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ABSTRACT: Soft clays in coastal areas normally have low shear strength and high compressibility. The construction activities for
near shore infrastructure on these deposits often pose geotechnical problems due to large time dependent settlement and lateral
movement. Ground improvement techniques are used in this terrain to reduce the water content of soft clays by preloading with
vertical drains. Depending on the magnitude of the surcharge, substantial and immediate settlement with lateral movement can occur
during preloading, which then causes problems of undrained stability in the loaded areas. Vacuum assisted preloading has now
become a popular method of ground improvement in Australia where substantial loads must be applied to meet a desired rate of
settlement and mitigate undrained failure. To assist vacuum propagation at significant depths, vertical drains are usually used in
conjunction. At the Port of Brisbane and the Ballina Bypass, Australia, vacuum assisted surcharge preloading and conventional
surcharge preloading schemes were used to reduce the time required for consolidation and long term settlement in soft Holocene
clays. The design of the combined vacuum and surcharge fill system and construction of the embankment are described in this paper.
Field monitoring data are presented to demonstrate how the embankment performed during construction. The paper also evaluates the
relative performance of the two contrasting preloading systems (i.e. vacuum and non-vacuum system) using a dimensionless analysis.
Here the dimensionless parameter can be considered to act as a ‘filter’ to distinguish the relative performance of the improved
foundations for vacuum combined surcharge loading, even if the shape of the time settlement curves and the degree of consolidation
are similar.

RÉSUMÉ : Dans les zones côtières, les argiles molles ont une faible résistance au cisaillement et une forte compressibilité. La réalisation
des projets d’infrastructure sur ces dépôts argileux, posent des problèmes géotechniques dus aux tassements excessifs dans le temps et des
déplacements horizontaux. La technique de préchargement combinée avec des drains est utilisée pour réduire la teneur en eau des
argiles molles. Les charges appliquées engendrent des tassements immédiats et des déformations latérales. Ce qui provoque des
problèmes de stabilité à court terme dans le sol à améliorer. La consolidation sous vide combinée avec un préchargement s'est avérée
comme une méthode d'amélioration des sols très connue en Australie pour garantir la stabilité à court terme et un taux de tassement
souhaité sous l'action d'un chargement conséquent. Des drains verticaux sont souvent exécutés en association pour garantir la
propagation de la pression sous vide en profondeur. Au port de Brisbane et à Ballina Bypass, (Australie), la consolidation sous vide
combinée avec le préchargement a été utilisée pour réduire le temps exigé pour la consolidation et le tassement à long terme des argiles
molles de l’holocène. Le dimensionnement de la technique de consolidation sous vide combinée avec le préchargement et la
construction du remblai sont décrites dans cet article. Les mesures enregistrées in-situ sont présentées pour illustrer le comportement du
remblai en phase de construction.Ce papier présente une évaluation de la performance relative aux deux systèmes de chargement
contrastés (c.à.d le système avec vide et sans vide) avec une analyse adimensionnelle. En dépit de la quasi-ressemblance des allures
des courbes tassements-temps et du degré de consolidation, il a été montré que le paramétrage adimensionnel constitue un "filtre" pour
ressortir les avantages d'une fondation améliorée combinant le chargement classique et le système sous vide. Mots-clés: drains verticaux
(vertical drains), comportement (behavior), suivi (follow-up), mesures in-situ (in situ measurement) , vacuum (vide)
KEYWORDS: Consolidation, soft soil, observational technique

1 INTRODUCTION
Many coastal regions around the world consist of very soft
clays (estuarine or marine), which means their geotechnical
properties do not have enough bearing capacity and soil
permeability. This presents challenges in design and
construction, especially when trying to minimise construction
time. Ground improvement techniques for thick saturated soft
clays are imperative and will offer significant benefits to
regional communities wanting to develop infrastructure. Over
several decades, three popular methods for enhancing the

stability of soft clays has now been established (Mitchell 1981;
and Bergado et al. 1996; Indraratna et al. 2011): (a) driven or
bored piles are often effective, but the cost of installation
increases exponentially with depth; (b) a chemical admixture is
often used to improve saturated soft clay by mixing with lime,
cement, and fly ash, etc., but alkaline chemicals are not always
suitable due to stringent legal requirement for the soil and
groundwater environment (e.g. elevated pH plus void reduction
due to cementation adversely affects the ecological habitat); (c)
installation of prefabricated vertical drains (PVD) with
surcharge and/or vacuum preloading is commonly adopted to
accelerate consolidation through radial drainage. The use of
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PVD with vacuum preloading has no adverse effects on the
environment and is more cost-effective than large-scale piling
works. The method of preloading soft clays by surcharge fills
facilitated with prefabricated vertical drains (Fig. 1), PVDs is
generally a low-cost solution (Hansbo 1981, Indraratna &
Redana 2000), but in sites with thick, soft soil (more than 10m
deep), there can be a significant delay due to the very low
permeability and lack of effective drainage. When vertical
drains are installed in the ground, the drainage path is shortened
(radial), which reduces the time need for excess pore pressure
to dissipate (Holtz et al. 2001).
Road/railway
Embankment

Road/railway
surface
Subgrade

Fig. 2. Location of the Port of Brisbane 27°13'S, 153°09'E,
Elevation 6m (Google Earth, 2016)
Soil
Formation
Prefabricated
Vertical Drain

Fig. 1 Prefabricated vertical drains installed beneath typical
road/railway embankment and installation pattern

In sites with thick, soft soil, there can be a significant delay
in consolidation due to the need for staged construction. The
installation of PVDs with a vacuum pressure would facilitate
the rapid dissipation of pore water pressure while keeping the
embankment stable (Kjellman 1952; Bergado et al. 2002; Bo et
al. 2003; Chai et al. 2005). Since the applied vacuum pressure
cannot exceed atmospheric pressure (1 Bar), a combination of
vacuum and surcharge fill is often used to attain the desired
degree of consolidation of a thick clay deposit. For an
equivalent loading, a vacuum can reduce the thickness of the
surcharge fill required and increase embankment stability;
which is why improving soft soil by PVD combined with
vacuum preloading has become an economically attractive
alternative in sites with deep soft clay.
Chu and Yan (2005) revealed the challenges when assessing
the effectiveness of vacuum preloading in relation to
conventional fill surcharge. The degree of consolidation can be
calculated by using the settlement or pore pressure, both of
which show that the degree of consolidation based on
settlement is often higher than that based only on pore pressure.
Both values must be compared to confirm the effectiveness of
the system. Indraratna et al. (2012) proposed an indicator to
evaluate the performance of preloading and showed that it
could be used as a filter for a case study in Ballina, Australia. In
this paper the filter is used to assess the performance of vacuum
consolidation and conventional surcharge at the Port of
Brisbane Project.
2 SITE CHARACTERISTICS
DESCRIPTIONS

AND

EMBANKMENT

Due to the demand for a port infrastructure to support trade
activities, new facilities are needed at the Port of Brisbane
(https://www.portbris.com.au/port-development). The Future
Port Expansion area (230,000 m2) has been reclaimed using
dredged material combined with PVDs (26,000 m2) and
vacuum consolidation (9,300 m2) to consolidate soft soil in this
area (Fig. 2). Over the past 2 decades, an investment of $1.6
billion has been allocated to capital works.

Based on cone penetration test data, the soil profile consists
of 2m of dredged mud followed by upper Holocene sand and a
layer of Holocene clay (6m to 25m thick). Beneath this layer
there is an over-consolidated Pleistocene deposit. The following
Design criteria were considered:
(i)
Service load of 15-30 kPa
(ii)
Residual settlement of 250 mm over 20 years after
applying a service load,
(iii) Long term groundwater table assumed at RL =
+3.5m
Table 1 presents typical soil properties at the Port of
Brisbane Project (Coffey, 2006)
Table 1. Typical soil properties at the Port of Brisbane
t
Soil
Cv
Ch
layer Soil type (kN/m3) Cc/(1+e0) (m2/yr)
(m2/yr)
Dredged
1
14-15
0.24
1.1
1.1
Mud
Upper
2
Holocene
18-19
0.02
5.2
5.2
Sand
Upper
3
Holocene
16-17
0.19
1.1
2.2
Clay
Lower
4
Holocene
16-18
0.25
0.9
1.8
Clay
Note: t=unit weight; Cc=Compression Index; e0= Initial void
ratio; Cv= Coefficient of consolidation in vertical direction and
Ch= Coefficient of consolidation in horizontal direction
Conventional surcharge with PVDs and combined surcharge
and vacuum with PVDs were used. The area was subdivided
into 7 divisions, namely WD1, WD2, WD3, WD4, WD5, VC1
and VC2. Areas WD1, WD2, WD3, WD4, WD5 were treated
by conventional surcharge with different types of PVD while
areas VC1 and VC2 were improved using a combination of
vacuum and surcharge with PVDs. Table 2 summarise the types
and length of drains with the calculated degree of consolidation
based settlement. Two drain shapes, band shaped and circular
were used in these areas. The embankments varied in height
from 2.5 to 7.2m.
3 NORMALISING FACTOR REPRESENTING DRAIN
FEATURES, THICKNESS OF CLAY AND SURCHARGE
LOADING
To evaluate and compare the performance of 2 consolidation
methods, Indraratna et al. (2012) introduced new normalising
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application of suction. The application of a vacuum was
effective and there was no loss of suction.

parameters which can be calculated based on drain length (ld),
drain spacing (sd) and the ratio between surcharge and clay
thickness (H/hc). The normalising parameter  independent of
soil properties is determined from:

= (ld/sd) × (H/hc)

Table 3 Normalised degree of consolidation using  factor
before removing the vacuum or surcharge loading

(1)

The -factor can act as a ‘filter’ to differentiate the relative
performance of both ground improvement techniques.

Area

Table 2. Drain types, spacing,, total surcharge height and
calculated degree of consolidations based on settlement at the
Port of Brisbane

WD1
WD2
WD3
WD4
WD5
VC1
VC2

Area

Drain
shape
(de, mm)

Drain
length
ld (m)

Drain
spacing
sd (m)

Circular
14.51.1
(34)
18.5
Circular
22.5WD2
1.3
(34)
27.5
Band
WD3
17-23.5
1.1
(50)
Band
WD4
28.8
1.3
(50)
Band
WD5
8-13.5
1.1-1.2
(50)
Circular
22.5VC1
1.2
(34)
26.5
Circular
15.5VC2
1.2
(34)
17.5
Note: de= Equivalent drain diameter
* Vacuum pressure of 70 kPa
WD1

Clay
Thick
ness
(m)
12

Total fill
height
H
(m)



6.2
5.5
4.8
5.5
4.1
2.9
2.6

Calculated
Degree of
consolidation based
on settlement (DOC)
(%)
86
86
85
85
93
86
92

DOC/

13.9
15.6
17.7
15.4
22.5
30.1
35.8

5.1-5.2

23.5

7-7.2

17

4.3-4.6

24.5

6.1

8

3.3-5.5

21

2.8-3.2*

14

2.5-2.8*

4. APPLICATION OF NORMALISING FACTOR ON
SETTLEMENT DATA
Table 3 and Fig. 3a show that the performances in all areas are
similar because the degree of consolidation was between 8292%. There is no difference between the types of drains and the
DOC according to the strain-based analysis. Note that the
DOC achieved in VC2 is generally higher than the surcharge
only areas even though the vacuum pressure and fill surcharge
were removed at an earlier date (one month ahead).
Fig. 3 (a) Degree of consolidation based on settlement and (b)
Normalised degree of consolidation using the  factor

As Fig. 3b shows, the vacuum consolidation areas (VC1 and
VC2) have the highest normalised degree of consolidation,
showing that they performed better than the non-vacuum
(surcharge only) areas. The only non-vacuum area shown at the
bottom is an exception because the clay is less than 14.0m thick
( < 4), so it does not represent any other typical non-vacuum
areas where the clay is much thicker.

5 CONCLUSION
In this paper, a normalised factor was used to measure the
performance of consolidation by surcharge and vacuum at the
Port of Brisbane, where the clay varied from 8-30m thick.
Different types of vertical drains and different preloading
schemes were applied to ensure that long-term settlement could
be within the desired criteria. It was observed that the
settlement curves and associated degree of consolidation in
every area were similar, irrespective of lengths and types of
drains, and the preloading techniques. After normalising by the
factor, the areas where a vacuum was applied performed better
than the non-vacuum areas. The analytical solution proposed by
Indraratna et al. (2005) with a vacuum applied can predict the
settlement and associated excess pore pressure very well.

The predictions of settlement and pore water pressure, and
the field data for a typical settlement plate (WD4 and VC2) are
shown in Figures 4 and 5. These predictions are based on
formulations proposed by Indraratna et al. (2005), and they all
agree with the field measurements. The predicted and measured
excess pore water pressures are also given below the settlement
plots, all of which confirm that the excess pore water pressures
had to be dissipated after 400 days. As expected, the excess
pore pressure for the vacuum areas is negative due to the

3
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