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ABSTRACT

A new coal pad and an associated machinery berm were constructed for Project 3D of the 
Kooragang Coal Terminal stockyard expansion project.  The site is underlain by soft soil strata of 
variable thickness.  Prior to the construction of the coal pad and berm, part of the proposed new 
stockyard was preloaded, while the remaining sections were treated by the installation of stone 
columns.  The design of the stone columns was conducted jointly by the sub-contractor, Keller 
Ground Engineering and their geotechnical consultant, GHD Geotechnics.  One key aspect of the 
design was to satisfy the extremely stringent post-construction displacement criteria for machinery 
operation considerations.  As part of the design process, Keller predicted the likely settlement of 
the coal pad and berm in the stone column treated areas.  GHD Geotechnics undertook the 
prediction of the likely tilting (differential settlement) of the berm and the (total and differential) 
horizontal displacements. 

This paper presents the geotechnical model of the site, various analytical work undertaken, the 
designed stone column configuration and the predicted displacement results.  Construction 
monitoring results are also outlined. 

1 INTRODUCTION 

Kooragang Coal Terminal located on Kooragang Island, NSW is situated on reclaimed swamp lands 
underlain by soft soil sediments.  All of the coal delivered to Kooragang is stored in the stockpiling 
areas located on the northern edge of the terminal.  In order to increase coal export capacity from 
90 Mtpa to 102 Mtpa, Port Waratah Coal Services embarked upon the Project 3D expansion of the 
terminal including the construction of an additional stockyard and a new machinery berm.  The new 
expansion was sited to the south of and parallel to the existing stockpile areas, i.e. Stockpile Pads A 
to C and Berms A to D as shown on Figure 1.  The new area is designated as Pad D and Berm E.  

In general, the site was preloaded to reduce post construction settlements.  However, it was known 
that the depth of soft clay increased on the eastern and western ends of the new areas.  Given the 
planned commencement dates for coal export, there was insufficient time to consolidate these 
areas under preload and hence a ground improvement solution was required. Keller was contracted 
to provide a design, construct and performance guarantee system based on stone columns installed 
at the eastern and western sections of the new stockyard. 

2 GEOTECHNICAL MODEL 

The basic site stratigraphy comprises a layer of very dense sand fill having CPT cone tip resistance 
(qc) values in the range of 15 to 20 MPa between about RL5.0m and RL2.0m, underlain by a 2.0m to 
4.5m thick of soft clay unit with qc values of less than 1 MPa over a lower dense sand profile.  A 
deep clay unit also exists below RL-30m approximately.  However, for the stone column design 
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7purposes, the presence of the deep clay is considered to be of secondary importance only and thus 

had not been included in the analytical model. 

Figure 1: Site Plan showing existing and new stockpile areas 

The adopted (elasto-plastic) geotechnical properties of the various materials are listed on Table 1 
below. Both the lower bound and typical properties had been analysed for the soft clay unit for 
sensitivity assessment purposes.  Furthermore, the gain in soil strength after preloading of existing 
Pad C and Berm D had been allowed for.  In addition, new Berm E would be constructed some time 
prior to the loading of the coal stockpile.  In this instance, the soft soil underneath Berm E would 
achieve some strength gain as a result of the dead weight of Berm E.   

Table 1: Adopted Geotechnical Parameters 

Soil Unit 
Material

Type

Unit
Weight 

 (kN/m3) 

Young’s
Modulus 
E’ (MPa) 

Poisson’s 
Ratio 

’
Cohesion 
c (kPa) 

Friction 
Angle 

 (deg.) 
Upper sand Fill Elastic 19 35 0.3 - - 

Soft clay (Lower bound) Plastic 16 0.7 0.33 10 0 

Soft clay (Typical) Plastic 16 1.0 0.33 15 0 

Preloaded soft clay (Pad 
C/Berm D) 

Plastic 20 4.0 0.33 60 0 

Improved soft clay (Under 
Berm E) 

Plastic 20 1.7 0.33 25 0 

Lower dense sand Plastic 20 75 0.3 0 34 

Coal Stockpile Elastic 9 10 0.3 - - 

Berm fill Elastic 21 100 0.3 - - 

Pad Base Elastic 20 100 0.3 - - 

Stone Columns Plastic 19 100 0.3 0 42 

3 CLIENT REQUIREMENTS 

The performance requirements of the ground improvement system over a period  of 17 years are:- 

total post construction settlement of 150 mm for the berm excluding an assumed 50mm 
contribution from the deep clay layer. 

total post construction settlement of 250 mm for the coal pad area excluding an assumed 
100mm contribution from the deep clay layer. 

vertical differential settlement on the rail track of +/-30 mm over a 10 m chord length and +/- 
50 mm over a 25 m chord length. 
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7 horizontal differential settlement on the rail track of +/- 6 mm over an 8 m chord length. 

total relative horizontal displacement between the two sets of rail tracks of +50/-25mm. 

maximum transverse tilting of the berm shall be less than 0.3%. 

4 STONE COLUMN DESIGN  

The installation of Vibro Replacement stone columns results in a higher overall stiffness for both 
sand and clay layers. The enhanced stiffness will reduce settlement under static loads. The stone 
columns also enhance slope stability and function as large-diameter vertical drainage elements to 
accelerate the consolidation of the clay layer (Raju et al 2004]. 

The settlement analysis of the improved ground was carried out using Priebe’s [1995] method. 
Creep settlement of the clay layer over a period of 17 years was also considered in the design. The 
time for primary consolidation of the clay layer was estimated using the Baalam & Booker [1981] 
and Han & Ye [2001] methods.  Due to the varying soil profile, the design was divided into five 
sections, with different chainages.  

The berm was 4 m high with equivalent loading of 95kPa, while the coal pad was 20m high with 
equivalent loading of 180kPa. A live load of 20kPa was considered above the berm.  Table 2 gives 
the design details for each chainage section. 

Table 2:  Summary of Settlement Analysis 

Description 

CH 250 to 
CH 350 

(Berm only) 
CH 1100 to 

CH 1300 

CH 1300 to 
CH 1350 

and CH 1475 
to CH1545 

CH 1350 to 
CH 1475 

Thickness of Soft Clay (m) 2 4 4 4 to 4.5 

Column diameter in Sand layer(mm) 0.6 0.6 0.6 0.6 

Column diameter in Clay layer(mm) 1.0 1.1 1.1 1.1 
Column spacing in longitudinal direction 2.75m 2.75m 2.75m 2.75m 
Column spacing in transverse direction 2.75m 2.5m-2.75m 2.5m-2.75m 2.5m-2.75m 
Column Length (m) 5 8 8 8 to 8.5 

Depth of Analysis(m) 8.5 10 10 10 
Primary Settlement of Coal Pad (mm) 50 (berm) 230 235 222 

Creep settlement for 17 years(mm) 15 25 25 25 
Total Long Term Settlement(mm) 65 255 260 247 

In addition to the settlement analyses, stability analysis of the combined coal pad and berm system 
was required due to the high superimposed load and the underlying soft clay. An earthquake 
acceleration of 0.16g was also considered in the design. Slope stability was analysed with limit 
equilibrium methods using the software GGU- STABILITY (Civilserve GmbH, Germany).  For this 
project, Janbu’s method which assumes a polygonal slip surface was adopted for the stability 
analysis.  The most critical load case was considered to be a combination of simultaneous berm and 
coal pad loading. 

The analyses indicated that for all chainage sections, the factors of safety against sliding varied 
between 2.35 and 2.75 for static loading and between 1.19 and 1.32 for earthquake loading.  These 
results are greater than the minimum requirements of 1.5 and 1.1 for the two cases respectively. 

5 PERFORMANCE PREDICTION 

5.1 Prediction Approach 

The design of stone columns conventionally involves the prediction of their settlements under the 
design loading using the 1-dimensional unit cell theory as discussed above.  Alternatively, more 
advanced numerical modelling techniques could be used to predict stone column behaviour under 
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7variable geometry.  For simplicity, the stone columns and the surrounding soft soil are usually 

combined into a “composite” material assigned with equivalent properties derived from semi-
empirical correlation.   

However, for the subject site, the key design criteria were the horizontal displacements and tilting 
of the berm.  The design limits for these latter two criteria were relatively tight and required more 
rigorous prediction.  The above composite material approach, while has been accepted as a 
reasonable method for vertical displacement prediction, is less certain for the prediction of 
horizontal displacements.  The preferred and more rigorous design approach is to explicitly model 
the stone columns with the appropriate diameter and spacing.  Such an approach removes the 
uncertainties associated with simulating the stone column diameter and column spacing with 
equivalent properties. 

The discrete stone column simulation approach utilising computer software Phase2 version 6.0 was 
adopted for the numerical modelling.  For simulation purposes, the Phase2 model extended 
horizontally from the centreline of Berm C to some 70m beyond the toe of Berm E and vertically to 
RL-25m in the lower dense sand.  The deep clay stratum had not been modelled. 

The construction and load application had been modelled in stages. 

For each stone column treatment area, two Phase2 models had been set up to simulate the 
stockyard with and without stone columns.  Both the lower bound and typical properties for the soft 
clay had been analysed for each model to provide a range of predictions for assessment purposes. 

5.2 Modelling Results 

Some typical results for the full design loading stage are shown in Figure 2 and summarised in Table 
3. It is noted that the displacement results have been presented relative to the stage for the 
construction of Pad D and Berm E.  The reported results thus represent the post-construction 
displacement predictions.   

Figure 2: Typical predicted vertical and horizontal displacement contour plots 

As can be seen from Table 3, the improvement in vertical displacements from installing the stone 
columns is some 2.6 to 3.3 times under the berm.  With regard to the differential vertical 
displacements under Berm E, the results show that the post-construction differential settlement 
under the berm will be some 115mm and 20mm over the (19m) width of the berm without and with 
stone columns (for the lower bound cases) respectively.  The tilting of the berm is therefore 0.6% 
and 0.11% using the conservative, lower bound model.  The tilting with the stone column 
improvement is thus well within the design criterion. 

Table 3: Typical Summary Results from Numerical Modelling  

Vertical
Displacement (mm) 

Horizontal 
Displacement (mm) Case

No. 
Treatment

Model 
Property

Model Pad Berm 
Berm 
Tilt Pad Berm 

1 Untreated Lower Bound 44-405 36-150 0.60% 5-348 314-336 

2 Stone Columns Lower Bound 47-122 14-35 0.11% 4-31 22-24 

3 Untreated Typical 47-257 26-88 0.33% 1-89 68-76 

4 Stone Columns Typical 47-99 9-28 0.10% 1-20 13-15 
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7 The maximum horizontal differential displacements could occur near the end of the coal stockpile 
where the applied loading varies from no coal loading to a maximum design value of 180kPa over a 
short distance.  An analysis of the likely 3D impacts of the coal stockpile on the predicted 
displacements was conducted using the Finite Layer computer programme, FLEA version 5.  For the 
Finite Layer approach, the variation of treated and untreated properties in different areas and the 
variable ground surface profile cannot be modelled.  Therefore, the predicted displacements cannot 
be used directly to predict the “actual” behaviour.  However, the relative variation of 
displacements along the stockpile pad/berm can be reviewed for the 3D effects.   

Based on the FLEA results, for the horizontal displacements at the centre-line of the rail track, the 
majority of the variation (some 75% of the maximum displacement) occurs over a distance of 65m.  
For the previously predicted horizontal displacements of 336mm and 24mm for the untreated and 
treated (and lower bound model) cases respectively, these values represent skews of about 1 in 260 
(0.39%) and 1 in 3,600 (0.03%).   

6 ADAPTION OF DESIGN TO MEET CLIENT REQUIREMENTS 

In localised areas where modelling indicated that the predicted displacements using the initial stone 
column configuration could be marginal, the stone column spacing was subsequently modified.  
Since berm tilting was the most critical design criterion for the operation of the machinery, the 
stone column spacing was revised in order to ensure that the predicted berm tilting is well within 
the design limit.  The column spacing had been reduced to 2.5m in the transverse direction at the 
central 20m of Pad D and 20m width of Berm E, while maintaining the longitudinal spacing at 
2.75m.  The modelled variable stone column spacing is shown on Figure 3. 

Additional modelling showed that the tilting can be controlled by using the revised stone column 
spacing.  It was demonstrated from numerical modelling that the proposed variable stone column 
spacing configuration should reduce the tilting by some 20% to 30%.   

7 CONSTRUCTION

Installation of the stone columns was performed by the wet method using the Keller S230 depth 
vibrators.  Stone column installation was continuously monitored by the Keller M4 computer 
monitoring system which yields continuous read out of each column’s as constructed parameters of 
depth and energy input as a function of time.  An onboard display allows real time monitoring of 
each columns construction by the operator/supervisor.  

RL 27m

RL 10m

RL 6mRL 6m RL 5m

RL 9m

RL 0.7m
RL 3.5m

New Pad D 

New Berm E 

Zone P1 Zone P2

4 x 2.75m 8 x 2.5m

Zone B2 

5 x 2.75m

RL –2.9m

Zone P3

5 x 2.5m 8 x 2.5m

Zone B1

Figure 3: Adopted stone column spacing adjusted to meet design criteria 
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78 MONITORED TEST PAD PERFORMANCE  

To verify the design, a large scale area load test was performed on working columns in the region of 
the deepest soft clay zone.  A 5 metre high embankment was built over an area of 40 metres 
square.  To further simulate the working conditions additional load was imparted by the use of sand 
filled shipping containers placed on top of the embankment.  The test was instrumented and 
monitored by Douglas Partners on behalf of PWCS.  Instrumentation included settlement plates, 
hydrostatic profile gauges, load cells, inclinometers, survey monitoring of earth vector points and 
pre and post CPT’s.   

In summary, the Phase2 results predicted maximum test pad settlement (beneath the containers) 
and maximum horizontal displacement (beneath pad toe) of some 185 mm and 40 mm respectively 
for the “as-constructed” case.  These predictions compare with the measured maximum values of 
168 mm and 30 mm.  Similarly, the Phase2 predictions of the vertical stresses below the containers, 
at the original ground surface level, are about 150 kPa and 120 kPa at the columns and in-between 
columns respectively.  These values again compare (favourably) with the corresponding measured 
results of 152 kPa and 111 kPa.  The actual monitoring results were thus considered to be in 
reasonably good agreement with (but slightly lower than) the predicted results.   

9 CONCLUSIONS 

The analysis and design of stone columns to control (total and differential) vertical and horizontal 
displacements is complex and requires careful considerations.  Analysis using appropriate modelling 
tools must be conducted in order to simulate the behaviour of the treated ground correctly. 

The use of stone columns as a ground improvement technique for soft marine clays to meet strict 
performance criteria was demonstrated.  The performance of the berm continues to meet the 
client’s requirements.   

Care must be taken in the use and construction of stone columns in soft soils as their design and 
construction is not a routine process.  It is vital that the design be conducted by experienced 
analysts using suitable design methodology and the installation be performed and monitored closely 
by the contractor and engineer.   
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