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ABSTRACT: The Sydney Metro City & Southwest (SSC) project comprised the upgrade of 30 km length
of rail, of which the Bankstown Curve has been identified to comprise up to 5.5m thick soft soil. The widening
of the existing railway embankment over this area required the installation of a pile wall to retain the fill at the
pinch point with boundary constraint. Jet grouting was adopted as the preferred soft ground treatment due to
live traffic and space constraint. This paper describes the design and construction process to allow for the
embankment widening. A large strain 3D FEA using soft soil creep model was employed in the design to assess
(i) the stability of the pile wall in soft soil treated with jet grouting, (ii) the interaction of the jet grout columns
and the wall supporting piles, and (iii) the deformation of the widened embankment so to inform a tamping
requirement for the railway tracks over their 100 year design life. The jet grout columns were constructed using
double-fluid grouting system. A careful construction methodology was adopted following the considerations of
spoil management, manoeuvring of rig in narrow space and the impact on wall supporting piles installation.

1 INTRODUCTION
Sydney Metro City & Southwest is a 30km rapid
transit railway line in Sydney, Australia currently under construction. The $10-11 billion railway line project will act as a major extension of Sydney Metro,
connecting Chatswood (the terminus of Sydney
Metro Northwest) to Sydenham. At Sydenham, the
line would join the existing Bankstown railway line,
which would be upgraded to rapid transit operation
between Sydenham and Bankstown. This paper presents an innovative design and construction of a rail
embankment widening over a pinch point of the
Bankstown Curve area with narrow space, presence
of soft soils, live rail traffic and live services.

(1) Design to address the potential slope instability
and failure of the retaining wall caused by embankment widening over soft ground.
(2) Limit the total and differential settlement experienced by the railway tracks over the existing and widened embankment sections due to soil consolidation,
creep settlements, as well as lateral spreading of the
foundation soils.
(3) Minimise disruption of train operations during
construction (e.g. avoid the need of shutting down the
Bankstown line for the construction)
(4) Adopt appropriate design option to reduce safety
risks associated with the construction adjacent to live
rail traffic and live overhead wire (OHW) structures.
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2 ENGINEERING CHALLENGES
The Bankstown Curve area has been identified to be
underlain by soft soils with variable thickness. The
existing rail embankment, constructed more than 50
years ago, has been reported to have experienced ongoing creep settlement. Fig. 1 shows the pinch point
of the area (about 40m in length) where cable service
routes (CSR) ran along project boundary that was located as close as 2.5-3 m from the toe of the existing
batter. A retaining structure would be required as part
of the rail embankment widening within the constrained space. The challenges of widening include:

CSR

Figure 1. Pinch point of the Bankstown Curve area

3 GROUND CONDITIONS
The subsurface stratigraphy of the Bankstown Curve
area was derived from the available Cone Penetration
tests CPTs and boreholes within the area, which indicate that the soft alluvium comprising typical sandy
clay is generally about 4-5m depth, with an undrained
shear strength (Su) of as low as about 10kPa. Fig. 2
shows a typical Su profile inferred from the corrected
cone resistance qt. The over-consolidation ratio
(OCR) was inferred from the Su consistent with
SHANSEP equation proposed by Ladd (1991): Su =
S⋅(OCR)m σ′v, where σ′v is the initial effective stress.
The SHANSEP parameter m was set to 0.95 based on
past experiences in Sydney area. For low to medium
plasticity clays with PI of up to 40%, S = 0.22 was
adopted. Fig. 3 shows the oedometer test results of the
compression ratio CR (= cc/(1+e0)), recompression
ratio RR (= cr/(1+e0)) and the creep strain rate cαε, as
well as their corresponding adopted values.

In the SSC model, the permeability k is related to
the void ratio e following the permeability function: e
= e0+ck log (k/k0). The adopted initial permeability
(k0) of the alluvial clays was 10-7 cm/sec. The permeability index ck can be related to the initial void ratio
e0 based on ck = 0.5e0 as proposed by Tavenas et al.
(1983). The e0 for alluvial clay has been measured in
laboratory to be about 1.0.
4 JET GROUTING SOLUTION
While many design options for embankment widening could address the stability and settlement issues,
the final solution has been chosen on the merits of
economy, accessibility and safety. One of the options
being considered was the pile solution outlined in
Fig. 4, in which two rows of 900 mm diameter piles
would be required to support the retaining wall as
well as to resist sub-soil movements and provide
slope stabilisation effect. However, due to space constraint, heavy piling operation for the installation of
greater than 750 mm diameter piles was not permitted. Further, the pile headstock encroached onto the
embankment, hence undermining the slope stability
for live rail traffic during construction.

1.9m
2 rows of 900mm
bored piles at 3m c/c
spacing

Figure 4. Pile design option

Figure 2 Su and OCR profiles
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Figure 3. Measured and adopted CR, RR and cαε values

Soft ground treatment using preload with surcharge over existing embankment batter was ruled out
due to space constraint and its impact on existing rail
track. Columnar ground treatment using jet grout columns, deep soil mixing (DSM) or control modulus
columns (CMC) can be installed near the existing embankment toe to improve slope stability and to reduce
the deformation of the railway tracks by limiting the
lateral spreading of the foundation soil. However, Lshaped retaining wall over the columnar treatment is
not a viable option as it encroaches onto the embankment that needs to be steepened during construction.
Fig. 5 outlines the finally adopted solution in
which two rows of jet grout columns were used for
ground improvement and the widened embankment
fill was retained by a light piled wall structure formed
by one row of 750 mm bored piles at 3 m spacing. Jet
grout columns are installed by initially drilling a

small hole, typically 100 mm in diameter to the required depth. High pressure jet of grout is then injected through small nozzles at high velocity at the
base of the drilling string. As the string is withdrawn
from the soil and rotated slowly, the grout jet erodes
and mixes the soil for a finite distance around the drill
string to form the column elements. Therefore, jet
grouting is a bottom up grouting technique that does
not require physical boring of big diameter holes for
the installation of concrete columns. Fig. 6 shows the
installation process on the project site. Initially, a 1m
thick construction platform retained by Jersey barrier
was constructed. Jet grout columns were then
installed followed by the wall supporting piles.
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• Live rail traffic - It was desirable to have the columnar treatment to be installed as close to the railway track as possible to effectively reduce track deformation due to lateral soil spreading caused by the
widening of fill embankment. The opening of big diameter holes for DSM installation through the existing fill slope would undermine the slope stability to
below acceptable level for live rail operation and
therefore was not a feasible option unless that the construction was carried out during a rail shutdown period. The jet grout columns, however, would not have
significant impact on slope stability during construction and could avoid interruption of train movement,
since it only required the insertion of a small diameter
drilling string through the existing fill batter (Fig. 6b).
• Rig size and weight - The jet grouting rig can be
relatively small and light weight if required. A small
jet grouting rig is about 1.2m in width and weigh
about 5 tonnes. The dry soil mixing rig is relatively
small, but still larger than the jet grouting rig. The wet
soil mixing rig or the CMC rig is much larger and
possibly cannot fit through the narrow corridor.
• Column strength - The UCS strength of the jet
grouting columns can be about 2MPa – 5MPa in the
clay. Wet soil mixing can produce UCS strength of
about 0.5MPa – 2MPa in clay, while dry soil mixing
will produce UCS strength of about 0.2MPa –
0.6MPa only. The wet/dry soil mixed columns would
have lower strength than jet grouting columns.
5 DESIGN AND ANALYSIS
Limit equilibrium method was used for global stability assessment, in which the two rows of jet grout columns were modelled as equivalent strips (Fig. 7).
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Figure 6. (a) Construction platform with Jersey barrier (b) Construction of jet grout columns

Jet grouting treatment was preferred over other columnar such as DSM or CMC for the following reasons:
• Potential obstacles in the fill - The existing fill encountered on site was uncontrolled and could possibly
include obstacles such as boulders, concrete blocks,
bricks, etc. The drilling rods for the jet grouting rig
was about 90 mm to 125 mm in diameter, thus was
less likely to encounter the obstacles than the deep
soil mixing rigs.

Figure 7. Global stability assessment with jet grout columns

The equivalent strength and width of each of the strip
calculated by Eq. 1 and Eq 2 below:
𝑐𝑐𝑒𝑒𝑒𝑒 = (𝑐𝑐𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑐𝑐𝑐𝑐𝑠𝑠𝑠𝑠 𝐴𝐴𝑐𝑐𝑠𝑠𝑠𝑠 )/(𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐴𝐴𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐 )
𝑎𝑎 = �𝜋𝜋𝑑𝑑 2 /4

(1)
(2)

where Asoil, Acol and a are defined in Fig.8. The undrained shear strength of the soil csoil is typically
15 kPa and the column shear strength ccol equals to

Figure 8. 2D equivalent strip for the modelling of jet grouting

The deformation of the rail embankment was assessed initially by carrying out 2D FEA using
PLAXIS 2D (see Fig. 9a), in which the wall supporting piles were modelled as “embedded beam” rows
and positioned between the two jet grouting strips
with ceq and width given by Eqs. 1 and 2. The equivalent Young’s modulus Eeq of the 2D strip was derived based on equivalent flexural rigidity given by:
𝐸𝐸𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑐𝑐𝑠𝑠𝑠𝑠 × 𝜋𝜋𝑑𝑑 ⁄2√3𝑏𝑏

(3)

where Ecol is the design Young’s modulus of the column and was taken as 150MPa, and b is the column
spacing as shown in Fig. 7. While the 2D model can
be used to assess the rail track deformation adequately, it could underestimate the induced pile forces
and displacements since the pile row was shielded by
the jet grout strips. In reality, there will be soil all
around the pile and no jet grout column in front of the
piles. With the limitation of the 2D FEA identified, a
3D FEA was conducted using PLAXIS 3D to model
the interaction of the piles and jet grout columns in a
3D sense (see Figs. 9b, 9c).

Fig. 10a shows the assessed total settlement vs.
time for the Up Metro, from both 2D and 3D FEA
results. Fig. 10b shows the assessed differential settlement across the track for the Up Metro. The following points can be drawn from the analysis results:
(i) The 2D FEA results were generally consistent
with those of the 3D FEA. The 2D FEA gave slightly
greater total settlement with time, but small differential settlements that those of 3D FEA.
(ii) The total settlement after 1, 3 and 100 years of
operation was assessed to be in the order of 16, 20 and
45 mm, respectively. The settlement limit given by
the Metro authority for the corresponding time were
15, 30 and 200 mm. Therefore, the assessed 16 mm
settlement after 1 year of operation could marginally
exceed the settlement limit and tamping may be required during the first year of train operation.
(iii) The assessed differential settlement was up to
0.18%, which exceeds the limiting 0.125% stipulated
by Metro. However, if tamping is conducted during
the first year of train operation, the long term differential settlement can be reduced to within the limit.
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Figure 10. (a) Total track settlement vs. time, (b) Differential
track settlement for Up Metro track over widened embankment
Figure 9. (a) 2D FEA mesh, (b) & (c) 3D FEA mesh

Both the 2D and 3D FEA involved coupled consolidation in conjunction with “Soft Soil Creep” model
that considered aging of pre-consolidation stress and
the simultaneous nature of primary consolidation and
creep. This model can be used appropriately to model
aging of the soil (i.e. increase in OCR) beneath the
existing rail embankment due to creep over at least
the past 50 years prior to embankment widening.

Fig. 11 shows the assessed pile forces and horizontal displacement for the 750 mm wall supporting
piles. The 3D FEA gave a maximum pile head deflection of 24 mm, and maximum bending moment and
shear force of about 610kNm and 400kN, respectively. While the 2D FEA gave a comparable pile
head deflection to that of 3D FEA, it predicted a more
moderate curvature along the length of the pile, leading to lower estimates of induced bending moment
and shear force of the pile.
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Figure 11. Assessed (a) horizontal disp., (b) bending moment
and (c) shear force for the 750mm dia. wall supporting pile

6 TRIAL TESTING
There are traditionally three types of jet grouting system, namely, the single, double and triple fluid systems. In the single fluid system only high pressure
gout is used to erode the soil and mix with it to form
the column. This system is less effective in clayey
soil. In the double fluid system, high velocity coaxial
air and slurry grout is used to increase soil cutting efficiency. The triple fluid utilises grout slurry, air and
water to achieve the soil erosion and mixing process
and is the most effective system for cohesive soil.
To achieve a design minimum of 1.2 m column diameter in the typically sandy clay materials encountered at the project site, a double fluid system was
found to be adequate via trial testing prior to the installation of production jet grout columns. A total of
three trial columns were installed. The grout used
comprised a straight water to cement ratio equal to
0.8:1. Once the columns were cured for at least 36
hours, the top of the jet grout columns were exposed
by excavation to measure the actual column diameters, which are shown in Fig. 12 to have met the minimum design diameter of 1.2m. Full length core was
drilled at approximately 300mm off the centre of each
column using HQ coring techniques. Fig. 13 shows
an example of the cored samples.

Figure 13. Example of cored samples from trial jet grout column

Fig. 14 shows the laboratory testing of the core
samples for UCS and Esec50 (the secant modulus of
elasticity at 50% UCS). The tested values were shown
to be greater than the design characteristic UCS and
Esec50 at 28 days of 1.5MPa and 150MPa, respectively. Following the testing of the trial jet grout columns, the mixing parameters that were deemed to be
suitable for the construction of production jet grout
column are listed on Table 1.
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Figure 14. Results of (a) UCS and (b) Esec50 of cored samples
from trial jet grout columns
Table 1. Mixing parameters for production jet grout columns
Extraction rate
Rotation
Grout flow rate
Grout pressure
Nozzle size
Air pressure
Target specific gravity

30 cm/minute
15 RPM
285 ltrs/min
185 bar at the pump
2 x 5.0 mm
7 bar
1.62 ±0.02

7 PRODUCTION COLUMNS

Figure 12. Exposure of trial jet grout columns

The jet grout columns were in a liquid state for approximately 4-5 hrs until the initial set occurs. The
production rate was about 8 jet grout columns per
day. After careful considerations of spoil management, manoeuvring of the rig and short term stability
during the grout curing period, an installation plan
was adopted in which 8 jet grout columns in a row
next to the embankment were constructed on the 1st
day, followed by the construction of the adjacent 8

columns in a row away from the embankment on the
2nd day. This jet grout column installation pattern was
repeated until completion (see Fig. 15). Fig. 16 shows
a small jet grouting rig that was used to pass through
narrow space at the pinch of Bankstown Curve.

ing has proven to be an effective solution for the embankment widening at the pinch point of the Bankstown Curve area. The solution minimised disruptions
of train operations during construction whilst also
providing significant benefits of cost saving and construction safety.
The engineered solution achieved ultimate goal
having widening the rail embankment in the area with
space constraints and live utilities. The solution also
served to improve the stability against global failure
with the presence of soft soils, and to limit the long
term total and differential settlement experienced by
the railway tracks.
Finally the implementation of a careful regime of
testing and quality control allowed successful control
of the execution process throughout the entire construction to achieve the performance requirements.
8

Figure 15. Jet grout column installation pattern

7

cored sample results

wetgrab sample results

UCS (MPa)

6
5
4
3
2
1
Design characteristics UCS = 1.5MPa

0

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Curing time (days)

Figure 17. Results of UCS test results from cored and wet-grab
samples (from production jet grout columns)
Figure 16. Jet grouting rig used in the construction

8 CONCLUSION
The innovative solution of stabilisation and strengthening of an existing rail embankment using jet grout-
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The wall supporting piles were installed after the
construction of jet grout columns so to eliminate the
risks of having pile movements caused by the disturbance of jet grouting operation. Visual observation of
the spoil flow and features of the spoil return at the
surface were maintained at all times to mitigate risks
of ground heave and lateral displacement of fill batter.
The production jet grout columns were subject to
UCS and Esec50 testing on cored samples after at least
a 36 hours of curing period, and on wet grab samples
taken from spoil material. The test results demonstrated that the design characteristic UCS and Esec50 at
28 days of 1.5MPa and and 150MPa had been
achieved as shown on Fig. 17 and Fig 18, respectively. Moreover, only about 5% of the UCS test results fell below the specified design characteristic
strength, but these results generally equalled to or
were greater than 80% of the specified strength.
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Figure 18. Results of Esec50 test results from cored and wet-grab
samples (from production jet grout columns)
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