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ABSTRACT: Stringent settlement criteria and stability concerns necessitated the improvement of very soft to soft soils over the 
marshland pond which forms the footprint of a 4-lane railway embankment servicing the NCIG coal terminal operation in Newcastle, 
New South Wales, Australia. This paper presents the innovative design and modelling of soil mixing ground treatment for the 
stabilization of the foundation of an embankment up to 9m high, constructed over the existing pond. Both interlocking columns forming 
soil mixing panels and mass soil mixing were employed to improve the subsoils in the pond. Subsequent monitoring of the embankment 
has provided vital information for back-analyses to study the behaviour of an embankment constructed over soil mixed-improved ground.  
 
RÉSUMÉ : Pour un projet de remblai sous 4 lignes ferroviaires du terminal d'exportation NCIG à Newcastle, dans le New South Wales 
en Australie, une amélioration de sol a été nécessaire pour les sols très mous à mous au droit d'un étang marécageux, afin de respecter les 
critères de tassements stricts et de garantir la stabilité du remblai. Cet article présente un dimensionnement innovant sur la modélisation 
du soil mixing pour la stabilisation du remblai atteignant 9m de hauteur, construit sur un étang existant. Les deux méthodes de panneaux 
formés par des colonnes de soil mixing sécantes et par du mass soil mixing ont été utilisées pour améliorer les dépôts sédimentaires de 
l’étang. Le contrôle ultérieur des mouvements du remblai ont fourni des informations essentielles pour une analyse rétroactive du 
comportement d’un remblai construit sur un sol amélioré par la méthode du soil mixing. 
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1  INTRODUCTION 

Recent expansion of Coal Export Terminals (CET) in Newcastle, 
Australia, which service over 40 coal mines in the Hunter 
Valley, have created the world’s largest coal export facility at 
the mouth of the Hunter River, including coal train unloading 
facilities, ship loading systems and associated rail infrastructure. 

Increasing the inbound capacity of the CET operated by 
Newcastle Coal Infrastructure Group (NCIG) to 66 million 
tonnes per annum required additional rail infrastructure on 
Kooragang Island to traverse the natural and reclaimed 
marshland areas. 

Keller Ground Engineering (KGE) has been engaged 
directly by the Client, working on a design and construct basis, 
for almost a decade to deliver the best-for-project ground 
improvement solutions for the expansion of the NCIG Terminal.  

The Ground Improvement (GI) was carried out in three 
distinctive phases and involved seven different GI techniques 
tailored to satisfy many different performance requirements, 
varying ground conditions, and programming constraints of the 
client (Robertson et al, 2016). 

The focus of this paper is on a 9m high embankment 
constructed over deep soft soils, referred to as the R3A Arrival 
Road, which had been treated with the dry soil mixing 
technique using both mass mixing and column mixing methods.. 
The footprint of the 9m high embankment covers an area of 
approximately 75m wide x 230m long, decreasing in height 
toward the abutments at both ends.  

The layout of the various separable portions in Stage 2F 
Rail-link is shown in Figure 1, with zone R3A circled.  
 

 
Figure 1. Layout of NCIG Stage 2F Rail Link 
 
The intention of this paper is: 

a. To present a comparison between the predicted 
performance of the original design, based on a simple 
constitutive Mohr-Coulomb model using soil 
parameters interpreted from past and present soil 
investigations, with the actual performance observed, 
and  

b. To provide a back-analysis using a more advanced 
constitutive Hardening Soil, or Hardening Soil Small 
Strain, model using soil parameters derived using 
CPT/SPT published correlations. 

 
  

Zone R3A

- 2399 -



  Proceedings of the 19th International Conference on Soil Mechanics and Geotechnical Engineering, Seoul 2017 

 2  GROUND IMPROVEMENT SPECIFICATION 
 
To accommodate the 1.5km long coal trains, traversing the 
embankment every 10 minutes, the ground improvement was 
specified to achieve the following objectives: 

a. To enable the operation of a 4-lane rail track, each lane 
having a service load of 34kPa and an ultimate load of 
85kPa, spanning a 3m width.  

b. To limit post-treatment settlement of the embankments 
and associated rails to post railway construction 
settlements of < 100mm. 

c. To increase the shear strength of the existing foundation 
materials, to provide an adequate factor of safety 
against foundation failure in the long term (F.S ≥ 1.5) 
and under seismic conditions (F.S ≥ 1.1). 

3  GEOLOGY 

Kooragang Island was originally part of a natural estuarine delta 
feature of low-lying islands in the Hunter River estuary. The 
geology at the site comprises Permian-aged Tomago Coal 
Measures overlain by Quaternary alluvium.  

The 30m to 70m overlying alluvium comprises stiff fine to 
medium grained estuarine sediments with some gravel zones, 
overlain by fluvial sands with very soft clay and silt estuarine 
deposits up to 17m thick at the top of the natural profile. 

Dredged fill was placed hydraulically into manmade 
lagoons on and between the islands. Industrial waste from the 
Newcastle steelworks was also deposited and used for 
reclamation in parts. The combination of these materials created 
what is now known as Kooragang Island - deep, very soft, fine 
grained soils, overlain by localised thin and thick layers of 
unconsolidated dredged fills and steelworks waste.  

3.1  Zone R3A original parameters  

R3A Arrival Road comprised the construction of an 
embankment up to 9m in height, over an existing shallow (>1m) 
pond. Pre-design CPTs along the centreline of the footprint are 
presented in Figure 2, showing the depth of soft soils increasing 
from nominally 5m to a maximum depth of 11m at the western 
end. 
 

Figure 2. Pre-Design CPTs along the alignment of R3A 
 

The interpreted soil parameters for Zone R3A used in the 
original design are presented in Table 1. 

With the better than expected monitored performance of the 
embankment, more advanced soil models (as discussed in 
Section 2.2) were then used, to investigate the performance of 
the treatment and effect of the design method used for the 
prediction. 

In addition to existing soil investigation information 
discussed in Section 2.1, the soil data was also derived from the 

results of a previously carried out trial embankment as well as 
from a study carried out to consolidate overall site knowledge 
and soil behaviour during earlier ground improvement phases. 
 
Table 1. Original Interpreted Engineering Parameters 

Parameters

Upper 
Alluvium 

(Estuarine) 
Clay 

Alluvial 
Sand 

Lower 
Clay 

Residual 
Clay 

Unit Weight 
 (kN/m3) 

16 20 18 19 

Drained 
Friction 
Angle ’ 

(deg) 

24 33 24 24 

Drained 
Cohesion c’ 

(kPa) 

4.5 0 15 30 

Undrained 
Cohesion cu 

(kPa) 

15 0 50 100 

Modulus 
(MPa) 

1.80 50.0 7.5 15.0 

4  DESIGN AND TREATMENT SOLUTIONS 

Due to the varying depth of soft soils as shown in Figure 2, 
different soil mixing ground improvement techniques were used 
as shown in Table 2 below. 
 
Table 2. Adopted Soil Mixing techniques 

Treatment
Depth of 

Treatment 
(m) 

Area 
Replacement 

Ratio (%) 

Target 
UCS  
(kPa) 

Target 
Shear 

Strength 
(kPa) 

Mass Soil 
Mixing 
MSM 

≤ 6 100 120 60 

Panel Soil 
Mixing 
PSM-
MSM 

Bottom of 
soft Clay 

50 250 125 

 
The MSM treatment comprised complete mass soil mixing 

to the full depth of the soft clays. Figure 3 shows the MSM 
mixing rig. 
 

 
Figure 3. MSM mixing rig 
 

The PSM-MSM treatment comprised of 0.9m diameter 
columns with 100mm interlock to form vertical panels 
extending to the full depth of the soft clays, and a 10m wide 5m 
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thick MSM treatment in the centre. Figure 4 shows the PSM 
mixing rig. 
 

Figure 4. PSM mixing rig 
 

Figure 5 shows the plan of both treatment types, while 
Figures 6 and 7 show schematic representations of the two 
treatments. The treatment depth of the PSM was to be up to 
12m deep. 

The embankment construction was completed in April 2015. 

Figure 5. Plan of Treatment at R3A 
 

 
Figure 6. Schematic representation of MSM treatment 
 

 
Figure 7. Schematic representation of PSM-MSM treatment 

5  MONITORING 

Automated, real-time ground movement monitoring data was 
installed to control earthworks construction rates and measure 
the performance of ground improvement works and allow long-
term monitoring of the operating lines. 

The monitoring, installed and managed by Getec, comprised 
of: 

 Horizontal Shape Accel Arrays (SAA) to measure the 
settlement profile under the embankment  

 Rod extensometers to provide an absolute reference for 
the SAA and to measure deformation within individual 
strata below the embankment 

 Inclinometers to measure lateral deflection at the toe of 
the embankments  

 Vibrating wire piezometers to measure earthworks-
induced pore water pressure. 

Only the settlement monitoring by the SAA is discussed in 
this paper. 

Attention is drawn to the development of settlement with 
time and the settlement profiles at each treatment method. 
Figures 8 and 9 show the settlement monitoring using SAA 
placed in the MSM and PSM-MSM treated areas respectively. 
These results give an indication of the change in the 
embankment base profile with time. The measured maximum 
total settlements of 130mm and 220mm compared well with the 
original design predicted settlements of 165mm and 240mm. 

Figures 10 and 11 show the settlement with time at the most 
critical points in the MSM and PSM-MSM treated zones 
 

 
Figure 8. Settlement profile for Array 9, MSM treatment 
 

 
Figure 9. Settlement profile for Array 4, PSM-MSM treatment 
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Figure 10. Settlement vs time for Array 9, MSM treatment  

 
Figure 11. Settlement vs time for Array 4, PSM-MSM treatment 

 
The monitoring results for both MSM and PSM-MSM 

treatment show only small residual settlements following the 
construction of the full embankment height and equalization 
period. It can be seen that more that 70% of the settlements 
were realised during the embankment construction. The 
measured residual settlements are in the order of 30mm one 
year after the rail track become operational, which is well 
within the 100mm specified in the settlement criteria. 

6  BACK ANALYSIS 

The calculations carried out considering the original soil 
parameters as discussed in Section 3, were leading to a good 
match with the measurements. This section demonstrates the 
additional modelling effort carried out using the finite element 
method to obtain back-analysed geotechnical parameters.   

The willingness of the client to invest in value engineering 
and sophisticated state-of-art continuous monitoring provided 
further quantification of the long-term behaviour. Moreover, 
this enabled invaluable insight into geotechnical properties of 
the underlying soils using the numerical back analysis. 

Back analysis was carried out with a more advanced 
constitutive Hardening Soil or Hardening Soil Small Strain 
model using soil parameters derived using CPT/SPT published 
correlations. Table 3 presents the advanced soil parameters used 
in the back analysis process. 
 
Table 3. Advanced Engineering Parameters 

 
Units 

Upper 
Alluvium 

Top 
Alluvial 

Sand 

Lower  
Clay 

Residual 
Clay 

Material
 Model 

[-] 
Hardening 

soil 
Hardening 

soil 
HS  
small 

HS  
small 

Drainage 
type 

[-] 
Undrained 

A 
Drained 

Undrained
 A 

Undrained 
A 

γunsat [kN/m3] 15 18 17 17 
γsat [kN/m3] 16 20.5 18 18 

E50
ref [MPa] 2 50 6 14 

Eoed
ref [MPa] 2 50 6 14 

Eur
ref [MPa] 6 150 18 42 

power 

(m) 
[-] 1.0 0.5 0.9 0.9 

G0
ref [MPa] - - 40.0 60.0 

γ0.7 [-] - - 4.0E-04 4.0E-04
C’ref [kPa] 0 0 15 30 
ϕ' [°] 20 35 24 24 
Ψ [°] - 5 - - 

 
Additional calculations were carried out in order to extract 

the soil parameters for constitutive advanced soil models. One 
aim of this was to check how accurate the calculations can be 
based on in-situ testing, correlations and advanced constitutive 
soil models. A finite element analysis using the Plaxis software 
was then used in the settlement assessment.   

The small strain parameters are often not easy to determine 
due to a lack of in-situ data. Here, as only CPTs and SPTs were 
available with only few oedometer tests at depth, the idea was 
to calculate them using the correlations in the Plaxis manual 
such as Alpan (1970) for extracting G0 and Hardin-Drnevich 
relationship for γ0.7. 

With some small adjustments, the calculated results 
matched well with the observed behaviour. The back-analysed 
soil parameters were compared to oedometer tests and the 
results were found to be satisfactory as shown in Figure 12. 
 

Figure 12. Plaxis SoilTest result compared with actual oedometer test 
 

The back-analysed input soil parameters were compared 
with the use of different constitutive models: MC, HSM, 
Hssmall. It was discovered that with the use of advanced 
constitutive models based on classical correlations, the 
calculations can be very close to the recorded settlement.  

The results of the Plaxis calculations are superimposed on 
Figures 8 to 11 (dotted lines).  

7  CONCLUSION 

Both the MSM and PSM-MSM techniques were successfully 
used to stabilize very soft soils for the construction of a high 
embankment. 

The presented study proposes that local experience and 
knowledge of expected soil parameters can lead to the very 
successful prediction of the behaviour, even when simplified 
design methods are adopted. Such knowledge, accumulated data 
and understanding of the soil mixing behaviour typically 
available to the specialist subcontracting firm provide cost-
effective and practical stabilization solutions. 

Based on the outlined numerical study it can be concluded 
that the application of soil parameters based on use of the 
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advanced soil models and complex numerical modelling can 
improve the predicted performance of ground improvement 
work. 
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