri-axial rig; (b) soil specimen 

(Indraratna et al. 2009a, with permission from ASCE). 

 
The test specimen of reconstituted estuarine 

clay was lightly compacted to a unit weight of 
about 17 to 17.5 kN/m

3
. Ideally, testing requires 

the simulation of k0 conditions that may typically 
vary in many coastal regions of Australia from 0.6-
0.7.  Most soft clays will have natural water con-
tents that exceed 75% and a Plasticity Index > 
35%. It is not uncommon to find that the undrained 
shear strengths of the soft estuarine deposits are 
less than 10 kPa. In Northern Queensland, some 
very soft clays that have caused embankment prob-
lems have been characterised by cu values < 5 kPa.  

The tests could be conducted at frequencies of 
5-10 Hz, typically simulating train speeds of say 
60-100 km/h with 25-30 tonnes/axle train loads. 
Fig. 15 shows an example of the excess pore pres-
sure recorded. This indicates that the maximum 
excess pore water pressure closer to the PVD (T2) 
during cyclic load was significantly less than that 
near the cell boundary (T1), and the dissipation 
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rate of excess pore pressure at T2 is faster than that 
of T1.  
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Fig. 15 Dissipation of excess pore pressure at various 

locations from the PVD (Indraratna et al. 2009a, with 

permission from ASCE). 

 

Fig. 16 shows the excess pore pressures and 
corresponding excess pore water pressure ratio Ru 
versus the number of loading cycles N under the 
three separate series of tests. Without PVD, the ex-
cess pore pressure increased rapidly Ru ≈ 0.9, and 
undrained failure occurred very quickly. The cor-
responding axial strains are shown in Fig. 17a. 
Without a PVD, large cyclic axial strains devel-
oped and failure occurred rapidly after about 200 
cycles in the cyclic CK0U test, and after about 100 
cycles in the cyclic UC (cyclic confined compres-
sion) test. As seen from Fig. 17b, failure was de-
tected when loga Nε − curves began to concave 
rapidly downwards. With a PVD, the axial strain 
gradually increased to a constant level and no fail-
ure was evident even after 3,000 cycles, as shown 
in Figs 17(a and b).  

The test results revealed that PVDs effectively 
decreased the maximum excess pore pressure, even 
under cyclic loading, and they also decreased the 
build- up of excess pore pressure and helped to ac-
celerate its dissipation during any rest periods. In 
reality, dissipating pore water pressure during a 
rest period stabilises the track for the next loading 
stage (i.e. subsequent passage of train). This cy-
clic-induced excess pore pressure tends to rise sub-
stantially as the shear strain exceeds 1.5-2%. Soft 
clays provided with radial drainage via PVD can 
be subjected to cyclic stress levels higher than the 
critical cyclic stress ratio without causing 
undrained failure. 
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Fig. 16 Excess pore pressure generated with and without 

PVD under cyclic loading (Indraratna et al. 2009a, with 

permission from ASCE). 
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Fig. 17 Axial strains during cyclic loading with and 

without PVD versus number of loading cycles (N): (a) 

arithmetic; (b) semi logarithmic scales (Indraratna et al. 

2009a, with permission from ASCE). 

 
In practice, railway tracks and airport runways 

are constantly subjected to relatively high cyclic 
loads that build up pore water pressures in the un-
derlying subsoil unless sufficient drainage is pro-
vided. Laboratory experiments indicate that cyclic 
pore pressures build up rapidly at high frequencies 
and the rate of pore pressure dissipation is less than 
its rate of build up under cyclic loading. The Au-
thor worked as a consultant in the monitoring of 
the Sandgate rail track near Newcastle where rela-
tively short drains were installed to stabilise track 
constructed on at least 30m of soft estuarine clays 
in some areas (Indraratna et al. 2010a). As the ver-
tical load from 25 tonne axle trains is mainly taken 
by the shallow subgrade, relatively short PVD 
could dissipate the cyclic excess pore water pres-
sure (Fig. 18). Moreover, the short PVD also 
helped to control the lateral displacements of the 
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shallow soft estuarine clay, after having effectively 
consolidated the very soft clay beneath the track 
within a few months of the initial passage of trains. 
In this case, no external surcharge fill was used as 
preloading, and no vacuum application was re-
quired as only the shallow clay layer immediately 
beneath the ballast and sub-ballast warranted stabi-

lisation. An FEM model based on PLAXIS was 
used to simulate the track behaviour, and the Class 
A prediction of excess pore pressure, settlement 
and lateral movement agreed with the field data 
(Figs. 19 and 20). The field measurements were 
only made available to the Author one year after 
the FEM results had been submitted to the client.

 

 
Fig. 18 Vertical cross section of rail track and foundation (Indraratna et al. 2010a, with permission from ASCE). 
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Fig. 19 Predicted and measured settlement at the centre 

line of rail tracks (Indraratna et al.  2010a, with per-

mission from ASCE). 
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Fig. 20 Measured and predicted lateral displacement 

profiles near the rail embankment toe after 180 days 

(Indraratna et al. 2010a, with permission from ASCE). 

2.7 Constitutive model of soft soils under cyclic 
loading 

A constitutive model for soft soils under cyclic 
loading was proposed by Ni et al. (2014). Com-

pared to their static behaviour, the cyclic behaviour 
of soft subgrade soils is more complex as the ex-
cess pore pressure and strain continue to develop 
with the increasing number of cycles. Based on the 
Modified Cam-clay theory (Roscoe and Burland 
1968), Carter et al. (1980, 1982) proposed a model 
for the cyclic behaviour of soft soils where only 
one additional parameter characterising the cyclic 
behaviour was added. In order to incorporate the 
cyclic loading parameters (viz. number of cycles, 
frequency and amplitude), a new cyclic model ex-
tending that of Carter et al. (1980, 1982) was pre-
sented by Ni et al. (2014). In this model, only two 
additional parameters were included in the parame-
ters of Modified Cam Clay model. 

It is assumed that during elastic unloading, the 
yield surface remains unchanged, but reduces the 
size in an isotropic manner (Carter et al. 1980, 
1982) as follows, 

''
yc

' '

c y

dd pp

p p
θ ∗=                              (11)        

where '

cp is a hardening parameter and '

yp  is de-

fined as (Roscoe and Burland 1968): 
2

' '

y '

1q
p p

M p

 = +  
 

                        (12) 

In the above, M is the slope of the critical state 
line in p’- q space and p’ and q are the effective 
mean stress and deviator stress, respectively. 

The parameter θ ∗  is assumed to be (Ni et al., 
2014): 

1 2

1

N
θ

ξ ξ
∗ =

+
                           (13)             

where 
1ξ and 

2ξ  are experimental constants, and N 

is the number of cycles. 
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The stress path for normally and isotropically 
consolidated soils under cyclic loading is shown in 
Fig. 21.  When the stress path moves from point 
A’ to point A during the loading part of the first cy-
cle, the soil behaves elastically. During the unload-
ing half of the first cycle, while the stress path 
travels from point A to A

*
, the effective mean stress 

remains constant. The yield stress for the second 
cycle (i.e. yield stress after unloading) can be cal-
culated through Eqn. (17). During the first half of 
the second cycle, the stress path travels from point 
A

*
 to point B’ and the soil behaves elastically. Sub-

sequently, the stress path moves from point B’ to B 
and the soil behaves plastically.  

 

 
Fig. 21 The stress path for cyclic loading. (Ni et al. 2014, with permission from ASCE) 

 
Fig.. 22 Predictions of excess pore pressures and axial strains: (a) f=0.1, (b) f=5 (Ni et al. 2014, with permission from 

ASCE) 

 

Undrained cyclic triaxial loading tests were 
conducted on reconstituted kaolinite specimens. 
The experimental results in terms of the axial strain 
and excess pore pressure are given in Fig. 22. It 
can be observed that the excess pore pressure 
showed a sharp increase at the low cycle range and 
increased only modestly towards the large number 
of cycles. The excess pore pressures reached a sta-
ble state for the specimens with CSR= 0.4 and 0.6, 
but for the specimen with CSR= 0.8, a critical 
value of normalised excess pore pressure was 
reached after only a few cycles. This failure cannot 
be assessed only on the basis of the normalised ex-
cess pore pressures because  the failure of the two 

samples U03 and U12 are indicated by a sharp rise in 
axial strains at a critical number of cycles, while 
for samples U01, U02, U10 and U11, the final axial 
strains were still very small in the end. 

The simulation results are also plotted together 
with the experimental data in Fig 22. The proposed 
model predicted the experimental behaviour with 
adequate accuracy both in terms of excess pore 
pressures and axial strains.  

2.8 Two-dimensional plane strain conversion 

For multi-drain simulation, plane strain finite ele-
ment analysis can be readily adapted to most field 
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situations (Indraratna and Redana 2000; Indraratna 
et al. 2005a), although realistic field predictions 
mean that the axi-symmetric properties must be 
converted to an equivalent 2D plane strain condi-
tion, especially the permeability coefficients and 
drain geometry. Plane strain analysis can also ac-
commodate vacuum preloading in conjunction 
with vertical drains (e.g. Gabr and Szabo 1997). 
Indraratna et al. (2005b) proposed an equivalent 
plane strain approach to simulate the vacuum pres-
sure of a vertical drain system with modifications 
to the original theory introduced by Indraratna and 
Redana (1997), as shown in Fig. 23. 

The equivalent plane strain conditions can be 
fulfilled in three ways: 

(1) Geometric approach where the PVD spacing 
varies, but the soil permeability remains constant;  

(2) Permeability approach where the equivalent 
permeability coefficient is determined while the 
drain spacing remains unchanged; 

(3) Combined permeability and geometric ap-
proach where plane strain permeability is calcu-
lated based on a convenient space between the 
drains. 

 
                (a) Axi-symmetric                 (b) Plane strain 

Fig. 23 Conversion of an axi-symmetric unit cell into plane strain condition (Indraratna et al. 2005b, with permission 

from ASCE). 

 
Indraratna et al. (2005b) proposed an average 

degree of consolidation for plane strain by assum-
ing that the plane strain cell (width of 2B), the half 
width of the drain bw and the half width of the 
smear zone bs may be kept the same as their axi-
symmetric radii rw and rs, respectively. This im-
plies that w wb r=  and s sb r=  (Fig. 23). To ex-
cess pore pressure can be determined form:   
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where 0u  = the initial excess pore pressure, u = 

the pore pressure at time t (average values) and 

hpT = the time factor in plane strain, and
hpk and

hpk ′  

are the equivalent undisturbed horizontal and cor-

responding smear zone permeability, respectively. 

The geometric parameters α and β  are given by: 











+−−=

2

2

3
1

2

3

2

B

b

B

b

B

b sssα                 (15a)  

( ) ( )22

3

2

2
3

3

1
sw

s
ws bb

B

b
bb

B
−+−=β            (15b) 

At a given level of effective stress, and at each 

time step, the average degree of consolidation for 

the axi-symmetric (
pU ) and equivalent plane strain 

( plpU , ) conditions are made equal. By making the 

magnitudes of R and B the same, Indraratna et al. 

(2005a) presented a relationship between hpk  and 

hpk′ . The smear effect can be captured by the ratio 

between the smear zone permeability and the un-

disturbed permeability, hence: 
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Ignoring the effects of smear and well resis-
tance in the above expression would lead to the 
simplified solution proposed earlier by Hird et al. 
(1992): 
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Indraratna et al. (2005b) compared two differ-
ent distributions of vacuum along a single drain for 
the equivalent plane strain (2D) and axi-symmetric 
conditions (3D). Varying the vacuum pressure in 
PVDs installed in soft clay would be more realistic 
for long drains, but a constant vacuum with depth 
is justified for relatively short drains. 
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2.9 Non-linear effects and soil structure 
characteristics on vertical drain consolidation 

Although it is a convenient way to obtain a linear 
governing equation for vertical drain consolidation, 
the non-linear properties of the soils should be 
considered for more accuracy. The non-linear vari-
ation of soil permeability and compressibility with 
the void ratio was incorporated into the equal-
strain governing equation for vertical drain consol-
idation by Indraratna et al (2005d). The non-linear 
relations between the void ratio e and the soil 
properties (permeability and compressibility) are: 

0
0

logk
ke e C

k
 = +  
 

                    (18a) 

0
0

logce e C σ
σ

 ′= −  ′ 
                    (18b) 

where k0 and 
0σ ′  are the soil permeability and 

vertical effective stress corresponding to e0. 
Besides the non-linear permeability and com-

pressibility of the soil, the exponential non-Darcian 
flow was considered by Walker et al. (2012). The 
governing equation with the average excess pore 
pressure u  as the unknown was obtained as  
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               (19) 

where u is the average excess pore pressure, n is 
the non-Darcian flow exponent, and 

hc is the coef-
ficient of consolidation, and β is the non-Darcian 
radial consolidation parameter defined by Walker 
et al. (2012).  

A laboratory test using the large-scale con-
solidometer (with a height of 950 mm and a diame-
ter of 450 mm) at the University of Wollongong 
was carried out with reconstituted alluvial clay 
from Moruya, NSW in Australia. The value of Cc 
and Ck were tested to be 0.29 and 0.45, respec-
tively. Results of the two tests with different pre-
consolidation pressure and load were compared 
against the predictions of Indraratna et al. (2005d) 
and Walker et al. (2012), as shown in Fig. 24. The 
comparison indicated that the analytical solutions 
agree well with the test data, and the result using 
formulation proposed by Walker et al. (2012) 
agrees slightly better with the test data than that of 
Indraratna et al. (2005d). 

 

 
Fig. 24 Comparison between test data and predictions 

(Walker et al. 2012). 

 
It was also found that the ratio of Cc/Ck had a 

significant effect on the consolidation rate. While 
Cc/Ck<1, actual consolidation was faster than the 
conventional linear solution; while for Cc/Ck>1, ac-
tual consolidation was slower than the linear solu-
tion. 

Although Eqn. (18b) is more realistic than the 
linear relation adopted in the conventional ap-
proaches, it is only valid for reconstituted soils. 
The in-situ behaviour of soft clays could be very 
different from the laboratorial investigations, 
which is why Rujikiatkamjorn and Indraratna 
(2014) developed an analytical solution for radial 
consolidation that considers  the soil structure 
characteristics. The conceptual model for soils dis-
turbed by mandrel action (Rujikiatkamjorn et al. 
2013) was utilised, as shown in Fig. 25. 

e

log vσ ′
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Fig. 25 Conceptual compression behaviour of soil in 

different extent of disturbance (modified from Rujikiat-

kamjorn et al. 2013, 2014). 

 
With the field data at the Ballina bypass project, 

this analytical solution was verified and compared 
against past researches but without considering dis-
turbances to the soil structure, including Walker 
and Indraratna (2007). The Ballina bypass was lo-
cated on highly compressible and saturated estua-
rine and alluvial clays, and thus PVDs with vac-
uum were used to accelerate consolidation. The 
measured settlement data given in Fig. 26 were 
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compared with two analytical solutions proposed 
by Walker and Indraratna (2007) and Indraratna 
(2014). Walker and Indraratna (2007) captured the 
linear variation of permeability in the smear zone 
but ignored the effect of soil disturbance on the 
compressibility, whilst Rujikiatkamjorn and Indra-
ratna (2014) considered the effects of soil distur-
bance on both permeability and compressibility in 
the smear zone. The results indicated that the 
method capturing the effect of soil disturbance on 
both permeability and compressibility can result in 
a better match with the field data, and show the 
importance of soil structure characteristics in in-
situ cases. 

 
Fig. 26 Predicted and measured settlement in SP1 at 

Ballia bypass (adopted from Rujikiatkamjorn, et al. 

2014). 

2.10 Design charts of PVDs with vacuum 
preloading  

Rujikiatkamjorn and Indraratna (2008) proposed 
design charts to eliminate cumbersome iteration 
procedures using the equivalent drain diameter as 
an independent variable to obtain the relevant drain 
spacing. The design steps are summarised below: 

1. Use the available soil profiles, in-situ test 
measurements and laboratory data to obtain the 
relevant soil properties, hence, determine the ap-
propriate installation depth (l), and the desired con-
solidation time (t); 

2. Assume the required degree of consolidation 
Ut for surcharge fill alone; 

3. For vacuum pressure application, specify the 

mean suction, 0p , required total design stress σ∆
, and the surcharge fill pressure, p∆ and then de-

termine the required degree of consolidation from 
( )( ) tvact UppU */ 0, ∆+∆= σ  

4. Use cv, t and l, to determine u* using Fig. 27 

or from, 

( ) 















 +

−
+

= ∑
∞

=
v

m

T
m

m
u 2

2

1
22 2

12
exp

12

8
* π

π
           (20) 

5. Determine the available size of the PVD (cir-
cular or wick shape) and then compute the equiva-

lent drain diameter (for wick drains), dw from dw 
=2(a+b)/π; 

6. Find hT ′  from:  
2

h h wT c t d′ =                                     (21) 

7. Calculate 
8

1
ln

*

h

t

T

U

u

γ
′

= −
− 

 
 

 

for surcharge fill only (no vacuum),           (22) 

or ,1
8 / ln

*

t vac

h

U
T

u
γ

− ′= −  
 

  

for vacuum pressure plus surcharge fill        (23) 
8. Establish the diameter and permeability of 

the smear zone; 
9. Determineξ  using Fig. 28 or from the equa-

tion: 

( )1 lnh

s

k
s

k
ξ

 
= − 

 
                              (24) 

10. Calculate n from exp( ln )n α γ β= + ; (25) 

where, 
5.05.14

03714.010505.93938.0 ξξα +×−=
−

(26a) 

and 3 2 0.50.4203 1.456 10 0.5233β ξ ξ−= + × − ;      (26b) 

11. Calculate the influence zone (de = ndw); 
12. Choose the drain pattern and determine the 

spacing of drain (d) from either d =de/1.05 (trian-
gular grid) or d =de/1.128 (square grid). 
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Fig. 27 Relationship between Tv and u* (Rujikiatkam-

jorn and Indraratna, 2007, © Canadian Science Publish-

ing or its licensors). 

29 



 
ICGE Colombo – 2015   

 

 

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

2

2.5

3

3.5

4

4.5

5

5.5

6

6.5

7

7.5

8

kh/ks

s
 =

 d
s
/d

w

Fig. 28  Contours of ξ  based on Eq. (30) (Rujikiat-

kamjorn and Indraratna, 2007, © Canadian Science Pub-

lishing or its licensors). 

 

2.11 Case study at Port of Brisbane  

The Port of Brisbane is located at the mouth of the 
Brisbane River at Fisherman Islands. An expansion 
of the Port includes a 235ha area to be progressive-

ly reclaimed and developed over the next 20 years 
using dredged materials from the Brisbane River 
and Moreton Bay shipping channels. The site con-
tains compressible clays of over 30 m in thickness. 
At least 7 m of dredged mud capped with 2 m of 
sand was used to reclaim the sub-tidal area. Gener-
ally, the complete consolidation of the soft deep 
clay deposits may take more than 50 years, if sur-
charging was the only treatment, with associated 
settlements of probably 2.5-4 m being likely. To 
reduce the consolidation period, the method of 
PVDS and surcharge or PVD combined with vacu-
um pressure (at sites where stability is of a con-
cern) was chosen to be trialled (Indraratna et al., 
2011). Three contractors,  Austress Menard, Van 
Oord and Cofra/Boskalis trialled prefabricated 
drains and surcharge, while  Austress Menard and 
Cofra/Boskalis also trialled  their respective pro-
prietary membrane and membrane-less vacuum 
systems. Fig. 29 shows the final layout of a typical 
trial area with the PVD design results for each ar-
ea.  

The typical soil properties are summarised in 
Table 1.

 
Table 1. Typical Soil Properties (Indraratna, 2010). 

 

 
Fig. 29 S3A Trial Area – Layout and detail design specifications (Indraratna et al., 2011a, with permission from ASCE). 

 

 

Soil 
layer 

Soil type 
γt 

(kN/m
3
) 

Cc/(1+e0) 
Cv 

(m
2
/yr) 

Ch 

(m
2
/yr) 

kh/ks 
s= 

ds/dw 
C/(1+e0) 

1 Dredged Mud 14 0.3 1 1 1 1 0.005 

2 Upper Holocene Sand 19 0.01 5 5 1 1 0.001 

3 Upper Holocene Clay 16 0.18 1 2 2 3 0.008 

4 Lower Holocene Clay 16 0.235 0.8 1.9 2 3 0.0076 
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To compare two locations with a different load-
ing history, the lateral displacement normalised by 
the applied effective stress at two inclinometer po-
sitions (MS24 and MS34) are plotted in Fig. 30. It 
was clear that the lateral displacements were larg-
est in the upper Holocene shallow clay depths and 
were insignificant below 10m. From this limited 
inclinometer data, the membrane-less BeauDrain 
system (MS34) had controlled the lateral dis-
placement more effectively than the surcharge only 
section (MS24). Settlement and excess pore water 
pressure predictions and field data for a typical set-
tlement plate (TSP3) are shown in Fig. 31. The 
predicated settlement curve agreed with the field 
data. The excess pore water pressures were more 
difficult to predict than settlement, but they did in-
dicate a slower rate of dissipation in the Holocene 
clays in every section monitored, in spite of the 
PVDs. From the perspective of stability, the in-
cremental rate of change of the lateral displace-
ment/settlement ratio (µ) with time can be plotted 
as shown in Fig. 32. This rate of change of µ can 
be determined for relatively small time increments 
where a small and decreasing gradient can be con-
sidered to be stable with respect to lateral move-
ment, while a continuously increasing gradient of 
µ reflects potential lateral instability. In Fig. 32, 
the gradient in the non-vacuum area WD3 in-
creased initially, which could be attributed to the 
final surcharge loading placed quickly, while the 
clay was still at early stages of consolidation. 
However, as the PVDs become fully active and 
settlement increased at a healthy rate, the gradient 
of µ decreased, as expected. In general, Fig. 32 il-
lustrates that the vacuum pressure provides a rela-
tively unchanging gradient of µ with time.  
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Fig. 30  Comparison of lateral displacements in vacu-

um and non-vacuum areas (Indraratna, 2010).  
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Fig. 31(a) Settlement; and (b) excess pore water pres-

sure predictions and field data for a typical settlement 

plate location. (Indraratna, 2010). 
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Fig. 33 shows approximately linear relation-

ships between the long term residual settlement 

(RS) and the thickness of clay for an over-

consolidation ratio (OCR) from 1.1 to 1.4, and for 

a degree of consolidation (DOC) that exceeding 

80%. The reduced settlement (RS) was determined 

based on the theory of secondary consolidation 

employing the secondary compression index Cα  

(Table 1). More details of the computation of RS 

are given by Mesri and Castro (1987), Bjerrum 

(1972) and Yin and Clark (1994). As expected, 

when the OCR increased, the RS decreased sub-

stantially, but in general, as the Holocene clay in-

creased in thickness, the RS also increased. The 

corresponding regression lines and best–fit equa-

tions are also shown in Fig. 33. In particular, the 

Effect 
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vacuum consolidation locations (VC1-2, VC2-2 

and VC2-3) show a considerably reduced RS at an 

OCR approaching 1.4, which was well below the 

permissible limit of 250mm. At an OCR of approx-

imately 1.3, the residual settlement associated with 

membrane-less BeauDrain consolidation (TA8) 

and membrane type (VC1-5) were also small. 
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Fig. 33 Effect of OCR and clay thickness on residual settlement. (Indraratna, 2010). 

 

3 GEOSYNTHETICS AND SHOCKMATS FOR 
RAILS 

3.1 From theory to practice: field study at Bulli 

A field trial was undertaken on a section of instru-
mented track at Bulli, NSW. The design specifica-
tions for the track were provided by the University 
of Wollongong. The field trial was sponsored by 
RailCorp, Sydney. 
 
(1) Track Construction 
 
The field trial was carried out on a section of in-
strumented track located between two turnouts at 
Bulli, part of RailCorp’s South Coast Track. The 
layers of ballast and sub-ballast were 300 mm and 
150 mm thick, respectively. The particle gradation 
of fresh ballast was in accordance with the Techni-
cal Specification TS 3402 (RailCorp, Sydney). Re-
cycled ballast was collected from spoil stockpiles 
of a recycled plant commissioned by RailCorp at 
Chullora yard near Sydney. The particle size dis-
tributions of fresh ballast, recycled ballast, and 
capping materials are given elsewhere (Indraratna 
et al. 2010b). The layers of geocomposite (combi-
nation of bi-axial geogrid and non-woven polypro-
pylene geotextile) were placed at the ballast-
capping interface. The technical specifications of 
the geosynthetic material used at this site have al-
ready been discussed by Indraratna et al. (2011b). 

 
(2) Track Instrumentation 
 
The performance of the experimental section was 
monitored using a series of sophisticated instru-
ments. The vertical and horizontal stresses devel-
oped in the ballast were measured by rapid re-
sponse earth pressure cells. Vertical and lateral 
deformations were measured by settlement pegs 
and displacement transducers, respectively. The 
settlement pegs consisted of 100 mm × 100 mm × 
6 mm base plates attached to 10 mm diameter rods. 
The displacement transducers consisted of two, 
2500 mm long tubes attached to 100 mm × 100 
mm end caps. The settlement pegs and displace-
ment transducers were installed at sleeper-ballast 
and the ballast-capping interface, respectively. 
 
(3) Track Measurements 
 

 
Ballast vertical deformations 

The vertical deformation of ballast (Sv) was ob-
tained by deducting the vertical displacements of 
sleeper-ballast and ballast-capping interfaces. The 
vertical and horizontal deformations were meas-
ured against time in the field. The values of verti-
cal ballast deformation are plotted against the time 
(days) in Fig. 34. In the recycled ballast, they were 
smaller than the fresh ballast because of its moder-
ately-graded particle size distribution compared to 
the very uniform fresh ballast.  
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Fig. 34 Average vertical deformation of the ballast layer 

(data sourced from Indraratna et al. 2010b, with permis-

sion from ASCE). 

 

The geocomposite inclusion induced a decrease in 
the average vertical deformation of recycled ballast 
at a large number of cycles. The load distribution 
capacity of the ballast layer was improved by the 
placement of a flexible and resilient geocomposite 
layer, and it resulted in a substantial reduction of 
settlement under high cyclic loading. 
 

 
Ballast lateral deformations 

Data from the displacement transducers was col-
lected from the data logger at regular intervals. Fig. 
35 shows the average lateral deformation (Sh) of 
ballast plotted against the time (days). The average 
deformations were determined from the mean of 
measurements at sleeper-ballast and ballast-
capping interfaces. The ballast layer showed an in-
crease in the average lateral deformation (i.e. lat-
eral displacement, represented by negative sign) in 
all sections.   
 

 
Fig. 35 Lateral deformation of the ballast layer (data 

sourced from Indraratna et al. 2010b, with permission 

from ASCE). 

 

This particular recycled ballast performed very 
well, that is, showed less vertical deformation be-

cause it was better graded than the fresh ballast. If 
placed as a well graded mix the corners  would 
not break so frequently because their angularity is 
less. The layer of geogrid also reduced the lateral 
deformation of both fresh and recycled ballast sig-
nificantly. The influence of geosynthetics in pre-
venting track deterioration is appealing to railway 
industry, in relation to substantial savings gener-
ated by the extended track life-cycle and more re-
silient ballast behaviour.  
 

 
Maximum stresses in ballast 

Fig. 36 shows the maximum stress (σv) recorded in 
the ballast for a coal train with 100T wagons. The 
maximum vertical stress under the rail was reduced 
by 73% and 20% at the base of the ballast layer 
and capping layer, respectively. Whereas the max-
imum vertical stress at the end of the sleepers was 
reduced by 64% and 45% at the base of ballast lay-
er and capping layer, respectively, the horizontal 
stress decreased marginally with depth, as is evi-
dent from Fig. 36.  
 

 

Fig. 36 Maximum vertical stresses measured under rail 

for 100T coal wagon 

 

The observations recorded in the instrumented sec-
tion of track at Bulli validated the analytical, nu-
merical, and laboratory investigations carried out 
at the University of Wollongong and highlighted 
that the inclusion of geogrid reinforcement in the 
rail track structures significantly reduced the de-
formation and degradation of ballast. One interest-
ing observation made was the impact of a wheel 
flat where, on one occasion, the maximum pressure 
transmitted to the ballast reached 415 kPa.  A 
longer maintenance cycle is possible using 
geosynthetics in the rail track, which will in turn 
help defray the high costs associated with main-
taining ballasted tracks. 
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3.2 From theory to practice: field study at 
Singleton 

The sections of experimental track in this recent 
study were part of the Minimbah Bank Stage 1 
Line that extends from Bedford to Singleton, New 
South Wales.  
 
(1) Track Construction 
 
This track was constructed to decrease the frequent 
traffic headway and was mainly used to transport 
coal from mines in the Hunter Valley to the Port of 
Newcastle. The substructure of the track consisted 
of a 300 mm thick layer of ballast underlain by a 
150 mm thick layer of capping. A structural layer 
of fill with a minimum of 500 mm thickness was 
placed below the sub-ballast. The gradation of bal-
last was adopted as per Standards Australia (1996). 
The classification of the sub-ballast, and structural 
fill materials are reported in Indraratna et al. 
(2014a). Three commercially available geogrids 
and one geocomposite were installed at the ballast-
capping interface to investigate the key influential 
factors, i.e., the stiffness and aperture size under 
‘field’ conditions. A layer of shock mat was in-
stalled between the ballast and bridge deck to 
minimise any degradation of the ballast. The prop-
erties of the geosynthetics and shock mats used in 
this study are given in listed in Indraratna et al. 
(2014b).  
 
(2) Track Instrumentation 
 
Strain gauges were used to study the deformation 
and mobilised forces along the layers of geogrid, 
while traffic induced vertical stresses were moni-
tored by pressure cells. The transient deformations 
of the ballast were measured by five potentiome-
ters mounted on a custom built aluminium frame. 
Settlement pegs were installed at the sleeper-
ballast and ballast-capping interfaces to measure 
the vertical deformation of the ballast. Pressure 
cells were installed at the sleeper-ballast and bal-
last-capping interfaces. The deformation frame was 
held in place by support bases installed in the sub-
ballast and layers of structural fill. 
 
(3) Track Measurements 
 

  
Ballast vertical deformations 

The ballast deformation (Sv) and strains in 
geogrids were measured against time. A total traf-
fic tonnage of 64 million gross tonnes (MGT) was 
reported on the third track section during the pe-
riod of measurement. The majority of traffic was 
imparted from coal trains having four axles, and 
axle loads between 25 and 30 tonnes. The defor-

mation of ballast was determined by subtracting 
the vertical displacement of the ballast-capping in-
terface from that at the sleeper-ballast interface. 
These deformations were then plotted against the 
time scale (days), as shown in Fig. 37 (a & b). 
These results indicated that the relationship be-
tween the deformation of ballast and the time 
(days) was non-linear, regardless of how the track 
was reinforced. The rate at which the deformations 
increased actually decreased as the time duration 
increased.  
 

 
Fig. 37(a) Vertical deformations of ballast layer for soft 

embankment (data sourced from Indraratna et al., 

2014a). 

 

 
Fig. 37(b) Vertical deformations of ballast layer for hard 

rock (data sourced from Indraratna et al., 2014a). 

 

The vertical deformations of the reinforced sec-
tions were 10-32% smaller than those without rein-
forcement. This pattern was similar to that ob-
served in the laboratory (Shin et al. 2002, Brown et 
al. 2007), and was mainly attributed to the inter-
locking between the ballast particles and grids. 
When the results for sections with similar geogrids 
were compared, it was apparent that the ability of 
geogrid reinforcement to reduce ballast deforma-
tion was generally higher for softer subgrades. 
Such an observation agreed with the results of the 
full scale laboratory tests presented by Ashmawy 
and Bourdeau (1995).  
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Ballast breakage 

Ballast samples were recovered from beneath the 
rail track for breakage assessment. Particle break-
age was quantified in terms of the ballast breakage 
index (BBI) proposed by Indraratna et al. (2005e), 
and are shown in Table 2. As expected, the ballast 
breakage was highest at the top and reduced with 
depth. The largest values of BBI at hard rock indi-
cated that particle breakage was influenced by the 
type of subgrade.  

 
Table 2. Assessment of ballast breakage (data sourced 

from Indraratna et al. 2014b) 

Sr. 
No. 

Subgrade type BBI (%) 

top middle bottom 

1 Alluvial deposit 17 8 6 

2 Concrete bridge 6 3 2 

3 Hard rock 21 11 9 

 
Although the track at the concrete bridge deck 

was much stiffer than at the soft alluvial deposit, 
larger confinement from the barriers of bridge 
most likely resulted in a significantly smaller value 
of BBI. These results may also suggest the effec-
tiveness of under-ballast mats in reducing particle 
degradation when placed above the concrete deck. 
However, more field data is needed for further val-
idation. 
 

 
Traffic induced Vertical Stresses in Track 

The vertical stresses (σv) due to the passage of 

trains with an axle load of 30 tonnes travelling at 

about 40 km/h were about 280 kPa at Section B 

(mat-deck interface) and between 30 to 40 kPa at 

Sections 1, 6, A, and C (ballast-sub-ballast inter-

face). Vertical stresses at the sleeper-ballast inter-

face of the latter sections were between 170 to 190 

kPa, which indicated that the traffic-induced 

stresses were much larger in the track with a stiffer 

subgrade. These larger stresses also caused much 

more breakage of individual particles of ballast, as 

was anticipated. 

 

 
Strains in Geosynthetics 

The accumulated longitudinal (εl) and transverse 

(εt) strains after 100,000 and 300,000 load cycles 

are given in Table 3. Most of the permanent strains 

in the geogrids in developed in both directions 

while the track was being constructed, particularly 

as the ballast was being placed. In general, the 

strains did not change very much with the number 

of load cycles; indeed as Table 3 shows, the trans-

verse strains were generally larger than the longi-

tudinal strains, probably due to confinement or a 

higher level of longitudinal restraint relative to the 

transverse direction. The values of εl and εt also 

appear to be mainly influenced by deformation of 

the subgrade.  
 

Table 3. Typical values of accumulated longitudinal and 

transverse strains in geogrids. 

(i) Number of load cycles, N = 10
5
 

Section 1 2 3 4 5 6 

εl (%) 0.8 0.7 0.9 0.6 0.4 0.6 

εt (%) 0.9 1.6 0.8 0.8 1.4 0.8 

(ii) Number of load cycles, N = 3 × 10
5
 

Section 1 2 3 4 5 6 

εl (%) 0.8 0.7 1.0 0.7 0.4 0.7 

εt (%) 1.0 1.6 1.0 0.9 1.9 0.8 
 

   
Induced transient strains in the longitudinal (εlt) 

and transverse (εtt) directions due to the passage of 
trains with an axial load of 30 tonnes travelling at 
40 km/h were between 0.14-0.17%. Unlike the ac-
cumulated strains, the values of εlt and εtt were 
smaller in grids with higher values of stiffness, but 
the transient strains in the geogrids were very con-
sistent, and therefore were independent of the 
number of load cycles. 

 
3.3 Use of geocells for additional track 
confinement 

A series of drained triaxial tests were conducted 
using the large-scale Process Simultion Prismoidal 
Triaxial Apparatus (PSPTA) (Fig. 38). PSPTA can 
accommodate a specimen 800 mm long, 600 mm 
wide and 600 mm high.  Subballast (sandy grav-
el) material was collected from Bombo quarry near 
Wollongong, New South Wales, Australia. Geocell 
with a height of 150 mm and nominal area of 46 × 
10

3
 mm

2
 was used in this study. The technical 

specifications of subballast and geocell are given 
elsewhere (Indraratna et al. 2015). 
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Fig. 38 Process Simulation Prismoidal Triaxial Appara-

tus (PSPTA) designed and built at University of Wol-

longong. 

 

(1) Test Procedure: 
 
A cyclic load was applied by a servo-dynamic hy-
draulic actuator at frequencies of 10, 20, and 30 Hz 
to simulate the effect of train speed. The hydraulic 
jacks mounted on the sides of the apparatus were 
used to provide confining pressures in two hori-
zontal directions (perpendicular and parallel to the 
sleeper). The load cells connected to hydraulic 
jacks were used to apply the confining pressures to 
a prescribed range. The subballast material was al-
lowed to displace laterally in a transverse direction 
(parallel to sleeper), while restricting movement 
along the longitudinal direction (plane strain condi-
tion). Triaxial testing was conducted to gain more 
insight into the behaviour of subballast with and 
without geocell. In the following section, these re-
sults are discussed. 
 
(2) Results and Discussion: 
 

  
Vertical strains 

Fig. 39 shows the vertical strains of unreinforced 
and reinforced subballast plotted against the con-
fining pressure at various frequencies (f) and con-
fining pressures (σ′

3), with the beneficial use of 
geocells for a specimen tested at low confining 
pressure clearly evident. Moreover, increasing (σ′

3) 
from 10 to 30 kPa at the desired frequency led  to 
a marked reduction of strains (ɛ1 and ɛv) for both 
reinforced and unreinforced subballast, while in-
creasing the frequency from10 to 30 Hz for speci-
mens resulted in a substantial increase (about 25-
30%) in vertical strain. Nevertheless, the percent-
age decrease in vertical strain was substantial due 
to use of geocells. 

 

 
Fig. 39 Vertical strain accumulated after 500,000 load 

cycles (Indraratna et al. 2015, with permission from 

ASCE) 

 

  
Resilient modulus 

The variation of resilient modulus (MR) is plot-
ted against number of load cycles (N) at different 
frequencies (Fig. 40). The resilient modulus in-
creased with the increasing number of cycles. At 
the initial stage of cyclic loading there was a rapid 
increase in MR, and with a larger number of cycles, 
the rate of increase of plastic deformation of both 
reinforced and unreinforced subballast decreased 
substantially. This in turn was represented by a 
constant value of MR. The MR for reinforced 
subballast increased by 10-18% compared to unre-
inforced subballast. 
 

 
Fig. 40 Variation of resilient modulus at different num-

bers of load cycles (Indraratna et al. 2015, with permis-

sion from ASCE) 

 

Load actuator Movable walls 

Geocells 
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4 RECLAMATION WITH COAL WASH AND 
BASIC OXYGEN STEEL SLAG FINES 

With the 45 ha reclamation project involving the 
Outer Harbor extension of Port Kembla, 
Wollongong, NSW, the assessment of the potential 
for using CW and BOS as the predominant 
reclamation fill and an alternative to the 
conventional freshly quarried or dredged sand fills 
became available.  Detailed laboratory 
investigations were also conducted at the 
University of Wollongong, with the results 
indicating there are optimum CW-BOS mixtures 
that may meet most of the geotechnical 
specifications and which therefore could be used as 
an effective structural fill; their use as a suitable 
reclamation fill would be good for at least the 
compacted bunds above the high tide level. 

 
4.1 Geotechnical characterization of blended 
waste materials 

Determining the geotechnical characteristics is 
fundamental for assessing the industrial granular 
wastes to be used as construction fills (Indraratna 
et al. 1991, Indraratna et al. 1994, Kamon 1997, 
Lim and Chu 2006).  By the Unified Soil 
Classification System, typical CW and BOS 
samples (fill material) could be categorised as 
well-graded gravel (GW) and sand (SW), 
respectively.  Since the full gradation could not 
be used for laboratory tests, only the sandy fraction 
was tested (Fig. 41).  The average specific gravity 
(Gs) of the CW and SFS samples was 2.13 and 
3.48, respectively.  The lower Gs value of CW 
was caused by the presence of coal, while  the 
higher Gs value of BOS was attributed to the 
presence of iron.  Compared to conventional 
(quartz-dominant) fill materials (Gs = 2.6-2.7), CW 
is a lighter material, while BOS is heavier. 

 
4.2 Tests for compaction, permeability and shear 
strength  

The standard Proctor compaction tests (Fig. 42) 
showed that when the BOS content increased from 
0% to 100%, the maximum dry density (MDD) 
increased from 15 kN/m

3
 to 22 kN/m

3
, and the 

optimum water content decreased slightly from 
10.8% to 9.5%.  Such a remarkable variation in 
MDD is essentially governed by the significant 
increase of Gs for mixtures from 2.13 to 3.48.  
The MDD of mixtures with 40-60% of SFS were 
comparable to the MDD of most compacted sandy 
fills (18 kN/m

3
). 

Different mixtures were compacted at their 
optimum moisture content (OMC), and then 
constant head permeability tests were conducted on 
them with standard compaction energy.  Fig. 43 

shows as the percentage of CW increased from 0% 
to 100% the permeability decreased from 3 × 10

-3
 

cm/s (similar to gravel fills) to 2 × 10
-7

 cm/s 
(similar to clayey fills).  Instead, the permeability 
coefficients of blended specimens which contain 
40-60% of CW were comparable to those of most 
compacted sandy fills (1 × 10

-5
 cm/s). 

The shear strength of CW and BOS was 
investigated by (consolidated) drained compression 
triaxial tests.  The specimens were prepared with 
a density exceeding 95% of MDD and sheared at a 
strain rate of 0.2 mm/min.  The friction angles 
(φ′) of CW and BOS were tested to be from 39° to 
44°, which are somewhat greater than what is 
typically expected from conventional fills (> 30°). 
 

 
Fig. 41 Particle size distribution of CW and BOS. 

(Indraratna, 2012) 

 

Fig. 42  Standard Proctor compaction tests. (Indraratna, 

2012) 
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Fig. 43  Variation of permeability with coal wash per-

centage and friction angle. (Indraratna, 2012)  

 
4.3 Acceptance criteria for granular waste fills 

In order to optimise the use of waste materials in 
reclamation, the following criteria for the 
permeability and strength of conventional fills may 
generally be considered: (i) Placed fill material to 
possess a friction angle greater than or equal to 
30°; (ii) Placed fill material to have a permeability 
coefficient between 1 × 10

-6
 cm/s and 1 × 10

-4
 

cm/s, to guarantee rapid dissipation of excess pore 
pressure, as well as to minimise internal erosion or 
suffusion. 
   Chiaro et al. (2013) proposed a modified frame 

work with comprehensive design criteria including 

foul levers of acceptance, as shown in Fig. 44.

 

Level 1:

Shear strength and/or 

bearing capacity

Level 2:

Swelling

Level 3:

Post-compaction particle 

breakage (at σc’=120 kPa)

Level 4:

Permeability

Friction angle≥30% 

and/or 

CBR≥10%

No
General fill

Volumetric expansion 

<3% 

Yes

Not acceptable unless 

exceeding swell pressure

General fillBreakage Index

<10%

Value of Permeability

Water-front fill

Structural fill for 

port reclamation

General fill

No

Yes

No

Yes

>1×10-4cm/s<1×10-6cm/s

1×10-6~1×10-4cm/s

 
Fig. 44 Optimisation of CW-BOS blend as structural fill material for port reclamation. (modified from Chiaro et al, 2013) 

 

4.4 Compaction assessments based on non-
destructive testing at Penrith Lakes 

The Penrith Lakes scheme covers over 2000 ha.  
This site has been operated as a quarry over many 
decades and involved the removal of overburden, 
sand, and gravel to depths of 20 m.  Due to 
insufficient compaction records, these particular 
fill areas can be considered as uncontrolled fill, 
and therefore assessing its current conditions in 
terms of strength i.e. sufficient bearing capacity is 
very important.  

 
Fig. 45 Compaction curves for the three different energy 

levels. (Indraratna, 2012) 

 

The soil has a plasticity index of 10%, a liquid 
limit of 25.5% and a specific gravity of 2.7, so it 
can be classified as SP-SC (by Unified Soil 
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Classification System). Its particle size distribution 
represents 89% sand, 7% silt and 4% clay.  The 
soil was compacted using a standard level of 
compaction energy and the compaction curve is 
given in Fig. 45.  Subsequently, Vs and (ua-uw) 
were measured with Bender elements (Leong et al. 
2009) and the filter paper method (Ng and Menzies 
2007), respectively.  Additional specimens were 
prepared to test under confining pressure 
conditions (i.e. account for the field depth effect) 
and Vs was evaluated in a triaxial cell modified 
with Bender elements transducers 

 

 
Fig. 46  Unconfined shear wave velocity and matric 

suction relationship with moisture content. (Indraratna, 

2012) 

 

In general, under unconfined conditions the 
shear wave velocity of the compacted specimens 
remained approximately the same as those on the 
dry side and decreased with the increase of 
moisture content just before attaining the OMC 
(Fig. 46).  This tendency can be attributed to an 
increase in the dry unit weight inter-related to the 
decrease in matric suction together with the 
corresponding change in soil structure (Delage et 
al. 1996).  Fig. 47 illustrates the relationship 
between Vs and applied isotropic confining 
pressures (up to 250 kPa).  Overall, the shear 
wave velocity increased with the increase of 
isotropic confining pressure. A slightly higher rate 
of increase in the specimens compacted at OMC 
was found, due to its lower compressibility. 
Similar findings were also obtained by Claria and 
Rinaldi (2007). 

 

 
Fig. 47 Shear wave velocity with confining pressure for 

the selected compacted specimens. (Indraratna, 2012) 

5 CONCLUSIONS 

The application of PVDs combined with vacuum 
and surcharge preloading has become common 
practice, and is now considered to be one of the 
most effective ground improvement techniques. 
However, there has always been a discrepancy be-
tween the predictions and observed performance of 
embankments stabilised with vertical drains and 
vacuum pressure. This discrepancy can be attribut-
ed to a number of factors such as the uncertainty of 
soil properties, the effect of smear, inaccurate as-
sumptions of soil behaviour and vacuum pressure 
distribution, and an improper conversion of axi-
symmetric condition to plane strain (2D) analysis 
of multiply drains.  

Vacuum assisted consolidation is an innovative 
method which has recently, and successfully, been 
used for large scale projects on very soft soils in 
reclamation areas. The extent of surcharge fill can 
be decreased to achieve the same amount of set-
tlement and the lateral yield of the soft soil can be 
controlled by PVDs used in conjunction with vac-
uum pressure. The effectiveness of this system de-
pends on (a) the air tightness of the membrane, (b) 
the seal between the edges of the membrane and 
the ground surface, and (c) the soil conditions and 
location of the ground water level. The exact role 
of membrane type and membrane-less systems for 
vacuum preloading requires detailed evaluation. In 
the absence of a comprehensive and quantitative 
analysis, the study of suitable methods to apply 
vacuum preloading becomes imperative, experi-
mentally, numerically and in the field. 

To study the performance of vacuum assisted 
consolidation, a process simulation test using a 
large-scale consolidometer was conducted to ob-
tain more realistic parameters, including the cor-
rect smear zone characteristics, the distribution of 
vacuum along the length of the drain, as well as 
soil and drain properties. The equivalent radius of 
the smear zone was generally 2-3 times larger than 
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the equivalent radius of the mandrel and the soil 
permeability in the smear zone was lower than the 
undisturbed zone by a factor of 1.5-2. Analytical 
modelling of vertical drains that included vacuum 
preloading under axi-symmetric and plane strain 
conditions that simulated the consolidation of a 
unit cell surrounding a single vertical drain have 
been developed. The effects of vacuum 
propagation along the length of a drain and the 
occurrence of non-Darcian flow conditions were 
incorporated in the proposed solutions to obtain a 
more realistic prediction. 

In large construction sites where many PVDs 
are installed, a 2D plane strain analysis is usually 
sufficient. The proposed conversion from axi-
symmetric to a plane strain condition agreed with 
the data available from many case histories includ-
ing Ballina Bypass and Port of Brisbane (Austral-
ia), the Second Bangkok International Airport 
(Thailand) and Tianjin Port (China). These simpli-
fied plane strain methods can be readily incorpo-
rated in numerical (FEM) analysis. The conversion 
procedure from 3D to 2D based on the correct 
transformation of permeability and vacuum pres-
sure, ensured that the time-settlement curves are 
the same as the true 3D analysis.  

From a practical perspective, the surcharge fill 
can be reduced in height by using vacuum preload-
ing to achieve the same desired rate of consolida-
tion. This system eliminates the need for a high 
embankment surcharge load, but air leaks must be 
prevented as much as possible. Suitable design 
charts for vertical drains that consider both vertical 
and horizontal drainage have been developed, and 
therefore the conventional and often cumbersome 
trial and error methods used to estimate the 
appropiate parameters and spacing of drains can be 
avoided. Once the equivalent drain diameter  and 
other relevant parameters are known, the diameter 
of the influence zone can be readily obtained 
without any further iterations or interpolations. 
These preliminary design charts have now been 
extended to represent a larger array of soil 
properties and drain patterns, on the basis of the 
same governing equations presented here.  

Apart from road embankments, PVDs will also 
help stabilise rail tracks in coastal areas containing 
a high percentage of clayey subgrades. It has been 
shown that short PVDs can be used under rail 
tracks to improve stability by dissipating excess 
cyclic pore pressure and curtailing lateral dis-
placement. Much of this research is still ongoing at 
the University of Wollongong, particularly in view 
of future high speed rail. Current laboratory obser-
vations have proved without doubt that high speed 
trains cannot operate efficiently on tracks built on 
soft subgrade clays unless it is consolidated before 
construction, or alternative improvements such as 

chemical treatment or stone columns are consid-
ered. 

The performance of ballasted rail tracks with 
geosynthetic reinforcement and shock mats has 
been described through laboratory and field 
investigations. The results highlighted that the use 
of geosynthetics and shock mats have a favourable 
influence on the permanent deformation of ballast 
and subballast. The performance of instrumented 
ballasted track at Bulli was evaluated where 
different types of geosynthetic reinforcements 
were used. This study confirmed that various forms 
of geosynthetic layers minimised the deformation 
and degradation of fresh ballast, and the use of 
geosynthetics in recycled ballasted track also 
proved to be a feasible and effective alternative. 
According to the results of the Singleton study, the 
effectiveness of geosynthetics appeared to increase 
as the stiffness of the subgrade decreased. The 
strains accumulated in geogrids were influenced by 
deformation of the subgrade, while the induced 
transient strains were mainly affected by the 
stiffness of the geogrids. A better understanding of 
such a performance would allow for a safer and 
more effective design and analysis of ballasted rail 
tracks with geosynthetic reinforcement. The large-
scale laboratory results revealed that the geocells 
influenced the subballast behavior under cyclic 
loading, and the additional confining pressure 
induced by the geocell reduced its vertical strains. 
The beneficial effect of geocells was influenced by 
the confining pressure (

3σ ′ ), and the frequency of 
cyclic loading (f). 

As an alternative to conventional freshly 
quarried or dredged sand fills, the potential use of 
CW and BOS as the predominant reclamation fill 
was examined for the 45 ha reclamation project at 
the Outer Harbor extension of Port Kembla, at 
Wollongong. Laboratory tests indicated there are 
optimum CW-SFS mixtures that may meet most of 
the geotechnical specifications and which could be 
used as an effective structural fill. The 
experimental data confirmed that in the assessment 
of the current conditions of compaction fills, using 
the shear wave velocity alone is not enough 
because Vs remained almost constant across the dry 
side of the compaction plane.  Moreover, a field 
evaluation of suction may be limited to the 
measuring capacity (i.e. 100kPa) of the available 
instruments, and therefore a field determination of 
the moisture content might be preferable.  The 
field tests included an evaluation of in situ Vs by 
the MASW method and moisture content using 
density tube tests.  The results showed that the 
tested ground satisfied more than 95% of the 
relative compaction criteria initially anticipated, 
given that the area was previously treated with 
dynamic compaction.  Compared to conventional 
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geotechnical surveys, this methodology offers a 
valuable alternative in terms of cost and time 
savings. 
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