
  

INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 
 

 

 

 

 

 

 

 

   

  
 
 
 
 
This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 
 
https://www.issmge.org/publications/online-library 
 
This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

 

 

 

 

 

 

The paper was published in the proceedings of the 12th 
Australia New Zealand Conference on Geomechanics and 
was edited by Graham Ramsey. The conference was held 
in  Wellington, New Zealand, 22-25 February 2015.  
 
 

 

 

https://www.issmge.org/publications/online-library


A ground improvement field trial in the coastal area using geogrid 
encased stone columns 

 
D. C. Bobei

1
, K. Kishore

2
 and J. Lokes

3 

 
1
Aurecon, Level 5, 116 Military Road, Neutral Bay, Sydney, NSW, 2089, Australia; PH (+61) 2 9465-5598; FAX 

(+61) 2 9465-5598; email: doru.bobei@aurecongroup.com 
2
Aurecon, Level 4, 139 Carlton Gore Road, Newmarket, Auckland, New Zealand; PH (+64) 9520-6019; FAX (+64) 

9524-7815; email: kushant.kishore@aurecongroup.com 
3
Aurecon, Level 4, 139 Carlton Gore Road, Newmarket, Auckland, New Zealand; PH (+64) 9520-6090; FAX (+64) 

9524-7815; email: josh.lokes@aurecongroup.com 

 
 
ABSTRACT 
 
SH16 is an important arterial route in Auckland as it provides direct access from Auckland’s western 
suburbs to the city centre.  In the Causeway section, the existing motorway crosses over deep very 
soft marine sediments.  Early in the project procurement process, a significant number of construction 
risks were identified considering the enlarged envelope and height of the proposed motorway.  To 
better understand these risks and to adopt adequate construction mitigation measures, A full scale 
trial was developed at a location adjacent to the existing motorway.  The purpose was to provide soil 
performance indicators for a number of possible ground improvement schemes.  One of the ground 
treatment methodologies adopted the use of geogrid encased stone columns.  This paper endeavours 
to present the details of the soil sub-surface conditions, construction methodology, monitoring 
instrumentation, together with a discussion of results collected during and after a period of time 
following completion of the construction works.  A particular focus is placed on an assessment of total 
settlements anticipated to develop for the un-improved foundation soils to appreciate the post-
construction performance of the stone column treatment.  The functionality of stone columns to drain 
the excess pore water pressures is studied in conjunction with derivation of in-situ soil consolidation 
parameters. 
 
Keywords: sensitive soft soils, ground treatment, stone columns, geogrid encasement, monitoring, 
instrumentation 
 
 
1 INTRODUCTION 
 
1.1 General 
 

The Western Ring Route (WRR) is an ambitious project initiated by New Zealand Transport Agency 
(NZTA) to provide a 48km alternative route for improvement of traffic flow around the Auckland city 
centre.  One component of the WRR project is the upgrade of the State Highway 16 (SH16), where 
part of the route passes through an estuarine environment.   This section of the motorway, referred to 
as the Causeway, has experienced significant settlements over a period of 60 years of service life.  
Today the traffic lanes are prone to flooding during storm and king tide events.  Under the WRR 
project scheme, the intent is to widen the existing motorway, and to increase the motorway design 
level to maintain the traffic lanes above the sea level rise. 
 
1.2 Paper objectives 
 

In consultation with NZTA, a trial scheme was developed to assess the field performance of ground 
treatment methods consisting of: mass stabilisation, deep soil mixing and encased stone columns.  
This paper focuses on the construction methodology and results collected from the stone columns 
trial. 
 
The proximity of works to the side of the existing motorway prompted the use of an innovative 
technique comprising of encased stone columns.  The columns were designed in conjunction with a 
mass stabilised working platform, to apply the vertical loading in a manner to: (a) ensure an adequate 
bearing capacity to the very soft foundation soils; and (b) mitigate the post-construction settlements 
within the nominated project design criteria. 



 
Soil consolidation was monitored at regular time intervals during the construction and post-
construction stages.  The use of a stone column encasement consisting of a geogrid cage fitted with 
an outside geotextile filter sock allows lateral confinement of the stone column aggregate to be 
achieved, as well as to promote consolidation through an effective dissipation of excess pore water 
pressures.  Consideration was also given to the potential disturbance of in-situ marine sediments 
during the stone column installation.  Such disturbance was viewed to have a potential to alter the 
actual soil properties, and on this basis the installation of stone columns was progressed using a non-
displacement technique. 
 
Field geotechnical investigations, complemented by laboratory testing provided details of strength and 
compressibility of the Causeway estuarine soil materials.  Based on the non-linear one-dimensional 
compression manifested by the upper sensitive marine sediments, a framework of analysis is 
proposed to predict the non-linear one-dimensional response.  The settlement back-analysis of the 
original SH16 motorway embankment (built in 1950s) is carried out with a view to validate the use of 
soil consolidation parameters at the trial site.  The settlement analysis of the stone column loaded 
area using Priebe’s 1995 method is compared against in-situ results. 
 
 
2 GEOLOGICAL CONDITIONS 
 
A detailed geological model was developed for the trial site with a longitudinal model presented in 
Figure 1.  Typical stratigraphic units were adopted considering a layering code system as summarised 
in Table 1. 
 
The marine sediments (AH soil unit) belong to the Late Pleistocene-Holocene age with a deposition 
environment starting between 8,000 to 14,000 years ago, which still carries on today.  The AH deposit 
generally consists of uniform normally consolidated Silty Clays.  The very soft to soft strength of the 
AH soils (i.e. undrained shear strength, su = 6 to 25kPa) is in direct contrast to typically 
overconsolidated soils present in the underlying Tauranga Group alluvium (i.e. su > 40kPa).  At the 
trial site, the depth of the Holocene layer is typically 10.0 to 12.0m, with the ECBF rock identified at 
approximately 50.0m depth. 

  

Figure 1. Geological longitudinal section at the location of stone column trial. 
 
 
Table 1:  Geological Layer Codes Adopted in Development of Longitudinal Profile 

Geologic Age Unit 
Layer 
Code 

Description 

Late Pleistocene 
– Holocene 

Recent 
Alluvium 

AH Marine Clays and Silts – estuarine muds 

Pliocene - 
Pleistocene 

Tauranga 
Group 

ATcl Clays and Silts 

ATs Sands and Silty Sands 

ATo/ATp Organic Clay/Peat 

ATv Rhyolitic Silt and Sand (volcaniclastic) 

 



3 GEOTECHNICAL CHARACTERISATION 
 

3.1 Undrained shear strength 
 
The undrained shear strength was assessed at the trial site using a field shear vane with a diameter of 
65mm and a height to diameter ratio of 2.  The shear vane profile for the virgin AH soil is presented in 

Figure 2a.  All the readings were corrected adopting an empirical correction factor () recommended 
by Bjerrum (1973).  The undrained shear strength was found to increase in strength with depth in 
accordance with a linear relationship expressed as follows: 
 

zkPas
u

 9.16)(           (1) 

 
where z is the depth below ground level in meters. 
 

3.2 Soil sensitivity 
 
Soil sensitivity represents an indicator of soil micro-structural bonding, or inter-particle forces between 
particles or their aggregates, Mitchell and Soga (2005).  The disturbance to the soil structural bonding 
during loading could have some serious consequences such as: (a) strength reduction; and (b) 
changes in the overall soil behaviour due to an increase in the soil compressibility properties and 
reduction in pore pressure dissipation rates. 
 
The soil sensitivity (St) was measured based on the ratio of peak undisturbed strength (su) to the 
remoulded strength (sr) when the soil is remoulded.  The results of shear vane tests of virgin AH soil 
are shown in Figure 2b.  Several classifications of soil sensitivity have been proposed in the technical 
literature.  According to Rosenqvist (1953), the AH soil may be classified as Very Sensitive (i.e. 4 < St 
< 8). 
 

 
Figure 2. Assessment of AH soil strength properties: (a) Undrained shear strength with depth; 
and (b) Soil strength sensitivity 

 
3.3 Atterberg limits 
 
The consistency limits, Liquid Limit (LL) and Plastic Limit (PL), besides serving the basic means of soil 
classification, have also been shown to provide estimates of strength and deformation parameters via 
empirical correlations.  For the AH soil, LL was measured using the “fall cone” method, whereas PL 
was determined using the method of thread rolling.  Figure 3a shows the consistency limits and Figure 
3b illustrates a profile of the Liquidity Index (LI) with depth.  The values of LI are generally greater than 
1 which is indicative of a soil micro-fabric that is able to accommodate additional resistance over the 
remoulded state due to development of structural bonds. 
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Figure 3. Variation of AH soil index properties at the location of stone column trial: (a) 
Atterberg Limits; and (b) Liquidity Index

 
3.4 Oedometer tests 
 
Oedometer testing was undertaken to assess the compressibility and consolidation characteristics of 
natural and remoulded AH marine sediments.  The results of natural soil samples were carefully 
scrutinised to evaluate the soil disturbance which inevitably occurs due to stress changes during 
sampling. 
 
Undisturbed AH oedometer results are presented in Figure 4a in a semi-logarithmic plot of void ratio, 

e, against the logarithm of the vertical effective stress, log(’v).  For stress values exceeding ’p, the 
consolidation curve displays a non-linear response with a gradient which is significantly higher 
compared to the remoulded sample. 
 

 
Figure 4. AH soil oedometer compression curves: (a) Traditional e-’v space; and (b) LI-’v 
space 

 
Bobei and Lokes (2013) proposed a correlation between the soil sensitivity and LI using a relationship 
shown with a dotted line in Figure 4b which is expressed as follows: 
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4 SETTLEMENT OF THE EXISTING MOTORWAY 
 
The suitability of the above analytical framework to predict the magnitude and rate of settlement for 
the soil stratigraphy encountered at the trial site, was verified against historic settlement monitoring 
data.  The results were collected during the construction of the original Causeway started in 1951 and 
completed in June 1956.  A typical cross-section of the motorway configuration is illustrated in Figure 
5. 
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Figure 5. Schematic representation of SH16 motorway construction
 
The settlement prediction for the original motorway configuration was conducted using an in-house 
spreadsheet to incorporate the non-linear relationship (equation 2) re-written with respect to void ratio 
to describe the compression response of the AH soil. The settlement prediction was found to simulate 
considerably well the magnitude and rate of settlement development with time as shown in Figures 6a 
and 6b. 
 

Figure 6. Settlement prediction at centreline of original motorway: (a) Comparison against 
historic data; (b) Comparison against current road level 

 
 
5 ENCASED STONE COLUMN TRIAL 
 
5.1 General arrangement and construction 
 
The stone column area consists of 18 geogrid encased stone columns with a diameter of 0.85m.  The 
columns were placed in a triangular grid at 2.0m centres, to extend from the surface of the mass 
stabilised soil platform (7.0 X 8.0m plan area and 3.0m deep) to a suitable bearing stratum at 
approximately 13.0m below the ground level.  The geogrid sleeve consisted of a combination of 
geogrid reinforcement and filter geotextile.  The geogrid was rolled in a tube to have an 80% overlap, 
while the oversized geotextile sock was fitted on the outside of the geogrid cage.  The geogrid 
reinforcement was installed to provide lateral confinement to the stone aggregate, whereas the filter 
geotextile was adopted to prevent migration of fines into the stone column material.  Figure 7 
illustrates the general arrangement. 
 
The stone column installation progressed using a soil non-displacement construction technique to 
avoid disturbance of the natural soft soils.  An open 0.9m diameter tubular steel casing was driven to 
be followed by removal of soil and placement of stone column aggregate inside the steel tube.  The 
load placement was achieved using a kentledge system, which allowed for a gradual increase in 
deadweight to a maximum vertical load equivalent to 122kPa. 
 

June 1952 

Sept 1954 

June 1956 

(a) (b) 



 

Figure 7. Stone columns field trial arrangement 

 
5.2 Geotechnical instrumentation 
 
Geotechnical instrumentation was installed to monitor the history of deformation, stress and pore-
water pressure during the construction, as well as during the subsequent consolidation phase.  The 
general arrangement of the monitoring instruments installed in the stone column area is illustrated in 
Figure 7.  These included settlement plates and markers, magnetic extensometers, inclinometers, 
piezometers, and vibrating wire pushed-in horizontal pressure cells. Survey readings of settlement 
plates were taken prior to and immediately after each lift of load placement, whereas an automated 
data logger was used to collect readings at regular time intervals for the remaining instruments. 
 
5.3 Stress distribution 
 
Various analytical and numerical solutions have been developed to understand the load transfer 
mechanism of soft soil reinforced with stone columns.  Among these are studies by Han and Ye 
(2002) and Lo et al. (2010).  A more practical guide was proposed by Priebe (1995) for stone columns 
installed using the vibro-replacement technique.  Such design charts allow estimating the proportion of 
load sharing between the stone column inclusions and the surrounding soil, with the ultimate goal to 
estimate the settlement of such ground treatment. 
 
A typical behaviour of soft soil deposits is to display an immediate increase in the pore water pressure 
as a response to the application of vertical loading.  Such response was studied based on piezometer 

readings as illustrated in Figure 8a.  The increase in excess pore water pressure (u) was found to 
indicate a distribution of the vertical loading of: (a) 80% towards the stone column elements; and (b) 
20% spread into the surrounding soft soil. 
 
Priebe (1995) recommendations to estimate the load sharing mechanism considers factors such as: 
(a) stone column area replacement ratio (ASC/A); and (b) an improvement factor n.  The percentage of 
load carried by the stone columns (m) is proposed to estimate using a relationship expressed by 
equation (3).  Such calculations were found to provide a similar estimate of load sharing, in good 
agreement with the in-situ response measured by the field piezometers. 
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where ASC is the area of stone column and A is the tributary soil area. 
 

 

 

 



 
Figure 8. Results of geotechnical monitoring instrumentation at the stone column trial: (a) 
Excess pore water pressure; (b) Variation of the coefficient of consolidation

 
5.4 Dissipation of excess pore water pressure 
 
The rate of consolidation settlement is directly related to the rate of dissipation of excess pore water 
pressure induced by the vertical loading.  The rate of dissipation is determined by the coefficient of 
consolidation in the vertical (cv) and horizontal (ch) directions.  The estimates of the consolidation 
parameters were carried out based on in-situ field results, as follows: (a) cv was assessed from 
piezometer readings installed under a widened fill section off the side of the existing motorway; and (b) 
ch was assessed from piezometer dissipation tests conducted before and after the installation of the 
stone columns using a methodology recommended by Teh and Houlsby (1991).  Figure 8b illustrates 
the variation of the coefficient of consolidation with depth for the AH soil.  A relatively uniform variation 
was found, with the ratio ch/cv assessed to have values between 4 and 6. 
 
The column installation using a slightly oversized steel tube has a potential to remould the soft soil 
near the interface with the stone column, in a region usually referred to as the “smear zone”.  The 
effect is to reduce the soil permeability in the horizontal direction and to reduce the rate of soil 
consolidation.  The methodology proposed by Hansbo (1981) was adopted to estimate the size of the 
smear zone.  The stone columns were considered to act as oversized drains, with the piezometer 
readings taken mid-distance between the drains.  Figure 9a presents the results of a typical analytical 
prediction based on the assumption of ch (smeared) = 10% of ch (undisturbed soil).  The ratio between 
the smear zone diameter to that of the stone column was found to range between 1.05 and 1.1. 
 

 
Figure 9. Numerical estimates for stone column area (a) Analytical predictions to estimate the 
size of smear zone; and (b) Settlement predictions under the vertical loading

 
5.5 Settlement assessment 
 
The settlement of stone column area was monitored for an overall period of 3 months.  The settlement 
prediction using an in-house developed spreadsheet was carried out by adopting: (a) soil 
consolidation parameters derived for the natural AH soils as detailed in Section 4; (b) making 
allowance for a smear zone and horizontal drainage promoted by the stone column inclusions as 
detailed in Section 5.4; and (c) the stress sharing mechanism discussed in Section 5.3.  The 
settlement prediction is illustrated in Figure 9b which indicates a very good agreement with the in-situ 
results monitored by two settlement plates. 
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6 CONCLUSIONS 
 
The results and assessments of field results collected from a full scale trial of a ground treatment to 
consist of encased stone columns were presented in this paper.  The drive for the proposed trial 
scheme was motivated by the presence of an upper marine deposit to consist of a very soft and 
strength sensitive soil.  This soil unit was reported during the construction of the original SH16 
motorway in 1950s to pose significant construction risks in terms of both embankment stability and 
long term settlement performance.  To mitigate such risks, an in-depth assessment was undertaken to 
understand the compressibility response.  This allowed derivation of soil compression parameters to 
adopt in settlement estimates, which then were validated against settlement results collected during 
the construction of the original Causeway. 
 
The stone column trial has provided results to elucidate the performance of encased columns, in terms 
of: (a) load sharing mechanism between the stone column inclusions and the adjacent soil; (b) 
consolidation parameters (i.e. for both vertical and horizontal direction) based on dissipation of excess 
pore water pressure developed under the applied loading; and (c) suitability of simple and practical 
design methods of analysis, such as that proposed by Priebe (1995), to furnish adequate settlement 
predictions. 
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