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ABSTRACT 

Accurate prediction of the load-settlement response of shallow foundations is 

increasingly important in onshore and offshore geotechnical design. Onshore, reducing 

land space requires construction on non-ideal soils or above buried infrastructure while 

offshore shallow foundations require optimisation of size to facilitate installation while 

ensuring tolerances on attached rigid infrastructure such as pipelines are not 

compromised.  

The accurate prediction of settlements and failure of shallow foundations is strongly 

dependent on the applied method and constitutive model used to describe the soil 

behaviour and the quality of the soil parameters. Most commonly used methods are based 

on idealised theoretical solutions with a homogenised or global stiffness and strength. 

The drawback of these methods is that they over simplify some of the complex details of 

soil behaviour and thereby do not account for significant drivers of soil characteristics. 

More sophisticated methods which couple a constitutive soil model of adequate 

complexity with numerical analysis are available but encompass the challenge arising 

from the identification of the constitutive model parameters. Typically, a program of cost 

intensive laboratory tests is necessary to acquire all parameters needed to perform a 

geotechnical prediction of sufficient accuracy. Laboratory tests have the disadvantage 

that they are performed on soil samples that are inevitably disturbed to some extent and 

the resulting soil parameters are likely to deviate from the in situ value. The raft of 

challenges involved in the prediction of settlement of a shallow foundation under vertical 

loading - a fundamental boundary value problem for a geotechnical engineer – was the 

motivation for this research project.  

The work summarised in this dissertation involved a program of field tests conducted in 

a soft estuarine clay deposit. The program was part of a wider range of in situ and 

laboratory tests conducted at the Australian National Field Testing Facility (NFTF) in 

Ballina, Northern New South Wales. The tests performed at the NFTF form part of the 

activities of the Australian Research Council (ARC) Centre of Excellence for 

Geotechnical Science and Engineering (CGSE) that also included large scale 

embankment tests, cone penetration tests (CPT, CPTu), piezoball tests, T-bar tests, 

triaxial tests, constant rate of strain (CRS) tests and seismic dilatometer tests. 
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The testing program comprising this research project included 27 self-boring 

pressuremeter tests and 4 large scale instrumented shallow foundation load-settlement 

tests all performed at the same location. The self-boring pressuremeter test program 

involved tests with and without unload-reload loops, stress holding tests and tests 

performed at different stress rates. Profiles of the undrained shear strength, total 

horizontal stress and shear modulus were derived utilizing a set of common interpretation 

techniques. The stress holding tests were used to interpret the coefficient of consolidation 

using finite element methods. A novel numerical optimisation approach was developed 

to use the stress-strain responses of the undrained self-boring pressuremeter tests to 

derive an optimised and consistent Modified Cam Clay parameter set.  

The foundation test program comprised two tests that were loaded to failure at a rate to 

ensure an undrained soil response (unconsolidated undrained “UU”) and two tests 

involving preloading to a portion of the undrained capacity, consolidation and final 

loading to failure (consolidated undrained “CU”) tests. The foundations were 

instrumented to record settlements and stress changes in the soil. The tests were 

simulated using finite element analysis with input parameters derived from the self-

boring pressuremeter optimisation approach, to validate the technique.  

An international foundation settlement prediction exercise was carried out in conjunction 

with the field tests. Geotechnical practitioners from industry and academia were invited 

to test their ability to predict the response of the above-mentioned foundations. A total 

of 50 written predictions were received from 13 different countries. The results of the 

prediction exercise highlight weaknesses of commonly applied methods and emphasize 

the need for new enhanced methods to process site investigation data and carry out 

accurate geotechnical predictions. 
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CHAPTER 1.  INTRODUCTION 

1.1. Context 

An ability to predict the response of shallow foundations on soft clay is essential for 

designing safe and cost effective infrastructure. However, despite significant 

improvements in modelling and soil testing techniques in recent years, there is 

considerable evidence to show that the geotechnical engineering profession still struggles 

with this fundamental geotechnical problem (Doherty et al., 2017a). 

The challenge often preventing a good prediction lies in the connection between the 

applied predictive soil models (numerical or analytical) and the acquisition of the 

corresponding input parameters from in situ or laboratory soil tests. The complexity of 

the applied soil model does not necessarily define the accuracy of the prediction. Simple 

models introduce potential predictive error by idealising soil behaviour in order to reduce 

the required input parameters while more sophisticated models that capture more 

complex characteristics of soil behaviour introduce potential predictive error through 

uncertainty in those parameters. Whatever the complexity of the model, it is crucial for 

a good prediction that the soil parameters are representative of the in situ soil behaviour 

under the boundary value problem being considered. 

The Australian National Field Testing Facility (NFTF), part of the activities of the Centre 

of Excellence for Geotechnical Science and Engineering (CGSE), provides the 

opportunity to scrutinize relationships between large-scale instrumented field tests with 

extensive high quality in situ and laboratory site investigation data. This provides an 

invaluable opportunity to calibrate existing and develop new, more reliable predictive 

soil models and processes in geotechnical design.  

This dissertation addresses the need of the onshore and offshore geotechnical engineering 

industries for more reliable processes for predicting the response of shallow foundations 

on soft clay.  
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1.2. Background 

Geotechnical calculations involve three key aspects (1) geotechnical testing to identify 

the soil response, either by sampling and laboratory testing or by in situ field testing (2) 

selection of a constitutive model and interpretation of test data to derive the necessary 

constitutive model parameters and (3) use of derived constitutive model parameters in a 

calculation methodology or model (empirical, theoretical or numerical). These key 

aspects are illustrated in Figure 1-1. 

 

Figure 1-1: Key aspects of geotechnical calculations. 
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A coordinated examination of these aspects contributes to a better understanding of the 

geotechnical response through the dependency between soil testing protocols, 

interpretation methods and design methodologies. 

The literature is well-stocked with studies examining each of these aspects 

independently; numerous articles discuss the optimisation of soil parameter identification 

tests but rarely validate the obtained parameters against real geotechnical cases. Studies 

in which all aspects and this inter-relationships are examined are scarce. This dissertation 

contributes towards the database of studies in which extensive soil testing, instrumented 

field testing, and validation through analysis is integrated. 

1.3. Scope of this study 

The work carried out for the study presented in this dissertation forms part of the 

activities of the Centre of Excellence for Geotechnical Science and Engineering (CGSE) 

at the Australian National Field Testing Facility (NFTF), near Ballina, New South Wales.  

The scope of the study that is the subject of this dissertation includes a programme of 

self-boring pressuremeter (SBPM) tests (Gaone et al., 2016; 2017b), and instrumented 

shallow foundation tests (Gaone et al., 2017c). A new method of interpreting constitutive 

model parameters from SBPM tests is presented and validated against the performance 

of four shallow foundation, vertically loaded to failure. Predictions carried out as part of 

this study are presented in the context of an international prediction exercise in which a 

total of 88 geotechnical practitioners from 13 countries submitted 50 written predictions 

to the performance of the shallow foundation tests.  

The broader scope of activities at the NFTF include drilling and logging of boreholes, 

sampling and a range of subsequent laboratory tests (Pineda et al., 2016; Kelly et al., 

2017), large embankment settlement tests and in situ soil testing including cone 

penetration tests (Kelly et al., 2017), ball and T-bar penetrometer tests (Colreavy et al., 

2016) and seismic dilatometer tests. 

1.4. Accessibility of the outcomes of this research project 

All the technical data from this research project and the broader activities of the CGSE 

at the NFTF are freely available through a web-based data sharing application developed 
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in conjunction with this research project (Doherty et al., 2017b). The application, known 

as “Datamap”, captures, classifies and organises geotechnical test data using the well-

known Google Maps application. Test locations defined by their GPS coordinates are 

pictured by pins on the corresponding test site. Selecting the pins provides an overview 

of the test data and also offers a link to download the data. Datamap can be accessed by 

anyone by creating an account at the following site http://www.geocalcs.com/datamap/. 

Making all the technical data from the NFTF site available in the public domain enables 

academics and practitioners from around the world to use the data and validate or 

calibrate their interpretation and design methods. This ensures that the collected data 

from the NFTF site has the most positive impact on the geotechnical society possible. 

An example of the provided data is shown in Figure 1-2, which is also a hyperlinked 

opening a clip of a foundation settlement test performed at the NFTF 

(http://cgse.edu.au/ballina). 

 

Figure 1-2: Screenshot and hyperlink of a video clip showing a shallow foundation test. 

1.5. Organisation of the dissertation 

This dissertation is presented as a series of academic journal papers that have either been 

published or submitted for publication. Each paper forms a chapter of this dissertation as 

set out below. 
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Chapter 2  describes the Australian National Soft Soil Field Testing Facility (NFTF), 

in Ballina, NSW, and outlines the range of in situ site characterisation testing carried out 

including the self-boring pressuremeter testing that forms a part of this study. Data and 

interpretation from the in situ site characterisation tests are also presented. The chapter 

sets out the unique opportunity the NFTF provides to extensively characterise an 

Australian soft clay, to compare different testing protocols and to carry out monitored 

field tests that can be forecast or back-figured using the extensive characterisation data 

to improve engineering design methods. 

Chapter 3  presents the results of a field testing program with the UWA self-boring 

pressuremeter (SBPM) performed at the NFTF. The program was designed to obtain in 

situ stiffness and strength characteristics of the soft estuarine clay. Different 

interpretation methods were compared to directly interpret the undrained shear strength, 

su, the total horizontal stress, σh, and the shear modulus, G. The derived parameters are 

compared with other field and laboratory test results from the NFTF. 

Chapter 4  presents an optimisation strategy for evaluating modified Cam clay 

(MCC) parameters using self-boring pressuremeter test data. This automated 

interpretation method, developed in this research project, can derive a consistent and 

optimized set of constitutive soil model parameters from in situ self-boring pressuremeter 

test data through targeted numerical optimisation. The method is validated by comparing 

predictions of finite element analysis of the shallow foundation field tests using the 

derived parameter set with the field observations of the instrumented foundation tests.  

Chapter 5  presents the details of the site works, testing procedure and observations 

of the instrumented shallow foundation field tests. The model parameters derived with 

the data and methodology described in Chapter 3 & 4 are used to model the performed 

foundation tests. The numerical predictions show good agreement with the field 

observations using soil constitutive parameters derived from the methodology described 

in Chapter 4. 

Chapter 6 presents the results of an international prediction exercise focussed on the 

undrained load-settlement response of the instrumented shallow foundation field tests 

described in Chapter 5. 50 predictions from geotechnical academics and industry 

practitioners from 13 countries are compared with the observed response. The exercise 
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highlights the apparent challenge in achieving reasonable and consistent predictions for 

this fundamental geotechnical boundary value problem. The chapter examines possible 

sources of the disparity in predictions and provides suggestions for better connectivity of 

test data, interpretation and modelling. 

Chapter 7  describes an online platform to allow sharing of site information and test 

data to be made available to a larger group of engineering practitioners and researchers 

in order to enable the geotechnical community to share collected experience and 

knowledge.  

Chapter 8 presents some concluding remarks from the research project. 
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CHAPTER 2. 

In situ testing at the National Soft Soil Field Testing Facility, 

Ballina, New South Wales 

 

 

 

Abstract: 

The National Soft Soil Field Testing Facility (NFTF) provides a rare opportunity to 

characterise an Australian soft estuarine clay and to carry out monitored field tests that 

can be forecast or back-figured using the extensive characterisation data to improve 

engineering design methods. Several in situ testing campaigns have been performed to 

characterise the site, to advance full-flow penetrometer technology, to investigate 

correlations between in situ and laboratory tests and to develop engineering parameters 

and to assess the variability of the ground. A description of the tools and methods used 

in the testing campaign is provided in this paper along with a preliminary interpretation 

from the testing campaigns. 
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2.1. Introduction 

Geotechnical design of offshore structures is quite different from onshore structures, 

even for structures that are comparable in size. For example, the foundation area for an 

offshore structure might typically be 150% larger than for an onshore structure of similar 

weight, due to the much higher horizontal and moment loading that develops on offshore 

structures from cyclic wind and wave loading (Randolph et al., 2005, Randolph and 

Gourvenec, 2011). Onshore design, particularly for urban developments, focuses on the 

serviceability state, and has become extremely sophisticated in treating the interaction of 

new structures on existing buildings or services, with a strong emphasis on understanding 

and limiting the small strain response. By comparison, offshore design is very much 

focused on the ultimate limit state and hence the large-strain response, with increasing 

emphasis on the soft and sensitive sediments encountered in deep-water developments. 

These differences result in a differing focus when assessing geotechnical design 

parameters, with offshore design requiring much better definition of the strength of the 

soil and the degradation response under cyclic loading. In contrast, onshore design places 

greater emphasis on soil stiffness. 

There are also very different cost and risk profiles for offshore and onshore work. One 

approach to reducing risk is to spend more on geotechnical investigations. Clayton 

(2001) examined the effect on construction costs of the level of investment in 

geotechnical site investigation (SI). Clayton (2001) found a clear trend of construction 

cost increase as a result of a lower spend on site investigation. Following a review of 

contractor claims to former Roads and Traffic Authority of New South Wales (now 

RMS), Stewart et al. (1997) revealed that when provided with minimal ground 

information (e.g. drillers logs only) claims amounted to 15 to 25% of the road 

excavation/construction project budget. In contrast, when comprehensive 

investigation/design information using geophysics, in situ and laboratory test data with 

extensive interpretation was provided, claim values declined to less than 1% of the 

contract value. However, due to the very high costs of offshore site investigation, the 

offshore industry tends to collect less data than onshore and to be the early adopter of 

new SI tools that better define the geotechnical parameter of interest, given the appetite 

for more efficient characterisation. 
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Some SI techniques are less practical offshore than onshore, so some tools developed 

onshore such as the self-boring pressuremeter, have found little application offshore. 

Despite these differences, there exists a clear potential for technology transfer between 

offshore and onshore practice. For example, due to urban expansion, developments are 

now taking place on marginal ground conditions, such as the belt of soft clays on the east 

coast of Australia. These materials have a similar origin and comparable properties to 

marine clays, and construction on these soils causes large strains comparable to the 

deformations around offshore structures. Serviceability limit states are also becoming 

increasingly relevant in certain area of offshore geotechnical engineering. In some cases, 

foundations can be designed to be mobile, accommodating movements imposed by 

connected pipework (Cocjin et al., 2014). In this case, design is controlled by the 

settlement limits associated with the robustness of the connections. The Centre of 

Excellence for Geotechnical Science and Engineering (CGSE) is a consortium of 

academic (University of Newcastle, University of Western Australia, University of 

Wollongong) and industry (Douglas Partners, Fugro Advanced Geomechanics and 

Coffey), funded by the Australian Research Council to create scientific advancements 

that can be transferred to geotechnical practice, both onshore and offshore. Part of the 

work of the Centre has been to establish a national field testing facility (NFTF) at a soft 

clay site near Ballina, NSW, modelled on the successful Bothkennar soft soil test bed in 

Scotland (Nash et al., 1992). The NFTF facilitates the development and demonstration 

of new and existing site investigation tools, and provides a means of gathering research 

grade field data for validating and calibrating analytical and numerical design methods. 

This paper provides a summary of the in situ testing aspects of the work undertaken to 

date, highlighting the potential of novel SI tools to provide more comprehensive and 

better quality geotechnical design parameters that can significantly benefit both onshore 

and offshore practice, through risk reduction and more efficient and cost effective SIs. 

2.2. Site investigation tools 

The SI tools used to date at the NFTF together with the geotechnical parameters that they 

measure, or that can be deduced from the measurements, are summarised in Table 2-1 

and a selection of the tools are shown in Figure 2-1 to Figure 2-7. The tools have been 

employed over three separate site investigation campaigns carried out during 2013-4. 
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Table 2-1: Summary of site investigation tools used at Ballina NFTF and associated 
geotechnical parameters. 

Tool 

Continuous 

or discrete 

data (C/D) 

Intact 

strength 

Remoulded 

strength 
Sensitivity 

Coefficient of 

consolidation 

Shear 

modulus 

Offshore 

use 
Onshore 

use 

Geophysics C 
By 

correlation 

with Vs 

- - - X Common Common 

SDMT D - - - - X Not used Rare 

CPT C X - - X X Common Common 

Shear vane D X X X - - Common Common 

Full-flow (T-

bar and ball) 
C X X X - - Common Rare 

Piezocone 

dissipation 
D -   X - Common Common 

Piezoball 

dissipation 
C - - - X - Rare Rare 

SBPM D X - - X X Rare Rare 

 

2.2.1. Geophysics and seismic methods 

MASW and ERI geophysics were performed in the first in situ testing campaign. These 

tests are non-invasive and allow the horizons of stratigraphy and uniformity of soil strata 

to be assessed along 2D sections prior to penetrometry. Locations of subsequent 

geotechnical SI can be selected strategically after geophysics is performed. 

Electrical Resistivity Imaging (ERI) and Multichannel Analysis of Surface Waves 

(MASW) geophysics were generally performed manually at ground surface level. One 

particular series of ERI tests was performed from surface to borehole. MASW testing is 

performed by creating a signal using a hammer impulse and measuring surface wave 

responses along an array of geophones spaced at 2 m intervals. ERI testing is similarly 

performed by applying an electrical current impulse to the ground and recording the 

response along an array of electrodes spaced at 2 m intervals. The locations of the sensor 

arrays are then progressively offset to create the 2D section. These data are then 

processed using an inversion method (e.g. Foti et al., 2014) to give shear wave velocity 

and electrical resistivity with depth. 
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The MASW and ERI geophysics were performed along north-south and east-west lines 

prior to any construction. The purpose of this work was to obtain a 2D representation of 

the ground to assess the uniformity of the site stratigraphy and for later comparisons with 

other in situ and laboratory test data. These geophysical surveys were performed by 

Coffey Geotechnics. 

Seismic dilatometer tests (SDMT) (Marchetti et al., 2008) have been performed during 

all three campaigns to date at the NFTF. These are becoming more popular for onshore 

testing in Australia, particularly where stiffness data for serviceability assessments are 

required. The SDMT can be pushed or hammered into position with a low risk of damage 

to the tool, which is an advantage in stiff or variable ground conditions. The SDMT 

provides measurements of shear wave velocity at small strain and pressures required to 

unseat and inflate the membrane. These measurements are converted into assessment of 

soil behaviour type, small strain stiffness, an estimate of stiffness at a strain associated 

with inflation of the membrane and the in situ stresses. The results can be correlated to 

other material parameters. 

Further tests performed at the NFTF include resistivity measurements obtained using the 

Hydrostatic Profile Tool (HPT) and shear wave velocity measurements obtained using 

SDMT and seismic cone penetrometer (SCPTu) tests. These data can also be measured 

on laboratory test samples. Therefore, geophysical data can be obtained three ways: (i) 

in situ at large scale in 2D by surface measurements, (ii) along a 1D survey line in the 

ground using the HPT, SDMT and SCPTu and (iii) in samples tested in the laboratory, 

which correspond to discrete points in the ground. 

2.2.2. Penetrometer testing 

The penetrometers were deployed from SI vehicles supplied by Groundtest, Insitu 

Geotechnical Services (IGS), the University of Newcastle (UoN) and the University of 

Western Australia (UWA) (Figure 2-8 to Figure 2-12) and the pressuremeter was 

deployed using a drilling rig supplied by North Coast Drilling. Most of the SI vehicles 

are commercial grade with similar capabilities using conventional hydraulic systems and 

proprietary data acquisition software. The UWA SI rig is a research grade system that 

was initially developed to advance research into full flow penetrometers. It is equipped 

with an electric drive system that permits complex actuation sequences, including 
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penetration rates varying over 3 orders of magnitude and pauses that can either be in 

displacement or load control. The data acquisition system employed in the UWA SI rig 

is similar to that used in the UWA centrifuges (Gaudin et al., 2009), which allows full 

control over the sampling frequency and does not limit acquisition to the insertion phase 

of the penetrometer test (an aspect that is necessary for full-flow penetrometer testing). 

The first penetration tests performed at the NFTF were cone penetrometer tests (CPTs). 

This tool is widely used onshore and offshore in all soil types for identifying stratigraphic 

boundaries, material behaviour types and determining a range of geotechnical material 

properties, most notably undrained and drained strength parameters, su and ϕ'. During 

this initial campaign, shear vane tests were also performed. This tool is also widely used 

onshore and offshore for providing estimates of intact and remoulded shear strength, but 

the results show higher scatter than for the CPT and full flow penetrometers (Low et al., 

2010). 

The second campaign of in situ testing at the NFTF used full-flow penetrometers, which 

were initially developed for research use in the geotechnical centrifuge for strength 

characterisation (Stewart and Randolph, 1991). They have now been widely adopted in 

engineering practice offshore (e.g. Kelleher and Randolph, 2005; Borel et al., 2005; 

Peuchen et al., 2005; Kelleher et al., 2010; Borel et al., 2010). Full-flow penetrometers 

are attractive, offshore as reliable intact and remoulded strength characteristics can be 

determined with a single tool, with consolidation characteristics also available from full-

flow tools equipped with pore pressure sensors (Low et al., 2007; DeJong et al., 2008; 

Colreavy et al., 2010, 2012). Minimising testing time is a particular driver for offshore 

SI as geotechnical SI vessels may cost in the region of $0.25M/day to have on site. The 

ability to determine accurate strength profiles without the delay associated with sample 

recovery to an onshore laboratory is attractive. Full-flow penetrometers also offer 

benefits in not requiring a correction for overburden, unlike the CPT, since the full flow 

mechanism leads to stress equivalence above and below the tool (neglecting the relatively 

small cross sectional area of the shaft to the projected area of the tool). Conversion factors 

for transforming full-flow penetrometer resistance to soil strength have rigorous 

theoretical solutions, with relatively minor influence of other soil properties such as rate-

dependency and strain-softening behaviour, in contrast to the CPT for which the 

resistance is also affected by the soil stiffness and in situ stress ratio (K0). 
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2.2.3. Pressuremeter testing 

The third campaign at the NFTF included tests using the self-boring pressuremeter, 

which is a powerful but complex site investigation tool. The pressuremeter provides a 

method of determining the in situ stress-strain response including unloading and 

reloading over a range of strain up to 10%, at discrete locations with depth (Mair and 

Muir Wood, 1987). The opportunity to test with the pressuremeter extensively at Ballina 

will allow comparison of stiffness measurements derived in situ (i.e. without sampling-

induced disturbance and reconsolidation) with stiffness measurements from laboratory 

tests – the latter being more commonly used in engineering design calculations. This 

cross correlation will provide a platform for quantifying effects of sample disturbance on 

stiffness measurements for use in settlement calculations. 
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Figure 2-1: Piezoball, CPTu and T-Bar. 

 

Figure 2-2: Self-boring pressuremeter 
(SBPM). 

 

Figure 2-3: Hydrostatic Profile Tool (HPT). 

 

 

Figure 2-4: Shear vane. 

 

Figure 2-5: CPT and CPTu – small and 
large cones. 

 

Figure 2-6: Seismic dilatometer (SDMT). 



Site investigation tools 

18 

 

Figure 2-7: MASW geophysics. 

 

Figure 2-8: Groundtest SI truck (Douglas 
Partners). 

 

Figure 2-9: In situ Geotechnical Services SI 
truck. 

 

Figure 2-10: UWA variable rate penetration 
rig. 

 

Figure 2-11: UWA self-boring 
pressuremeter rig. 

 

Figure 2-12: NewSyd SI truck (UoN). 
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2.3. Site description 

The site is located to the north of Ballina, New South Wales (NSW) and is owned by the 

Roads and Maritime Services (RMS) of NSW. The CGSE has leased the site from RMS 

for a period of 7 years from 2013 with an option for a further 3 years. An aerial 

photograph of the site is shown in Figure 2-13. The site is about 6.5 Ha and was 

previously used to farm sugar cane. The site lies within the Richmond River floodplain 

and is bounded by Emigrant Creek to the north and Fishery Creek to the east. 

 

Figure 2-13: Aerial photograph of the National Field Testing Facility, Ballina, NSW. 

A CAD model of the site indicating the locations of in situ geotechnical testing, 

embankments and instrumentation and field testing for foundations performed to date is 

shown in Figure 2-14. 

A comprehensive site characterisation – both in situ and ex situ – is a key component to 

the works planned for the field test facility. In addition to the in situ testing program 

described here, extensive sampling has taken place for ex situ testing. Tube samples have 

been taken from boreholes drilled for installation of instrumentation. Preliminary results 

are presented in Pineda et al. (2014). A minimal disturbance block sampling campaign 

using the Norwegian Geotechnical Institute’s Sherbrooke sampler occurred in late 

October 2014. The tube and block samples will be used to assess effects of sample 
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disturbance, obtain geotechnical material parameters with depth and to develop a 

constitutive model incorporating anisotropy, soil structure and effects of strain rate. 

The initial in situ testing program was carried out around the footprint of Embankment 1 

using high and low capacity CPT and CPTu, SDMT, shear vane and HPT. A second 

testing campaign was carried out north of Embankment 1, close to the site of the 

instrumented footings, including piezoball, T-bar, CPTu, SDMT and shear vane tests. 

Additional piezoball and T-bar tests were performed to the east of the second campaign 

and the self-boring pressuremeter tests were carried out close to the site of the 

instrumented test footings, north of Embankment 1. Most recently, a fourth campaign 

was performed for Embankment 2 utilising MASW and ERI geophysics, CPTu, SDMT, 

shear vane and HPT tests. A large number of CPTu tests were performed on a designated 

grid to assess the stochastic spatial variation of the ground both vertically and 

horizontally (Li et al., 2014). 

Monitored field testing of a range of boundary value problems (including the 

embankments, shallow foundations and piles) and the subsequent interpretation of their 

performance will provide unique insights into capabilities and limitations of existing 

methods of determining soil properties (in situ and ex situ) and the applicability of the 

constitutive models and design methods typically used in engineering practice. This 

database of evidence will also provide a platform for development of new constitutive 

models and design tools to capture the engineering response of structures on soft ground 

more accurately. 
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Figure 2-14: Plan showing locations of in situ tests, instrumented embankments, shallow 
foundations and pile load tests at the National Field Testing Facility, Ballina, NSW. 

2.4. Classification of ground conditions 

Ground conditions at the Ballina NFTF comprise a crust of alluvial clayey silty sand to 

about 1.5 m depth, underlain by soft estuarine clay, underlain by a transition zone 

comprising clay, silt and sand, then sand of varying thickness and stiff Pleistocene clay. 

The stratigraphy is generally uniform across the western and northern parts of the site. 

The overall depth of sediments above the Pleistocene clay increases towards Fishery 

Creek in the east. The thickness of soft clay increases (from approximately 12 m to 22 

m) and the thickness of sand decreases (from approximately 7 m to 1 m) towards the east 

of the site. 

Profiling of the ground conditions was carried out based on CPT measurements. Typical 

plots showing cone tip resistance corrected for overburden and pore pressure, sleeve 
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friction and pore water pressure measured at the cone shoulder (u2) from a 10 cm2 CPTu 

near Embankment 2 are presented in Figure 2-15. 

Classification by soil behaviour type derived from the CPTu measurements using the 

Robertson et al. (1986) method are shown in Figure 2-16 and Figure 2-17 and an 

alternative interpretation proposed by Schneider et al. (2008) is provided in Figure 2-18 

and Figure 2-19. Approximate stratigraphic boundaries have been selected at depths of 

1.5 m, 15.5 m and 18.0 m based on locations where the CPTu response changes abruptly 

in Figure 2-15. The Robertson et al. (1986) classifications show that the upper materials 

are silty sands and are underlain by silty clays to 15.5 m depth. A transition zone exists 

between 15.5 m and 18.0 m depth where the materials range from clays to sands. Below 

18.0 m depth there is a layer of sand underlain by a layer of clay. The Schneider et al. 

(2008, 2012) classifications were developed to help separate the influence of yield stress 

(or over consolidation) ratio from that of partial consolidation. In this case the Robertson 

et al. (1986) and Schneider et al. (2008) interpretations are mostly consistent and suggest 

that the clays exhibit undrained behaviour and the material in the transition zone could 

be exhibiting partially drained behaviour. 

 

Figure 2-15: Typical CPTu data showing (a) net cone tip resistance (b) sleeve friction and (c) u2 
pore pressure. 
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2.5. Strength 

The undrained shear strength of the site was established using a combination of in situ 

cone penetrometer testing (CPT), T-bar and piezoball tests, shear vane and self-boring 

pressuremeter (SBPM). 

Cone penetration tests were carried out using a variety of devices. Each had the standard 

diameter of 35.6 mm (projected area of 10 cm2) with varying capacities ranging from 

13.5 MPa (UWA custom-built cone) to 150 MPa (commercial cone). Pore pressure 

measurement was at the u2 shoulder position in each case. T-bar tests were conducted by 

unscrewing the cone tip of the 13.5 MPa cone and replacing it with a 250 mm? 40 mm 

diameter steel cylinder. The piezoball was custom built at UWA and measures pore 

pressures simultaneously at the tip, mid-face and equator positions. The piezoball was 

60 mm in diameter and was connected to a 20 mm diameter shaft. Most penetration tests 

were conducted at the standard 20 mm/s penetration rate using the hydraulic truck-

mounted University of Newcastle NewSyd geotechnical testing rig. The more complex 

variable- rate piezoball and T-bar tests were conducted using the electric drive ute-

mounted UWA rig (Figure 2-10). The shear vane was an AB Geotech 65mm diameter 

by 130 mm high vane equipped with a slip coupling for the first 15 degrees to allow rod 

friction to be subtracted from the peak torque measurements. The SBPM was 80 mm 

diameter and 640 mm long giving an aspect ratio of 8. Membrane stiffness was recorded 

by inflating the membrane out of the ground to obtain a pressure-expansion response and 

then subtracting the membrane- induced pressure from the in-ground measurements. 

In penetrometer testing the measured resistance must be corrected for the effects of 

overburden and pore pressure acting on the face of the penetrometer. In the case of the 

cone, this correction can be significant, particularly offshore where the ambient pressures 

can be high. The correction applied to full-flow penetrometer resistance is much smaller 

due to the near equal pressure above and below the probe. As shown in Figure 2-20, the 

cone correction for tests at NFTF approaches 40% at depth compared with approximately 

10% for the T-bar and piezoball. As a result, the full flow penetrometer results are less 

influenced by uncertainty associated with the in situ vertical stress profile and the load 

cell area ratio. 



Strength 

24 

Once the penetration resistance is corrected, the undrained shear strength (su) can be 

interpreted from the penetration tests by applying a bearing capacity factor (N) to the net 

penetration resistance (q). 

(2-1) 
𝑠 =

𝑞

𝑁
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Figure 2-16: Robertson et al. (1986) Qtn-Fr 
chart. 

 

Figure 2-17: Robertson et al. (1986) Qtn-Bq 
chart. 

 

Figure 2-18: Schneider et al. (2008) Q-F 
chart. 

 

Figure 2-19: Schneider et al. (2008) Q-U 
chart. 

1

10

100

1000

0.1 1 10

N
or

m
al

is
ed

 C
on

e 
Re

si
st

an
ce

, Q
tn

Normalised Friction Ratio, FR (%)

0m to 1.5m

1.5m to 15.5m

15.5m to 18m

18m to 20.4m

1. Sensitive Fine Grained
2. Clay - Organic Soil
3. Clays - Clay to Silty Clay
4. Silt mixtures: clayey silt & silty clay
5. Sand mixtures: silty sand to sandy silt
6. Sands: clean sands to silty sands
7. Dense sand to gravelly sand
8. Stiff sand to clayey sand (OC or 
cemented)
9. Stiff fine-grained (OC or cemented)

1 2

3

4

5

6

7
8

9

1

10

100

1000

-0.6 -0.2 0.2 0.6 1 1.4

N
or

m
al

is
ed

 c
on

e 
tip

 re
si

st
an

ce
, Q

tn

Normalised U2 response, Bq

0m to 1.5m

1.5m to 15.5m

15.5m to 18m

18m to 20.4m

1
2

3

4

5

6

7

1

10

100

1000

0.1 1 10

Q
 =

 q
cn

e
t/s

' v
0

F(%) = fs/qcnet

0m to 1.5m

1.5m to 15.5m

15.5m to 18m

18m to 20.4m

1a

1b

1c / 3

2

Increasing 
Sensitivity

Increasing 
Sensitivity

Increasing YSR

1

10

100

1000

-4 0 4 8 12

Q
 =

 q
cn

et
/s

' v
0

u2/s'v0

2 3

1c

1b

1a

3

Increasing 
Sensitivity



 

26 

The applicable N factor for the cone varies and site-specific calibrations are often used 

against high quality laboratory su data. A number of empirical relationships, such as those 

proposed by Karlsrud et al. (2005), offer methods to avoid this calibration by linking N 

to parameters including over-consolidation ratio, sensitivity and plasticity index. 

Applying the Karlsrud et al. (2005) recommendations, which are relative to laboratory 

triaxial compression strengths, to the Ballina clay results in Nkt = 11.2. Guidance on T-

bar and piezoball N factors (NT-bar and Nball) is often more straightforward and generally 

provides a narrower range. Low et al. (2010) summarised penetrometer data (both 

onshore and offshore) from various international sites and recommend a global average 

of Nball = NT-bar = 11.9, relative to an average of compression, pure shear and extension 

laboratory strengths. A set of su profiles for the NFTF site derived from the various 

devices with the appropriate N factors applied is shown in Figure 2-21a. The 

penetrometer profiles are close to both the vane and SBPM results, although are slightly 

lower in some cases. The profiles suggest that the choice of NT-bar and Nball is appropriate. 

However, although the choice of Nkt = 11.2 seems reasonable, the slight divergence of 

the cone profile from that of the T-bar and ball supports the tendency for Nkt to increase 

with depth (Chung and Randolph, 2004), which further complicates strength 

interpretation from CPT data. 

Some T-bar and piezoball tests included episodes of cyclic remoulding, where the probe 

was moved vertically through 0.5 m (over 12 T-bar diameters and 8 piezoball diameters), 

to establish the remoulded strength and hence sensitivity of the clay. These tests are 

presented in Figure 2-21b as penetration resistance with depth and as degradation factor 

(the partially remoulded resistance normalised by the initial resistance q(n)/qin) with 

cycle number n. The degradation is captured well by the Einav and Randolph (2005) 

exponential decay model in the latter stages but under-estimates the degradation in the 

initial cycles. The cyclic test results suggest a sensitivity of 2.6 to 3.2 (the inverse of the 

final degradation factor). In contrast, sensitivity estimates from the vane are quite 

scattered and are in the range 1.3 to 5.6. 
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Figure 2-20: Ratios of net and total penetration resistance from CPT, T-bar and piezoball. 

 

Figure 2-21: Penetration resistance and derived strength data, including intact and remoulding 
measurements. 

Cyclic remoulding not only establishes the remoulded strength but provides a means of 

correcting for any load cell drift during the test by ensuring symmetrical extraction and 

penetration resistance when the soil is fully remoulded. Load cell drift is often a problem 

during extended tests such as dissipation tests and the ability to establish this drift is an 
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advantage of full-flow penetrometers over the cone. In the cases presented, the required 

drift correction was less than 5 kPa. 

2.6. Stiffness and in situ stress 

Stiffness parameters of the clay were established using a combination of self-boring 

pressuremeter (SBPM), seismic dilatometer and surface geophysics. The SBPM provides 

a continuous record of stress-strain response, or stiffness, over a given strain range, from 

small strains up to 10% cavity strain, including stress-strain response under unloading 

and reloading paths at discrete depths. The seismic dilatometer provides stiffness 

measurements at discrete depths but does not provide the full stress-strain response. 

Surface geophysics provides maximum or initial shear modulus, G0. 

The self-boring pressuremeter (SBPM) is predrilled with a conventional drilling rig to 

approximately 1 m above the target test depth, the SBPM is then self-bored into the 

ground by simultaneously cutting and flushing borehole cuttings. After the SBPM is 

positioned at the test depth, the device is expanded by applying an internal pressure to 

the rubber membrane. The pressure and the corresponding radial expansion (strains) are 

measured by three mechanical measuring arms. 

Twenty-seven SBPM tests have been carried out at the Ballina NFTF comprising stress-

strain tests with different loading rates, tests with and without unload-reload loops and 

stress hold (creep) tests. An example of stress-strain data from a SBPM test is presented 

in Figure 2-22a, showing the full non-linear development of stiffness with increasing 

cavity strain, unloading and reloading as well as a creep hold test. Discrete stiffness 

characteristics for a given strain range within unload-reload loops can be plotted as a 

profile with depth, as also achieved with the SDMT (although the latter cannot provide 

the full stress strain response). 

In situ lateral pressure measurements at discrete test depths from the SBPM and SDMT 

are compared in Figure 2-22b. The data are compared with the conventional Marchetti 

interpretation. The SBPM data generally lie below the SDMT interpretation. The 

pressuremeter data shown in Figure 2-22 indicate the repeatability and the quality of the 

measured data. 
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A miniature pressuremeter has been developed and trialled for use in the geotechnical 

centrifuge. The miniature tool was initially developed for 1g laboratory testing (Johnston 

et al., 2013) and has been successfully implemented for testing up to 50g (50 times 

earth’s gravity). This new technology allows for comparison of in situ stiffness 

measurements and interpretation of centrifuge models using reconstituted Ballina clay to 

be compared with field test results from Ballina. 

 

Figure 2-22: Example data from self-boring pressuremeter tests (SBPM) (a) stress-strain 
response at depth of 4.8 m and (b) in situ lateral stress profiles, compared with data from 

SDMT. 

2.7. Permeability 

The addition of pore pressure sensors to the cone or ball penetrometer further enhances 

their potential and allows parameters other than the undrained shear strength to be 

measured in a single test. One advantage of incorporating pore pressure measurement is 

that it provides information on the degree of drainage during penetration. However, a 

possibly more important advantage is the potential to estimate the consolidation 

characteristics of the soil through dissipation tests, where penetration is paused and the 

subsequent decay in pore pressure is recorded. 

Although pore pressure measurement during cone penetration testing is now standard, 

pore pressure sensors have only recently been added to full-flow penetrometers and 

experience is still limited. Various piezocone pore pressure measurement locations have 
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been suggested and trialled, with the u2 position (see Figure 2-23) generally accepted as 

the standard location. There is no similar consensus on the most appropriate pore pressure 

measurement location for the piezoball, with the ‘equator’ position (i.e. at one radius 

above the tip of the ball) and the ‘mid-face’ position (i.e. 0.5 radii above the tip of the 

ball) both favoured equally. The equator position is generally viewed as having the 

highest potential for detecting changes in stratigraphy, whereas the mid-face position has 

been shown to have the greatest potential for dissipation tests (Mahmoodzadeh and 

Randolph, 2014; Colreavy et al., 2014). The piezoball used at the NFTF was designed to 

simultaneously measure pore pressure at the equator, mid-face and the tip so as to: (a) 

provide guidance on the most appropriate measurement location and (b) assess the 

potential for inferring consolidation properties of the soil by comparing the pore pressure 

at each location during variable rate tests (Mahmoodzadeh and Randolph, 2014). 

There are a number of analytical and numerical solutions for interpreting piezocone 

dissipation results, with the Teh and Houlsby (1991) solution being the most widely used. 

Only recently has an equivalent solution become available for the piezoball 

(Mahmoodzadeh et al., 2014b). This solution emerged from large deformation finite 

element (LDFE) analyses using a Modified Cam Clay model and was validated against 

the Teh and Houlsby (1991) solution for the cone (Mahmoodzadeh at al., 2014a), before 

being developed for the geometry of the piezoball at the mid-face position (see Figure 

2-23). Typical piezocone and piezoball (mid-face) dissipation responses from tests at the 

NFTF at a depth of 4 m are compared with the Teh and Houlsby (1991) and LDFE 

solutions on Figure 2-23, with ch = 0.23 mm2/s (7.3 m2/yr) giving the best agreement for 

both the cone and the piezoball. Figure 2-23 also shows that the normalised time for 

piezoball dissipation is almost 5 times shorter than for a piezocone of the same diameter. 

In agreement with the numerical results, the actual time for 50% dissipation at the 

piezoball was a factor of almost 1.5 times less than for the piezocone, despite the 

piezoball having an area that was 2.8 times that of the piezocone. This time reduction 

can lead to significant cost savings during site investigations, particularly offshore. 
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Figure 2-23: Comparison of measured and theoretical dissipation time histories from in situ 
piezo-penetrometers. 
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CHAPTER 3. 

Determination of geotechnical parameters of soft clay from self-

boring pressuremeter data – a case study from the Australia 

National Field Testing Facility 

 

 

 

Abstract: 

This paper presents the results of a program of self-boring pressuremeter (SBPM) testing 

conducted in a soft estuarine clay deposit at the recently established Australian National 

Field Testing Facility in Ballina, New South Wales. Different approaches for interpreting 

strength and stiffness parameters are applied and some of the advantages and drawbacks 

of each approach are highlighted. The interpreted parameters are compared with the 

results from a range of other soil investigation tools performed at the same test site. The 

interpreted parameters from the SBPM tests are validated by back-analysing large scale 

foundation load tests. The paper demonstrates that the self-boring pressuremeter is able 

to provide cost effective, high quality measurement of strength and stiffness in soft clay.   
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3.1. Introduction 

The self-boring pressuremeter enables the non-linear stress-strain response to be captured 

at different in situ stress levels (depths) over a large range of cavity strain. In fine grained 

materials, the pressuremeter enables the undrained strength, stiffness and creep 

characteristics of the material to be measured. While a number of methods exist for 

estimating foundation performance from pressuremeter data, recent foundation 

prediction exercises on soft clay (Doherty et al., 2017) and on sand (Lehane et al., 2008) 

where pressuremeter data was available, suggest that it is not a very popular tool, as very 

few participants chose to use the data. Among the minority of participants that did use 

the pressuremeter data, it was found that very different procedures were used to derive 

soil parameters, particularly stiffness parameters. 

The ability to accurately predict foundation settlement depends on the accuracy of the 

measured soil stiffness, which is non-linear and dependent on stress level, stress path and 

stress history. Consequently, the quality of a settlement prediction is inherently tied to 

the quality and relevance of the testing method and accuracy of the interpretation method 

that is used to derive stiffness values. 

As part of the activities of the Australian Research Council (ARC) Centre of Excellence 

for Geotechnical Science and Engineering (CGSE), the University of Western Australia 

(UWA) self-boring pressuremeter (SBPM) was reconditioned (Fahey et al., 1988) for a 

program of testing at the National Field Testing Facility (NFTF) in Ballina, NSW, 

Australia. A total of 27 tests were performed in 6 different boreholes at test depths 

ranging between 2 m to 11 m below ground level. The program involved tests with and 

without unload-reload loops, tests at different stress rates and stress holding tests. A 

range of interpretation methods have been applied to the data to derive profiles of the 

total horizontal stress, σho (K0), the undrained shear strength, su, the shear modulus, G, 

and the coefficient of consolidation, cv. The profiles are compared with the results of 

other field and laboratory soil tests performed at the NFTF such as triaxial compression 

tests, cone penetration tests and vane shear tests. Comparing the amount of soil 

information obtained and the applied effort in time and cost, highlights that the self-

boring pressuremeter is a valuable instrument to derive the in situ characteristics of soil 

over depth. To validate the collected parameters, they are used in a relatively simple 
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model to back analyse the performance of large scale foundation load tests performed at 

the same site. 

3.2. Site description 

The Centre of Excellence for Geotechnical Science and Engineering (CGSE) has leased 

a 6.5 Ha site in the northwest of Ballina, NSW, Australia (Figure 3-1). The so-called 

National Field Testing Facility (NFTF) is being used to test new and existing site 

investigation tools and to calibrate analytical and numerical geotechnical design methods 

for soft soils. Before testing commenced, the site was used to farm sugar cane. The 

condition of the site during testing is shown in Figure 3-2. 

To date, large scale shallow foundation and embankment settlement tests, a number of 

in situ geotechnical site investigation tests and a program of sampling and laboratory 

element tests have been performed at or on samples from the NFTF site (Gaone et al., 

2016; Gaone et al., 2017a; Kelly et al., 2014; Kelly et al., 2017; Pineda et al., 2014; 

Pineda et al., 2016; Colreavy et al., 2016). The soil stratigraphy of the area in which the 

SBPM tests were performed is shown in Figure 3-3.  

The site comprises a crust of alluvial clayey silty sand to a depth of 1.5 m across the area 

of interest, underlain by a soft estuarine clay to a depth of approximately 12 m (increasing 

to 22 m at other locations across the site). The soft clay overlays a transition zone of stiff 

clay, silt and sand. During testing, the groundwater table was encountered at 

approximately 1 m below the ground surface. 
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Figure 3-1: Location of the National Field Testing Facility (NFTF) at Ballina, New South 
Wales, Australia. 

 

Figure 3-2: Condition of the NFTF site in Ballina, NSW. 
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Figure 3-3: Stratigraphy and soil unit weight profile at the NFTF test site. 

3.3. Self-boring pressuremeter and test procedure 

The self-boring pressuremeter (SBPM) device (also called “Camkometer”) was 

developed at Cambridge University in the 1970’s and is an advanced version of the 

original Ménard type pressuremeter (Menard, 1957). 

The UWA SBPM (see Figure 3-4) has an outer diameter of 82 mm including the Chinese 

lantern – the metal sheath to protect the rubber membrane – and a length of the expanding 

membrane of 490 mm. All tests at the NFTF site were carried out with the Chinese lantern 

attached to protect the rubber membrane, and a single membrane was used for the entire 

campaign. The cutter used, as part of the self-boring mechanism, was positioned 

approximately 10 mm behind the cutting edge and is shown in Figure 3-5. 
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Figure 3-4: UWA self-boring pressuremeter (SBPM) used at the NFTF. 

 

Figure 3-5: SBPM cutter used in soft clay deposits. 

For the installation of the SBPM a conventional drilling rig was used to predrill the first 

1.5 m through the crust layer in each borehole. The borehole was then stabilised with a 

casing. After removing the drilling rod, the SBPM device was attached to the drilling rig 

and lowered into the borehole. The pressuremeter was then self-bored continuously to 

the test depths. Each test was conducted at least  

1 m beyond the base of the casing to avoid disturbance from the pre-drilling. Due to the 

device setup, the maximum distance the SBPM could test beyond the base of the casing 

was 2.65 m, allowing up to two tests below the casing before the SBPM needed to be 

removed and the borehole casing advanced. Once the SBPM was positioned at the test 

depth, a resting period of 15 – 30 minutes was observed to allow the dissipation of excess 

pore pressures caused by the installation process. In the test phase, the rubber membrane 

was inflated using nitrogen gas while the radial strain was recorded using three 

mechanical feeler arms. Tests were terminated once the recorded strain approached 10%.  
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Figure 3-6: Mounting the SBPM to the drilling rig. 

 

3.4. Test program 

A total of 27 SBPM tests were carried out in 6 different boreholes. The tests were 

performed in the estuarine clay layer - between 2 m and 11 m depth below ground level. 

The inflation of the rubber membrane was stress controlled and the rate effects were 

investigated by varying inflation rate to include tests at 1, 10, 25, 50 and 100 kPa/min. 

To capture the unload-reload shear modulus, GUR, a total of 9 tests were performed 

including unload-reload loops at different strain levels and strain ranges. To investigate 

the consolidation behaviour of the clay, stress holding tests were carried out at different 

depths. A summary of the tests is provided in Table 1. 

Corrections to the raw data are required to account for the membrane stiffness before 

interpretation of the test results can be carried out. Figure 3-7 shows a typical self-boring 

pressuremeter expansion curve from ‘uncorrected’ or raw data and ‘corrected’ for the 

membrane stiffness. The corrected response is established by deducting the expansion 
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resistance of the membrane from the measured expansion resistance. The resistance of 

the membrane to expansion is determined by inflating the membrane in air and the 

pressure required to expand the membrane is deducted from the uncorrected response at 

the same strain level (Findlay and Benoit, 1993).  

Table 3-1: Summary of the SBPM test program. 
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Figure 3-7: Correction of the raw SBPM data for membrane stiffness (Test: BH3 z = 2.00m). 

3.5. Interpretation of geotechnical parameters from SBPM tests 

The following section summarises and compares where appropriate, outcomes from a 

range of established interpretation methods used to determine the in situ total horizontal 

stress, σh, undrained shear strength, su, shear modulus, G, and coefficient of consolidation 

cv from pressuremeter data A fixed dependency between su and σh exists in some 

interpretation methods, which means that the interpretation of one has a direct impact on 

the other parameter. The interpretation of su is well established and is considered reliable 

and is therefore interpreted prior to σh. 

3.5.1. Undrained shear strength, su 

Most available methods for interpreting undrained shear strength from pressuremeter 

data  assume the pressuremeter represents an infinitely long cylindrical cavity expanding 

into an infinite soil body. This is equivalent to the assumption of axisymmetric conditions 

in the radial direction and plane strain conditions in the vertical direction.  

A commonly used method for interpreting undrained shear strength from SBPM tests 

was provided by Windle and Wroth (1977) which is based on work for the Ménard type 

pressuremeter from Gibson and Anderson (1961). The method assumes an idealised 

linear elastic perfectly plastic soil described by the shear modulus, G, and the undrained 

shear strength, su where plastic deformation commences once the applied cavity pressure, 
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p, exceeds the sum of the in situ total horizontal stress, σh, and the shear strength of the 

soil, su (i.e. p > σh + su). The expression for the plastic part of the SBPM stress-strain 

response is given by 

(3-1) 𝑝 = 𝑝 + 𝑠 𝑙𝑛
𝛥𝑉

𝑉
 

where pl is the limit pressure, ΔV is the volume change and V is the current volume (V0 

+ ΔV) at the measured pressure (Windle and Wroth, 1977). The limit pressure, pl, is a 

theoretical value that results in infinite expansion of the membrane. Following the work 

of Marsland and Randolph (1977), pl can be determined by extending the linear part of 

the SBPM stress-strain response on a plot of p versus loge(ΔV/V). The pressure at 

loge(ΔV/V) = 0 is the limit pressure pl (see Figure 3-8). 

Following equation Error! Reference source not found., the undrained shear strength, 

su, is equal to the gradient of the linear (plastic) stress-strain response in a plot of p versus 

loge(ΔV/V) (shown in Figure 3-8). 

 

Figure 3-8: Determination of the undrained shear strength, su, and the limit pressure, pl. 

Profiles of limit pressure and undrained shear strength derived using the interpretation 

method proposed by Windle and Wroth (1977) are presented in Figure 3-9 and Figure 

3-10, respectively. For comparison, Figure 3-10 also shows the undrained shear strength 

profile derived from triaxial compression (Pineda et al., 2016) and vane shear tests.  
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While there is some scatter in the data, it can be seen that the SBPM typically gives 

slightly lower undrained shear strengths compared with the vane and triaxial 

compressions tests (Lacasse  et al., 1981; Lacasse and D’orazio, 1990; Hamouche et al., 

1995). 

 

Figure 3-9: Profile of the limit pressure, pl. 

 

Figure 3-10: Profile of the undrained shear strength. 

Load tests results from two rigid 1.8 m square pad foundations at the NFTF (Gaone et 

al., 2017a), located within 60 m of the SBPM tests, provide an opportunity to compare 

observed foundation capacity with predicted capacity using shear strength measured 
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from the pressuremeter tests. The foundations were constructed in a 1.5 m deep, 2.5 m 

wide square excavation and brought to undrained failure under concentric vertical 

loading. The ultimate capacity was around 62 kPa for both foundations. Because of the 

300 mm gap between the foundation edges and the excavation walls, the foundations can 

be modelled as a surface foundation and any effect of overburden stress can be neglected 

(Gaone et al., 2017a; Doherty et al., 2017). The bearing capacity, qu, can therefore be 

determined using 

(3-2) 𝑞 = 𝑁 𝑠  

Where su is the undrained shear strength at the base of the foundation (1.5 m depth) and 

Nc is the bearing capacity factor. Based on the SBPM data presented above, su at a 

foundation base is 10 kPa, and Nc for a rough square foundation on a homogenous soil 

can be taken as 5.91 (Gourvenec et al., 2006), giving a predicted bearing capacity, qu, of 

59.1 kPa, which is within 6% of the measured capacity. A better match to the measured 

capacity could be achieved if the Nc value were increased to account for the strength 

gradient of 1.3 kPa/m. No generalised solution exists for square surface foundations on 

heterogeneous soil profiles. However, interpolating between the change in bearing 

capacity factor of a circular and strip foundation to account for the strength gradient 

indicates an increase in Nc of between 2.5 % and 4.2 % would be expected (Gourvenec 

and Mana, 2011). This would put the predicted bearing capacity qu, between 60.5 kPa 

and 62.0 kPa, the latter value being the same as that observed in the instrumented 

foundation tests.  

The comparison of the interpreted undrained shear strength from the SBPM data (Windle 

and Wroth, 1977) and the operational strength observed in the foundation tests 

demonstrates that the method provides an excellent indication of the undrained soil 

strength. It is noted that adopting the shear vane strength profile from in Figure 3-10, 

would have led to an over-prediction of foundation bearing capacity. 

3.5.2. In situ horizontal stress, σh 

In situ total horizontal stress, σh, is a key parameter interpreted from SBPM tests and 

several approaches have been proposed to derive it. Lunne and Lacasse (Lunne and 

Lacasse, 1982) compared results obtained by 8 different σh interpretation methods. The 

most commonly used methods can be separated into the three basic approaches namely 
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(i) lift off related methods, (ii) empirical methods and (iii) methods using curve fitting 

applied to the expansion/contraction stress-strain curve.  

The interpretation of in situ total horizontal stress from SBPM tests is not a trivial task 

and the results are highly dependent on the experience of the drilling operator, the soil 

conditions, and the mechanical condition and layout of the device. In the following 

sections, each of the three interpretation approaches is applied to derive in situ total 

horizontal stress and the results are compared with each other. It is shown, that the 

adoption of multiple approaches can help to decrease the scatter of σh caused by the user, 

device and site issues mentioned above. 

3.5.2.1. Lift off related method 

The basis of the lift off method of interpretation is that soil disturbance during the 

installation process is negligibly small such that the pressure at the cavity wall during 

initial expansion of the membrane is equal to the undisturbed in situ total horizontal 

stress. To inflate the cavity and displace the soil, the internal cavity pressure must exceed 

the surrounding soil pressure (including correction for the membrane stiffness).  

Lift off methods aim to identify the pressure, plift-off, at which the stress-strain curve starts 

to lift off the pressure axis and where the cavity strain starts to increase. The lift off 

pressure can be identified with much higher accuracy by examining a plot of cavity 

pressure p versus strain plotted on a logarithmic scale (Law and Eden, 1982). Figure 3-11 

shows the interpreted lift off pressure, i.e. in situ total horizontal stress from a test 

performed at a depth of 2 m in Borehole 3 for which plift-off = σh = 35 kPa. 
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Figure 3-11: Determination of in situ horizontal stress using lift off pressure (z = 2 m, BH3). 

3.5.2.2. Empirical method 

Total horizontal stress, σh, can be derived based on the undrained shear strength, su, the 

shear modulus, G, and the limit pressure, pl, following assumptions of linear elasticity–

perfectly plasticity (Gibson and Anderson, 1961) using the relationship 

(3-3) 𝑝 − 𝜎 = 𝑙𝑜𝑔
𝐺

𝑠
+ 1 𝑠 = 𝑁 𝑠  

 where Np is an empirical pressuremeter constant. Typical values for Np in soft clays fall 

in a range of 4.5 to 7.5 (Lunne and Lacasse, 1982). Based on the interpreted results for 

the limit pressure, pl, and the undrained shear strength, su, shown in Figure 3-9 and Figure 

3-10 respectively, the total horizontal stress, σh, was determined using equation Error! 

Reference source not found.. The pressuremeter constant was varied from 4.5 to 7.5 

and the resulting total horizontal stress profile was compared to the profile obtained from 

the lift off method. The value for Np which resulted in the closest match to the lift off 

method was Np = 5.7. 

3.5.2.3. Curve-fitting method 

The third method used for the interpretation of the total horizontal stresses is a curve 

fitting method proposed by Ferreira and Robertson (Ferreira and Robertson, 1992). This 

method is based on the same basic assumptions as the approach from Gibson and 

Anderson (1961) and Windle and Wroth (1977) i.e. of an infinitely long cylindrical 
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cavity and small strains, but also incorporates the assumption that the loading and 

unloading parts of the stress-strain response can be represented by a hyperbolic function. 

Two separate hyperbolic functions are used to represent the unloading and loading part 

of the SBPM test curve. 

The hyperbolic function for the unloading part is described by the hyperbolic shear 

modulus, Gi, and the undrained shear strength (during unloading), su = ult, and is given 

by 

(3-4) 𝑝 = 𝑝 + 𝜏∗ ∙ 𝑙𝑛 
1

1 −
2𝐺 ∙ (𝜀 − 𝜀 )
(1 + 𝜀 ) ∙ 𝜏∗

 

where pmax is the maximum cavity pressure and εmax is the maximum cavity strain. 

The loading part requires two additional input parameters for the total horizontal stress, 

σh, and the ratio between the ultimate undrained shear strength in loading and unloading, 

Rτ. 

(3-5) 𝑝 = 𝜎 +
𝜏∗

𝑅
𝑙𝑛 1 +

2𝐺 ∙ 𝑅 ∙ 𝜖

𝜏∗  

In a SBPM test, the unloading part of the stress-strain response is less influenced by 

disturbances caused by the installation process. This is why the hyperbolic curve for the 

unloading part (equation 4) is fitted first by optimising Gi and τ*ult until the theoretical 

unloading curve fits the unloading part of the field data. Keeping the optimised values 

for Gi and τ*ult the total horizontal stress, σh, is varied until the latter part of the hyperbolic 

loading curve fits to the field data. The ratio of the undrained shear strength in loading 

and unloading, Rτ, was taken as 2.2 (Ferreira and Robertson, 1992) and the undrained 

shear strength from the loading part was derived by τult = τ*ult/Rτ. Figure 3-12 shows a 

SBPM test together with the loading and unloading curves using equation () and Error! 

Reference source not found.). As shown in this example, the difference of the 

interpreted total horizontal stress between the lift off method (Error! Reference source 

not found.) and the curve fitting method can be largely dependent on the quality of the 

initial part of the stress-strain curve. 
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Figure 3-12: Determination of in situ horizontal stress using the curve fitting method. 

3.5.3. Comparison of σh from different interpretation methods 

 The total horizontal stress profiles derived using the three interpretation methods are 

presented in Figure 3-13. The empirical and lift off methods were applied only to tests 

with a conventional start and end to the stress strain curve (i.e. without stress holds and 

unload reload loops) while the curve fitting method was applied only to tests without 

unload re-load loops. The lift off method and the empirical method show considerable 

scatter, while the curve fitting method shows less scatter. A possible reason is that this 

method is less dependent on the initial part of the stress-strain curve and is consequently 

less affected by disturbance caused by the installation process of the SBPM. Figure 3-13 

also shows profiles of bounding K0 profiles of 0.6 and 1.5 and also unity, determined 

using the calculated horizontal stress profile, the soil unit weight derived from laboratory 

tests (Figure 3-3) and a water table at 1 m below ground surface level as encountered in 

the SBPM boreholes. 

The results for σh using the empirical method based on equation Error! Reference 

source not found.) depends mainly on the selection of the pressuremeter constant Np. In 

this project Np was determined based on the results from the lift off method. Hence, the 

empirical method is dependent on the lift off method.  

The advantage of the curve fitting method is the inclusion of the unloading part in the 

interpretation and the coherent interpretation of σh, Gi and su. The ratio between the 
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undrained shear strength predicted by the curve-fitting method of Ferreira and Robertson 

(1992), τult, and  from the cavity expansion method of Windle and Wroth (1977) (see 

Figure 3-10) are presented in Figure 3-14. In general, the results of the two methods agree 

extremely well and the discrepancy in some tests may arise due to the differing influence 

of drilling disturbance on the two methods. Clearly in situ total horizontal stress, and by 

inference K0, is a difficult parameter to measure accurately, even with a self-boring 

pressuremeter. 

 

Figure 3-13: Profiles of the total horizontal stress derived from SBPM tests using three 
different approaches. 
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Figure 3-14: Ratio of the undrained shear strength τult (Ferreira and Robertson, 1992) and su 
(Windle and Wroth, 1977). 

3.5.4. Shear modulus, G 

Different approaches are available to derive shear modulus, G, from SBPM test data. The 

most common approach is the interpretation of the unload-reload shear modulus, GUR, 

derived from unload-reload loops. This modulus is taken as a secant modulus and is 

thereby highly dependent on the size and location of the loop (e.g. the stress conditions). 

A more sophisticated approach using inverse analysis and numerical targeted 

optimization to match a computed stress-strain response to the field data (Gaone et al., 

2017b) can be used to determine operative shear modulus values for a given stress and 

strain level. 

3.5.4.1. Unload-reload shear modulus, GUR 

Unload-reload loops were carried out in 8 tests at depths between 2 m and 11 m below 

ground level at different strain levels and over different strain ranges (see Error! 

Reference source not found.). An example of an SBPM test including multiple unload-

reload loops at different strain levels and over different strain ranges is shown in Figure 

3-15. 
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Figure 3-15: Example SBPM test data with unload reload loops; Test BH6-3m with six unload-
reload loops all of different size. 

The stress range, i.e.  the amount of unloading, Δp, was determined using the cavity 

pressure at the start of the loop, p'i, and the assumed friction angle of the soil, ϕ΄ through 

the relationship described by Fahey (1991) 

(3-6) ∆𝑝 = 𝑝
𝑠𝑖𝑛 𝜙 ′

(1 + 𝑠𝑖𝑛 𝜙′)
 

The dependency of GUR on the strain range, ε, is shown in Figure 3-16. GUR was 

normalised by the mean effective stress, p', and drawn versus the strain range, ε. It can 

be seen, that with increasing strain range the unload-reload shear modulus, GUR, 

decreases. This finding agrees well with those from SBPM test results performed on 

London clay (Allen, 1995). In Figure 3-17 the results of GUR are also plotted versus 

corresponding test depth. For test BH5-3m the shear modulus is given for the different 

strain ranges increasing from ε = 0.4% to ε = 1%. This makes applying stiffness values 

from pressuremeter unload reload loops to engineering problems is difficult, as stiffness 

values are sensitive to the loop size and stress or strain level at the start of the loop, and 

there is usually no clear way of justifying the loop size or starting position. 
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Figure 3-16: Unload-reload shear modulus, GUR, normalised by mean effective stress, p', as a 

function of strain range, ε. 

3.5.4.2. Inverse analysis approach to determine operative shear modulus, G 

The shape of the SBPM curve depends on the relationship of the three parameters G, su 

and σh (Windle and Wroth, 1977; Jefferies, 1988). Using this inter-relationship, the shear 

stiffness can interpreted from SBPM data using a parameter optimisation technique as 

described by Gaone et al. (2017b). For this approach, the SBPM stress-strain response is 

simulated using 2D FE analysis and the Modified Cam Clay (MCC) soil model. The 

stress-strain curve output from the numerical analysis is compared with the stress-strain 

curve from the field SBPM data.  The efficiency of this process is significantly improved 

by only considering MCC parameter combinations that result in an undrained shear 

strength interpreted using conventional methods (i.e. shear strengths summarised in 

Figure 3-13). The result is  an optimized set of MCC soil parameters that can then be 

used to determine a shear modulus using the relationship 

(3-7) 𝐺 =
3(1 − 2𝜇)𝜈𝑝′

2(1 + 𝜇)𝜅
 

where p' is the mean effective stress, μ is the Poisons ratio, ν is the specific volume, and 

κ is the slope of the unload-reload line in the MCC model. The resultant operative shear 

modulus profile, GMCC SBPM, from this optimisation process is presented in Figure 3-17. 
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The shear modulus of the estuarine clay at the NFTF test site was also determined using 

triaxial compression test data (Pineda et al., 2016) and a numerical optimisation inverse 

analysis technique (Doherty et al., 2012). Similar to the optimisation technique for the 

SBPM test data (Gaone et al., 2017b), the MCC model parameters were numerically 

optimised provide a consistent set of parameters to fit a modelled response to triaxial test 

data. The results from the inverse analysis to derive the shear modulus from triaxial test 

data, GMCC TXC are also outlined in Figure 3-17 and are in very good agreement with the 

inverse analysis outcome from the SBPM interpretation GMCC SBPM. 

 

Figure 3-17: Profiles of shear moduli derived from SBPM and triaxial compression test data. 

Doherty and Deeks (2003) presented solutions for elastic settlement offor a circular 

shallow foundation embedded at the base of an excavation for shear modulus profiles of 

the form 

(3-8) 𝐺(𝑧) = 𝐺
𝑧

𝑅
 

where R is the radius of the circular footing, GR is the shear modulus at a depth z = R and 

 is the non- homogeneity parameter. Approximating the square foundations at the NFTF 

as circular foundations with an equivalent area (giving R = 1.015 m), fitting the shear 

modulus profile shown in Figure 3-17 with GR = 700 kPa and  = 0.7 (Figure 3-18), and 

a stiffness coefficient Kv = 22.1 was interpreted from charts provided in by Doherty & 

Deeks (2003) given as a function of foundation boundary condition and normalised shear 
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modulus profile. This stiffness coefficient can be used in the following equation to 

estimate the foundation settlement, s, dependent on the applied load, Q. 

(3-9) 𝑠 =
𝑄

𝐺 𝑅𝐾
 

Figure 3-18 compares the estimated foundation settlements using equation (9) with the 

field test data of the two undrained foundation settlement tests (UU1 and UU2) 

performed at the NFTF (Gaone et al., 2017a). Estimates of settlement were made at load 

levels of 25 %, 50 % and 75 % of the ultimate load reached in the tests. The measured 

and estimated settlements agree extremely well. 

 

Figure 3-18: Estimated settlements (Doherty and Deeks, 2003) compared to observed 
foundation load-settlement response. 

3.5.5. Consolidation parameter, ch 

Consolidation parameters can be derived with the SBPM by performing stress or strain 

holding tests. The more common test is the strain holding test for which closed form 

solutions are available for the interpretation. The disadvantage of strain holding tests lies 

in programming the feedback loops to control the test. This becomes even more 

challenging in soft, sensitive soils where small changes of cavity pressure cause high 

strains.  

The stress holding test was introduced by Fahey et al. (1986) and further discussed by 

Fioravante et al. (1994). Figure 3-19a shows a stress-strain curve of a stress holding test 
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and indicates that strains continued to increase in a non-linear manner with time during 

the stress hold (Figure 3-19b). Pore pressures could not be recorded in the SBPM test so 

the stress holding test was analysed using finite element (FE) analysis. The test was 

modelled in an axisymmetric model with the behaviour of the soil described with the 

Modified Cam Clay (MCC) model. The soil parameters for the specific test were derived 

from an SBPM optimisation program (Gaone et al., 2017b). The input parameters used 

in the FEA are outlined in Error! Reference source not found. where Λ and κ* are 

composite parameters (with Λ = 1 – κ* / λ* and κ* = κ / (1 + e) = κ / ν). 

Table 3-2: Input parameters for the FEA back analysis of the SBPM stress holding test. 

Depth p' M R0 κ* Λ μ 

4m 38 1.2 1.18 0.023 0.92 0.1 

 

 

Figure 3-19: Results of the FEA of the SBPM stress holding test (a) Stress hold with increase in 
strain; (b) Increasing strain with time. 

The permeability of the clay was adjusted in the FEA until a match between the computed 

and measured time dependent strain was achieved. For the given input values (see Error! 

Reference source not found.) a good fit was achieved using an isotropic soil 

permeability of k = 4E-09 m/s. It should be stated that the FE model assumes isotropic 

permeability and stiffness and hence there is no difference between the horizontal and 

vertical coefficient of consolidation (cv = ch). The coefficient of consolidation can be 
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determined using the values outlined in Error! Reference source not found. and the 

relationship 

(3-10) 𝑐 =
𝑘𝜈𝜎′

𝜅𝛾
=

𝑘𝜎′

𝜅∗𝛾
 

The deduced value for cv is shown in Figure 3-20 along with values determined from 

constant rate of strain tests (CRS).  It can be seen that the value deduced from back 

analysis of the pressuremeter falls within the range of values indicated by the CRS tests. 

(Pineda et al., 2016). 

 

Figure 3-20: Comparison of the coefficient of consolidation from SBPM and CRS oedometer 
test data. 

3.6. Conclusion 

 This paper has presented data from an extensive self-boring pressuremeter test campaign 

at the Australian National Field Testing Facility, in Ballina, NSW. This data, which has 

been made freely available in digital form (Doherty et al., 2017b), provides a rare 

opportunity to critically analyse various methods for interpreting SBPM data by 

comparing the interpreted engineering parameters with parameters derived from various 

other field and laboratory tests at the same site.  

The undrained shear strength, su, profile from the SBPM interpreted using the method 

suggested by Windle and Wroth (1977) provides a reasonable match to the triaxial 
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compression su profile measured in an extensive triaxial testing campaign (Pineda et al., 

2016). The SBPM su profile was also shown to provide a good prediction of the bearing 

capacity of large scale foundation load tests at the site when used in simple bearing 

capacity calculations and by finite element analysis with simple constitutive models 

(Gaone et al., 2017b).  

The shear modulus profile derived using a numerical optimisation technique to match the 

Modified Cam Clay model to the self-boring pressuremeter expansion curve provided a 

good match to shear modulus profile derived from triaxial test data using a similar 

numerical optimisation method. These shear modulus profiles also provided a good 

prediction of the foundation stiffness for loads up to around 75% of the bearing capacity. 

The application of numerical optimisation methods to match a relatively simple soil 

constitutive model, Modified Cam Clay, to measured stress-strain data appears to provide 

an accurate and robust approach for deriving stiffness parameters. A key advantage is 

that little, if any, engineering judgement is required as the optimisation is a fully 

automated process. 

Shear modulus values derived from unload-reload loops in the self-boring pressuremeter 

were shown to be sensitive to the size of the unload-reload loops and absolute stress or 

strain level at the start of the loop. This makes applying stiffness values from unload 

reload loops to engineering problems difficult, as there is often no clear way of justifying 

the loop size or starting position. A more rational approach is to treat the self-boring 

pressuremeter as a boundary value problem and use this to calibrate a soil constitutive 

model.    

A pressuremeter stress hold test was back analysed to determine the coefficient of 

consolidation and the resulting coefficient of consolidation fell within the range 

measured CRS laboratory tests. Overall, there is a good agreement between the 

pressuremeter and triaxial test results in terms of key strength and stiffness data. It was 

shown, that the interpreted parameters from both tests can be used to accurately back 

analyse the performance of large scale foundation load tests. In terms of efficiency, the 

entire program of 27 self-boring pressuremeter tests was completed in 5 days on site. The 

SBPM is clearly an efficient tool for obtaining high quality strength and stiffness 

parameters for soft soils. 
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CHAPTER 4. 

An optimisation strategy for evaluating modified Cam clay 

parameters using self-boring pressuremeter test data 

 

 

Abstract: 

This paper presents an efficient, practical and automated strategy for deriving Modified 

Cam Clay parameters from undrained self-boring pressuremeter (SBPM) data. A mixed 

approach involving a parametric sweep and numerical optimisation is used, with a focus 

on parameter groups that dominate the Modified Cam Clay response in undrained cavity 

expansion. The proposed technique is illustrated using data from SBPM tests carried out 

in soft estuarine clay. The resulting parameters are used to back analyse large scale 

foundation load tests and are shown to provide an excellent match to the measured 

foundation response. 

 

 

  



Chapter 4 

67 

4.1. Introduction 

Accurate prediction of foundation settlement is increasingly important in onshore and 

offshore geotechnical design. Onshore, reducing land space requires construction on 

non-ideal soils or above buried infrastructure while offshore, foundation footprints must 

be minimised to facilitate installation while ensuring tolerances on attached rigid 

infrastructure, such as pipelines and spools, are not compromised.   

Despite advances in testing and modelling techniques, there is considerable evidence to 

show that there has been little genuine improvement in our ability to forecast foundation 

settlement over the past few decades. For example, in a recent international foundation 

prediction exercise, engineers were provided with extensive high quality laboratory and 

in situ test data and asked to forecast the settlement of a shallow foundation on soft clay 

with a load of 50% of the total bearing capacity (Doherty et al., 2017a). The average 

predicted settlement (of 84 mm) by 50 engineers exceeded the measured settlement (6 

mm) by more than 1000%. The range of predictions was 0.1 mm to over 1200 mm, or 

more than 4 orders of magnitude. Similar findings have previously been presented for 

prediction exercises involving shallow foundations on soft clayey silt (Lehane (2003)) 

and for the drained response of shallow foundation on sand (Lehane et al., 2008; Briaud 

et al., 1997). A key reason for the huge variation in predictions is attributed to the fact 

that deriving parameters from test data requires considerable engineering/personal 

judgement. Removing subjectivity in parameter selection must therefore be regarded as 

critical in improving prediction performance. To do this, automated parameter selection 

techniques must be developed, in which test data are input and engineering parameters 

are output. This paper presents such a technique for undrained pressuremeter data.   

Self-boring pressuremeter (SBPM) testing enables in situ non-linear stress-strain 

response to be captured at different stress levels (depths) over a large range of strain, 

with minimal soil disturbance. The SBPM is an advancement of the 1955 patented 

Ménard pressuremeter, developed in the 1970s to reduce soil disturbance caused by pre-

drilling the borehole. Existing interpretation methods allow the derivation of in situ 

horizontal stress, stiffness parameters and undrained shear strength from pressuremeter 

data, but elastic perfectly-plastic constitutive models using these simple parameters as 

inputs are inherently limited. 
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Determining parameters for more advanced soil constitutive models, such as Modified 

Cam Clay (MCC), from SBPM data is complicated by the fact that the parameters that 

control the model response are not directly visible in the measured data. Therefore, 

numerical models that represent the boundary conditions of the field test must be 

established and constitutive parameters varied until a suitable match between test data 

and model response is achieved. If done manually, this process can be complex, time 

consuming and it is difficult to ensure an optimal set of parameters have been identified. 

Attempts to derive constitutive model parameters from pressuremeter test data using 

numerical optimisation are reported in the literature (Briaud et al., 1997; Lehane et al., 

2008), but have required the use of additional information or resources to determine a 

complete and optimal parameter set.  

Challenges are also reported in the literature for the simpler task of deriving MCC 

parameters from undrained triaxial compression tests using optimisation techniques 

(Calvello et al., 2004; Klisinski, 1987; Mattsson et al., 2001; Navarro et al., 2007; 

Taborda et al., 2010; Wood et al., 1992). This challenge has since been solved with a 

two-step single variable optimisation approach for normally consolidated triaxial data 

based on ‘composite’ MCC parameters (Doherty et al., 2012). This paper presents a 

similarly efficient and automated approach for identifying optimal Modified Cam Clay 

parameters from self-boring pressuremeter data. However, the procedure developed in 

this paper is very different to that presented in (Doherty et al., 2012), as the data that is 

obtained from the SBPM is different the data that is obtained from a triaxial test.  

MCC parameters are clearly defined and this is one of the very attractive features of the 

model. This does not mean that these parameters must be fitted to specific test types, 

particularly if these test types are not relevant to the end application of the model. For 

example, MCC parameters  and  (defined later in the paper) have a clear definition in 

isotropic compression tests. However, these parameters also have a big influence on the 

undrained shear strength and shear stiffness. It is entirely reasonable from a modelling 

standpoint to derive these parameters from tests with stress paths that are most relevant 

to the applied field problem. Our objective was to derive a set of MCC parameters that 

could accurately predict the undrained load-displacement response of a shallow 

foundation. This problem is dominated by the soil strength and the shear stiffness and 

not so much by the volumetric stiffness (that is measured in an isotropic compression 
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test). Therefore, it is more rational to calibrate the MCC model against a test that 

measures strength and shear stiffness, such as the self-boring pressuremeter.  

In the following sections, key aspects of the self-boring pressuremeter (SBPM) tests are 

presented along with the numerical model to represent the field tests; the Modified Cam 

Clay (MCC) model is set out, with particular emphasis on the composite parameter sets 

utilised in the approach developed in this study; and the optimisation process is outlined. 

The optimisation strategy for deriving a complete and consistent optimized set of MCC 

parameters from the SBPM data is then described in detail; the strategy is applied to a 

set of SBPM results; and finally the strategy is validated by using the optimized set of 

MCC parameters derived to predict the load-settlement response of a shallow foundation 

field test. The data from this study is available in digital form at 

www.geocalcs.com/datamap as described in Doherty et al. (2017b). 

4.2. Self-boring pressuremeter testing 

Self-boring pressuremeter (SBPM) testing was carried out in soft estuarine clay at the 

National Field Testing Facility (NFTF) in Ballina, New South Wales, Australia as part 

of a wider field testing programme (Kelly et al., 2014). Figure 4-1 shows an aerial image 

of the NFTF with the positions of the SBPM tests, along with the location of other in situ 

characterisation tests and field tests.  

The full programme comprised 27 SBPM tests with the University of Western Australia 

(UWA) self-boring pressuremeter (Gaone et al., 2016), carried out between 2 m and 9 m 

below ground level, with and without unload-reload loops, at different loading rates and 

with stress holding periods to assess consolidation and creep. In this paper, four tests 

from two boreholes (2 and 3 in Figure 4-1) at three different depths (between 2.00 m and 

5.50 m) are considered. 
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Figure 4-1: Aerial view of the NFTF showing the location of the SBPM tests, other in situ soil 
characterisation tests and foundation and embankment settlement tests. 

4.3. Numerical model 

A two-dimensional axisymmetric finite element model was developed to simulate the 

field SBPM tests in order to generate the numerical response to compare with field test 

data. The model was created with the finite element software package Abaqus (Systemes 

(2014)). The mesh, shown in Figure 4-2 comprised 1767, 8-noded quadratic elements. 

Displacements were constrained in the vertical direction across the base and in the radial 

direction on the outer edge. A constant pressure boundary condition was applied across 

the upper surface to represent the overburden pressure. The size of the model in the 

horizontal direction was eight times the pressuremeter height, which is approximately 

100 times the pressuremeter radius; the height of the model was 1.2m. The size of the 

mesh was selected to ensure the outer restraints did not influence the simulation. The 

expansion of the cavity wall was achieved by a prescribed radial pressure equal to the 

cavity pressure in the field tests. To cover the strain range of 10% performed in the SBPM 

test program, simulations were terminated after the average cavity exceeded 10%. 
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MATLAB and Python scripts were used to automate the variation of input parameters 

and post processing of output data.  

The soil was represented with the Modified Cam Clay model available in Abaqus (Clay 

Plasticity). The MCC parameters are described in the following section. 

 

Figure 4-2: Finite element mesh for SBPM test simulation. 

4.4. Modified Cam Clay model & composite parameters 

The Modified Cam Clay (MCC) model (Roscoe and Burland (1968)) is based on critical 

state theory with a logarithmic relationship between the mean effective stress, p′, and the 

specific volume, ν and an elliptical yield surface in mean effective stress, p′, deviatoric 

stress, q, space (Figure 4-3). The basic parameters of the Modified Cam Clay model are 

listed in Table 4-1. 
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Figure 4-3: Modified Cam Clay representation in ν/lnp′ and p′:q space. 

 

Table 4-1: Definition of Modified Cam Clay parameters 

Parameter Value 

λ Slope of the normal compression line 

κ Slope of the unload reload line 

ν Specific volume 

M 

μ 

Slope of the critical state line in p′:q plane 

Poisson’s ratio 

 

The stress state is defined under triaxial conditions by the mean effective stress, p′, and 

the deviatoric stress, q, where 

(4-1) 

 

and 

(4-2) 
 

where σ′1 and σ′3 are the major and minor principal stresses respectively. 
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The elliptical yield surface in the p′:q plane is defined by  

(4-3) 

 

where p′0 is the isotropic pre-consolidation pressure, M is the slope of the critical state 

line and η = q / p′.  

Inside the yield surface the model is elastic, with a shear modulus given by 

(4-4) 

 

The elastic shear stiffness can be expressed with a constant Poisson’s ratio, μ, and varying 

shear modulus, G, or vice versa. In this study Poisson’s ratio, μ was kept constant while 

the shear modulus, G, varied with the mean effective stress, p′. 

 

In the MCC formulation, the two compression indices, κ and λ, always appear in 

combination with the specific volume, v. For an undrained response, for which v is 

constant, this allows the number of MCC parameters to be reduced by introducing the 

composite parameters  

(4-5) 

 

and  

(4-6) 

 

The undrained shear strength can be determined from MCC parameters as  

(4-7) 

 

where Λ is given by 
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(4-8) 

 

R0, is the isotropic overconsolidation ratio, given by the ratio of the maximum mean 

effective stress, p′0, and the initial mean effective stress, p′i 

(4-9) 

 

4.5. Optimisation process 

Optimisation problems require the search for the minimum value of an ‘objective 

function’, which measures the overall difference between numerically generated model 

data and measured test data.  The difference between a given set of model and test data 

is expressed as a single scalar value, I.  A high value of I indicates a large difference 

between the model and test data, a value of zero indicates a perfect match.  The general 

optimisation process is illustrated in Figure 4-4. 

 
Initial Parameters 

Model Simulation 

Model Data 

Compare Model Data with 
Test Data and evaluate 

objective function 

Optimisation 
routine  determines 

new set of 
parameters 

Is objective function < 
Tolerance 

No 

Terminate with optimal 
parameters 

Yes 

 

Figure 4-4: The optimisation process. 
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There are a number of rational methods for comparing model and test data and computing 

the value of the objective function I.  In this study, the objective function was formed by 

summing the minimum distances of each of the n test data points from a straight-line fit 

between the two nearest model data points (dmin) (Mattson et al., 2001), as shown in 

Figure 4-5, where 

(4-10) 

 

 

 

Figure 4-5: Derivation of a scalar value to describe the difference of two curves.\ 

The advantages of using this procedure in forming the objective function are discussed 

in detail in the literature (Mattson et al., 2001). 

4.6. Target numerical optimisation strategy 

The systematic optimisation strategy developed in this study is described in this section. 

The approach was applied using four tests ranging in depth from 2 m to 5.5 m (see Figure 

4-6).  The tests were selected as they did not involve unload-reload loops, or creep holds 

and were conducted at a strain rate that ensured undrained behaviour. 

𝐼 =
1

𝑛
𝑑  
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Figure 4-6: Cavity pressure – cavity strain response for four SBPM field tests considered in this 
study. 

Prior to the optimisation stage, initial mean effective stress, p′i, and undrained shear 

strength, su, for each test depth must be calculated from established methods. The 

approaches adopted for determining p′i and su, for this study are set out below. A 

sensitivity study is then presented to examine the relative influence of each MCC 

parameter on the computed pressuremeter response in order to reduce the parameter 

space for the subsequent optimisation stage. The optimisation strategy is then presented. 

4.6.1. Mean effective stress determination 

Mean effective stress, p', at each test depth was calculated from vertical effective stresses, 

σ'v, based on measurements of the groundwater table, specific gravity and void ratio of 

samples taken from within the soil profile above the test location, and horizontal stresses, 

σ'h, estimated from the SBPM lift off pressure, as shown in Figure 4-7 and the in situ 

pore pressure. The initial mean effective stress, p′i can then be computed as: 

(4-11) 

 

𝑝′ =
(𝜎′ + 2𝜎′ )

3
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Figure 4-7: Determination of in situ horizontal stress from lift off pressure of stress-strain 
response observed in a SBPM test. 

4.6.2. Undrained shear strength determination 

Undrained shear strength, su, can be estimated from SBPM data using a well-established 

approach (Gibson and Anderson (1961), Windle and Wroth (1977)), describing the 

relationship of cavity pressure (p) and volumetric strain (ΔV/V) of the pressuremeter 

through 

(4-12) 

 

where pl is the limit pressure, ΔV is the volume change and V is the current volume (V0 

+ ΔV) at the measured pressure. This formulation is only valid for the plastic part of the 

pressure – strain curve when 

(4-13) 
 

where σh is the in situ horizontal stress. The limit pressure is a theoretical value which is 

reached after infinite expansion of the pressuremeter and is given by: 

(4-14) 

 

𝑝 = 𝑝 + 𝑠 𝑙𝑛
∆𝑉

𝑉
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The cavity pressure versus cavity strain on a semi-logarithmic plot becomes linear as 

plastic strain governs, with the gradient of the slope being equal to su, as shown in Figure 

4-8. 

 

Figure 4-8: Estimation of su from SBPM data. 

The mean effective stress and the undrained shear strength for the four tests considered 

in this study are given in Table 2. 

Table 4-2: Pressuremeter test details considered in this study. 

Borehole 
Depth 

[m] 

su  

[kPa] 

p′i 

[kPa] 

BH 3 2.00 11.0 23.6 

BH 2 

2.15 10.5 24.5 

3.20 11.4 31.4 

5.50 15.3 50.0 
 

4.6.3. Parameter sensitivity analysis 

With values for su and p'i established from standard interpretation methods (above), 

Equation (7) can be used to constrain the possible combination of values M, Λ and R0.   

To develop an efficient process for evaluating these parameters, a study was carried out 

to examine the relative influence of the three parameters on the computed pressuremeter 
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stress-strain response. The values used in the parametric study were constrained to fall 

within a typical range for soft clays (Wood (1991)).  

Figure 4-9a shows the effect on the stress-strain response of varying Λ (between 0.70 and 

0.99) while the isotropic overconsolidation ratio was fixed to R0 = 1.1. The free variable, 

M, was evaluated by re-arranging Equation (7) (see equation (15)). For this example, 

values of su = 15.3 kPa and p′i = 50 kPa were adopted to match the test at a depth of 5.5 

m (see Table 4-2). 

(4-15) 

 

It can be seen from Figure 4-9a that for a constant p′i, R0 and su, changes in Λ and M have 

very little impact on the computed undrained stress-strain response.  

A similar study was conducted by fixing Λ = 0.8 and varying R0 between 1.1 and 1.9, 

with M again evaluated to satisfy su = 15.3 kPa and p′i = 50 kPa. The results in Figure 

4-9b show that R0 has a more significant impact on the computed undrained 

pressuremeter response. This was confirmed by comparing the differences between each 

curve in Figure 4-9 by computing I values using Equation (4-10), as it was found that the 

maximum I value for the curves in Figure 4-9b was double that of Figure 4-9a. 

 

Figure 4-9: Parameter impact on the numerical SBPM stress-strain response 
(a) of varying M and Λ with a fixed value of R0 = 1.1 and (b) of varying of R0 and M with fixed 

value of Λ. 

𝑀 =
2𝑠

𝑝
𝑅

2
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This indicates that of the three unknown parameters in Equation (7), R0 has the most 

significant influence on the stress-strain response. Based on this, R0 was included in the 

optimisation procedure outlined below. Of the two remaining parameters (that have been 

shown to have minimal impact on the numerical response), Λ typically falls in the 

narrowest range for soft clays (Wood (1991)). Therefore, to proceed with the parameter 

determination process, Λ was fixed to a representative value. This allows R0 to be varied 

in the parameter selection process while M is determined from Equation (15). This 

ensures that the resulting parameter set will give the same undrained shear strength as 

that determined from traditional interpretation methods (Windle and Wroth (1977)). 

Sensitivity studies conducted on tests at other depths resulted in similar findings. 

The remaining MCC parameters, κ* and μ (see Table 4-1) have no influence on the 

undrained shear strength, but significantly impact the stiffness (see Equation (4)). Of 

these parameters, Poisson’s ratio, μ, has the narrowest range; typically, 0.1 - 0.4 (a factor 

of 4) compared with κ* that could vary by a factor of 50. On this basis, a strategy that 

involved a parametric sweep over μ and the application of numerical optimisation to 

identify κ* is outlined below. 

4.6.4. Optimisation strategy 

The nested single variable optimisation strategy developed in this study is illustrated in 

Figure 4-10, and can be described in the following steps: 

1. Estimate the initial mean effective stress, p′i, and the undrained shear 

strength, su, from SBPM data (as described above). 

2. Set an initial value (estimate) for the composite parameter Λ within an 

acceptable range. 

3. Set the maximum (R0
max, μmax), minimum (R0

min, μmin) and incremental 

values (δR0, δμ) for the isotropic over consolidation ratio, R0 and 

Poisson’s ratio, μ. To begin with set R0 = R0
min and μ = μmin. 

4. Compute M from Equation (15) for a given p′i, su, Λ and R0. 

5. Conduct single variable optimisation to compute an optimal value of κ* 

with p′i, su, Λ, R0, M and μ and store the value of the objective function, I, 

(Equation (10)) for the optimum value of κ*.  
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6. If μ < μmax increase μ by δμ and go to step 5, otherwise go to step 7. 

7. If R0 < R0
max increase R0 by δR0 and go to step 4, otherwise go to step 8 

8. The outcome is a table of parameters (Λ, R0, M and μ and κ*) along with 

the value of the objective function (I) for each parameter set. 

9. Select the set of parameters with the lowest value of I. 
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Figure 4-10: Optimisation process to derive MCC parameters from SBPM test data. 
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4.7. Results 

The optimisation strategy described above was applied to derive MCC parameters for the 

four SBPM tests listed in Table 4-2 and plotted against depth in Figure 4-11 and Figure 

4-12 respectively. The cavity pressure versus cavity strain for each test is shown in Figure 

4-6. The following values were set for the parametric sweep; R0
min = 1, R0

max = 2, δR0 = 

0.1, μmin = 0.1, μmax = 0.4 and δμ = 0.1. Once the optimal value for R0 was identified using 

these search parameters, a second sweep was conducted in a narrow range of 0.1 either 

side of the optimal value of R0 using R0 = 0.02. 

 

Figure 4-11: Initial mean effective stress profile from the four field SBPM tests considered in 
this study. 
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Figure 4-12: Undrained shear strength profile from the four field SBPM tests considered in this 
study. 

Figure 4-13 plots the minimum value of the objective function, I, for each combination 

of R0 and μ for optimised values of κ* for all four tests, i.e. the results from the shaded 

box in Figure 4-10. For each point in Figure 4-13, κ* was evaluated using the 

optimisation function fminbd in MATLAB. The function fminbd is based on the golden 

search section method and uses parabolic interpolation to find the minimum to a 

nonlinear function of a single bounded variable (MathWorks® 2010). During the 

optimisation process lower and upper bounds of κ* were specified as 0.001 and 0.05. 

Figure 4-14 plots the value of the objective function (I) against the value of κ* sampled 

by fminbd throughout the optimisation process for the full range μ values with a single 

value of R0 = 1.08 for a single SBPM test at a depth of 5.50 m. It can be seen that a very 

clear minimum exists for each value of μ and therefore fminbd converges rapidly to the 

optimal value of κ* (with other parameters fixed) in around 10 function evaluations. For 

each SBPM test, four values of μ and ten values of R0 were trialled and κ* convergence 

typically required around 10 function evaluations. The total number of function 

evaluations for each test is therefore 10 x 4 x 10 = 400. It can be seen from Figure 4-13 

that for all tests, the smallest value of μ (i.e. μmin) results in the optimal match to the data 

(i.e. smallest value of I). This is consistent with a previous study that showed μ tended 

towards the minimum allowable value when matching MCC parameters to undrained 

triaxial compression data (Doherty et al., 2012). It is therefore possible that μ could be 

removed from the parametric sweep and the lowest acceptable value of μ adopted. This 
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would reduce the parametric sweep to around 100 function evaluations. The optimised 

parameters for each of four tests is listed in Table 4-3, along with the minimum value of 

the objective function.  

To verify the applicability of the method described above, a total number of 10 SBPM 

was analysed. The results of all analysed tests are summarised in Table 4-3. 

Table 4-3: Optimised MCC parameters. 

Borehole 
Depth 

[m] 

M 

[-] 

 

[-] 

* 

[-] 

 

[-] 

R0 

[-] 

I 

[-] 

BH 3 

3.00 1.65 0.92 0.0306 0.1 1.04 0.1245 

4.00 1.14 0.92 0.0454 0.1 1.16 0.1343 

2.00 1.56 0.92 0.0221 0.1 1.14 0.1215 

BH 2 

2.15 1.29 0.92 0.0241 0.1 1.28 0.1444 

3.20 1.22 0.92 0.0228 0.1 1.14 0.1521 

5.50 1.2 0.92 0.0261 0.1 1.08 0.1659 

4.15 0.91 0.92 0.0299 0.1 1.20 0.1433 

BH 4 

2.00 1.22 0.92 0.0499 0.1 1.20 0.1536 

3.00 0.99 0.92 0.0321 0.1 1.16 0.1492 

4.00 0.76 0.92 0.0294 0.1 1.28 0.1628 
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Figure 4-13: Objective function I for a range of μ and R0 values for a) test BH3 2.00m; b) test 
BH2 2.15m; c) test BH 3.20m and d) test BH2 5.50m. 
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Figure 4-14: Optimisation of κ* for a range of μ values for R0 = 1.08 (Test BH2 5.50m). 

The stress-strain responses using these parameters are compared to the field data in 

Figure 4-15. It can be seen that the MCC model generally gives a reasonable match to 

the data, however, consistently under predicts the stiffness at lower strain levels. It is 

noted that the initial stiffness in the MCC model increases as Poisson’s ratio decreases 

(see Equation (4)). The fact that the optimal value of μ was the lowest allowable value 

(of 0.1) in each test indicates that the match to the data at low strain levels is limited by 

the constraint on Poisson’s ratio. Theoretically, Poisson’s ratio may range between 0.5 

(infinite volumetric stiffness) and –1 (infinite shear stiffness). However, very low or 

negative Poisson’s ratio will result in low or negative ratios of the change in horizontal 

and vertical effective stress in one-dimensional unloading or reloading. This is likely to 

be unacceptable in practice. It was therefore considered reasonable to limit the minimum 

value of Poisson’s ratio to 0.1. Very similar conclusions were drawn when fitting MCC 

parameters to triaxial compression data (Doherty et al., 2012). 
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Figure 4-15: Comparison of computed and observed stress – strain test data from SBPM tests 
with the optimised model response. 

Figure 4-16 plots the shear modulus against depth, computed using Equation (4) and the 

values in Table 4-3. Based on Doherty and Deeks (2003) the variation of the shear 

modulus, G, with depth z was fitted using the following equation 

(4-16) 
 

where the exponent α = 0.6 and GR = 725 (kPa) is the shear modulus at z = 1 m. This 

form of power law variation is considered reasonable for normally consolidated sand and 

soft clay (Hardin and Drnevich (1972)). The rigidity index (G/su) is plotted against depth 

𝐺 = 𝐺 ∙ 𝑧  
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in Figure 4-17 and is shown to vary between 60 and 150. These values are again 

considered reasonable for Ballina soft clays (Pineda et al., 2016). 

 

Figure 4-16: Shear modulus with depth predicted with optimised κ*. 

 

Figure 4-17: Rigidity index with depth predicted with optimised parameters. 
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4.8. Validation 

As shown in Figure 4-1, two large scale foundation load tests were conducted within 30 

m of the pressuremeter tests. Data from these load tests provide an ideal opportunity to 

validate the parameter selection procedure described above. The tests involved two 1.8 

m square concrete foundations embedded 1.5 m below ground surface. The foundations 

were loaded undrained to failure while foundation displacements were recorded through 

surveying targets. A detailed description of the field testing is reported by Gaone et al. 

(2017c).  

A numerical simulation was conducted using the Abaqus finite element software package 

and the included MCC material model (‘Clay Plasticity’). An axisymmetric finite 

element model was created using 4840 quadratic elements (Figure 4-18). The radius of 

the circular foundation in the model was set to give the same area as the actual square 

foundations. Two different soil layers were modelled. The upper 1.5 m thick clayey silty 

sand was modelled as an elastic perfectly plastic material and the estuarine clay was 

modelled with the MCC material model, with parameters derived from the inverse 

analysis as discussed above. The clay layer was modelled using four different sections to 

accommodate the parameter changes over depth. The MCC parameters used are outlined 

in Table 4-4. 

Table 4-4: MCC parameters of the estuarine clay in the foundation analyses. 

Depth 

[m] 

M 

[-] 

R0 

[-] 

κ* 

[-] 

Λ 

[-] 

μ 

[-] 

1.5 – 2.0 1.33 1.28 

0.023 0.92 0.1 
2.0 – 3.0 1.26 1.21 

3.0 – 5.0 1.22 1.12 

5.0 - 10 1.20 1.08 

 

The simulation of the foundation tests comprised four major analysis steps: 

1. Excavation of the foundation pit (unloading of the estuarine clay) 

2. Construction of the foundation (reloading) 

3. Consolidation period 
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4. Final undrained loading to failure 

The excellent agreement between the measured and computed load-settlement responses 

shown Figure 4-19 demonstrates that the procedure derived in this paper for evaluating 

MCC parameters from SBPM data provides a practical and efficient approach to 

extrapolate SBPM data to predict the response of more complex undrained boundary 

value problems.  

A significant attribute of the procedure developed in this paper is that, once the vertical 

effective stress and pore pressure at the test location have been determined, the remainder 

of parameter section process is entirely automatic. This means that there is less 

subjectivity and use of engineering judgement. The foundation data presented in Figure 

4-19 was the subject of an international prediction exercise, in which 50 groups of 

engineers on average over predicted capacity by 100% and the settlement at working 

loads by more than 1000%. The primary reason was attributed to the way in which 

engineers interpret geotechnical test data. Automated interpretation techniques such as 

the one set out in the paper are therefore critical in improving prediction performance. 
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Figure 4-18: FE model of large scale foundation tests. 

 

Figure 4-19: Observed load - settlement response of shallow foundation tests conducted at the 
NFTF in Ballina, NSW compared with prediction based on inverse analysis method presented 

in this paper. 
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4.9. Conclusion 

A new, efficient, practical and automated strategy has been presented for deriving a 

consistent and optimised set of Modified Cam Clay parameters from undrained self-

boring pressuremeter test data using a strategic combination of traditional interpretation 

methods, a parametric sweep and numerical optimisation techniques.  

The method was derived by examining the Modified Cam Clay formulation to identify 

groups of parameters that control various features of undrained cavity expansion. 

Standard methods are used to derive the initial mean effective stress and undrained shear 

strength, based on data from the start and finish of the cavity pressure-cavity strain curve, 

respectively. This information is then used to constrain the parameters that link effective 

stress and undrained shear strength. This limits the possible set of valid soil parameters 

and reduces the parameter search space allowing an efficient technique, combining a 

parametric sweep combined with a single variable optimisation, to automatically select 

the optimal values for the remaining soil parameters. This approach was developed into 

a powerful and versatile tool that automates parameter selection from pressuremeter data.  

The resulting parameter set was found to provide an excellent predictive capability for 

the undrained load-settlement response of a centrically loaded shallow foundation. 
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CHAPTER 5. 

Large-scale shallow foundation load tests on soft clay – At the 

National Field Testing Facility (NFTF), Ballina, NSW, Australia 

 

 

Abstract: 

This paper presents field test data from four instrumented rigid square pad foundations 

on soft clay that were brought to failure under concentric vertical loading. The test 

programme comprised two unconsolidated undrained (UU) foundation tests as well as 

two consolidated undrained (CU) tests. In the latter case the two foundations were 

preloaded to a proportion of the UU capacity and the soil was allowed to consolidate 

before being brought to undrained failure. In this paper, the site works and testing 

procedures are presented along with the load- and time-settlement responses of all four 

foundations. Horizontal stress and pore pressure data are presented for the two CU tests. 

The undrained and consolidated undrained load-settlement responses are shown to agree 

well with theoretical and numerical predictions. Results from the UU tests were the 

subject of a prediction exercise, summarised in a companion paper presented in this 

special issue. 
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5.1. Introduction 

This paper presents the results of four large-scale shallow foundation tests on soft 

estuarine clay carried out at the Australian National Field Testing Facility (NFTF), near 

Ballina, NSW, established as part of the activities of the Centre of Excellence for 

Geotechnical Science and Engineering (CGSE). Two rigid square pad foundations were 

loaded concentrically to failure in an unconsolidated and undrained condition (UU1 and 

UU2). Another two foundations were loaded with 30% and 50% of the measured UU 

failure load and allowed to fully consolidate before being brought to failure under 

undrained vertical concentric loads (CU1 and CU2). In this paper, the foundation 

response is analysed in conjunction with high quality site investigation data. An 

international shallow foundation prediction exercise was run in conjunction with these 

field tests to assess the current state of practice for predicting the undrained load-

settlement response and ultimate capacity of shallow foundations. The outcomes of the 

prediction exercise are presented in a companion paper in this special issue (Doherty et 

al., 2017a). 

Results of large-scale foundation tests on soft clay under vertical centric loading are 

sparse in the literature, and most notably include those carried out at the UK’s national 

soft soil test site, in Bothkennar, Scotland (Jardine et al., 1995), Lehane and Jardine 

(2003)). The Bothkennar site was extensively characterised as part of the research 

initiative (Institution of Civil Engineers 1992). The philosophy of the NFTF, at which 

the tests presented in this paper were carried out, was based on the Bothkennar exemplar. 

Similarities also exist in terms of the site conditions and foundation geometry. The 

Bothkennar site comprised a weathered crust to around 2 m depth below ground level 

overlying clay and silt that were deposited under marine or estuarine conditions with the 

summer water table 0.9 m below ground level (Jardine et al., 1995). The undrained shear 

strength within the clay/silt layer was also similar at the two sites. At Bothkennar, five 

rigid square pad foundations, of the same shape and similar size were tested over a period 

of 11 years enabling insights into the effect of long term preloading on foundation 

bearing capacity. However, some notable differences preclude direct comparison of 

outcomes from the Bothkennar tests and those from the NFTF. For example, the 

Bothkennar foundations are cast within the crust layer rather than at the top of the 

underlying estuarine clay layer as at the NFTF and the rate of loading to failure of the 

foundations at Bothkennar was two orders of magnitude slower than those at the NFTF, 
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while the consolidation period between sets of tests was an order of magnitude greater. 

The experimental approach adopted for the Bothkennar field tests was drawn from earlier 

work of field tests on clays (Shields and Bauer, 1975; Jardine et al., 1985; Wood, 1980; 

Watson et al., 1984; Kabbaj et al., 1988). 

The shallow foundation construction details and observed performance, as presented in 

this paper, are freely available in digital form through www.geocalcs.com/datamap 

(Doherty et al., 2017b). The site data and results from all the laboratory and in situ testing 

are also available through the online platform. 

5.2. Site, ground conditions and foundation description 

5.2.1. The site 

The NFTF is located in the north western part of Ballina, NSW on the east coast of 

Australia, (see Figure 5-1). The site is approximately 6.5 Ha in area and is bounded by 

creeks to the north and east and sugar cane fields along the other boundaries (see Figure 

5-2). Prior to the CGSE leasing the site in 2013, the area was used to farm sugar cane. 

The sugar cane was cleared and a site road was constructed to enable access for various 

research activities, which included the largescale shallow foundation tests reported in 

this paper, large-scale embankment testing (Kelly et al., 2017), and a range of in situ 

geotechnical testing and sampling for laboratory testing (Pineda et al., 2014; Pineda et 

al., 2015; Kelly et al., 2013; Kelly et al., 2014; Colreavy et al., 2016; Gaone et al., 2016). 

An aerial view indicating the location of the various activities is shown in Figure 5-3. 
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Figure 5-1: Location of the National Field Testing Facility (NFTF) at Ballina, New South 
Wales, Australia. 

 

Figure 5-2: Aerial view showing the location of the National Field Testing Facility (NFTF) site. 

5.2.2. Ground conditions 

The site comprises a crust layer of alluvial clayey silty sand to a depth of about 1.5 m, 

underlain by soft estuarine clay with a thickness varying between 12 m and 22 m. From 

the observation of boreholes (drilled for self-boring pressuremeter tests) close to the 

Site 

Ballina  
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position of the foundation tests, the natural groundwater level was observed to be at ~1.0 

m depth (-0.5 m AHD), in March 2014. Laboratory and in situ testing from the site are 

described in the literature (Pineda et al., 2014; Pineda et al., 2015; Kelly et al., 2014; 

Colreavy et al., 2016; Gaone et al., 2016). Data from these publications has been made 

available in a free-to-access web application www.geocalcs.com/datamap (Doherty et 

al., 2017b). 

 

Figure 5-3: Plan showing locations of in situ tests, instrumented embankments and shallow 
foundations at the National Field Testing Facility (NFTF). 

Figure 5-4 illustrates the stratigraphy and key material properties from the site 

investigation data at the shallow foundation test site. Unit weights were determined from 

laboratory tests; undrained shear strength profiles were obtained from self-boring 

pressuremeter (SBPM), piezocone (CPTu) and triaxial compression tests (TXC); shear 

modulus from TXC and SBPM tests; permeability and coefficient of vertical and 

horizontal consolidation from constant rate of strain (CRS), incremental load (IL), in situ 

ball penetrometer and CPTu tests. 
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The secant shear modulus of the triaxial data, G10 and G50 were interpreted using two 

different points on the curve of the total change in deviatoric stress (10% and 50% of the 

total change in deviatoric stress). Interpretation of the shear modulus from SBPM tests 

was performed using an inverse analysis (GIA) method (Gaone et al., 2017a) and from 

the slope of unload-reload loops (GUR). 

 

 

Figure 5-4: Stratigraphy and soil profile at the test site. 
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5.2.3. Foundations and loading blocks 

Four square foundations with 1.8 m edge lengths and 0.6 m thick were cast 1.5 m below 

ground level, at the top of the estuarine clay layer, in June 2014. The construction 

procedure for each foundation was identical. The geometry and configuration of the 

foundations is illustrated in Figure 5-5. A square foundation pit approximately 2.4 m in 

edge length was excavated for construction of the foundations and due to the shear 

strength to stress ratio of the crust, it was possible to construct the trench with free 

standing vertical walls (Figure 5-6). After the excavation, the foundations were cast in 

situ using 32 MPa concrete and timber formwork designed to withstand the concrete 

pressure (Figure 5-7). 

Reinforced concrete loading blocks were cast on-site at the same time as the foundations 

(Figure 5-8). The blocks were constructed with the same plan dimensions as the 

foundations but with a height of 0.425 m, such that each block led to an increase in 

foundation bearing pressure of around 10 kPa. Each loading block was cast with 

longitudinal tensile and vertical shear reinforcement and four lifting eyes to facilitate 

placement by the crane. Eight concrete blocks were constructed, as this was forecast as 

an upper limit to the required load to fail the foundations. During the loading procedure, 

each concrete block was weighed using the scale on the 35 tonne crane (the accuracy of 

the load cell was ±100 kg) and the average weight was 3.3 tonnes, equivalent to a unit 

weight of 24 kN/m3. Constructing the bespoke blocks to the same plan dimensions as the 

foundations minimized the opportunity for eccentric loading of the foundation during the 

test. 
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Figure 5-5: Geometry and configuration of shallow foundation tests. 

 

Figure 5-6: Foundation excavation indicating free-standing vertical trench walls. 
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Figure 5-7: Foundation construction (left) Pouring concrete into foundation formwork around 
instrumentation tubes (right) completed foundation after casting. 

  

Figure 5-8: Loading block construction (left) construction of timber formwork for the loading 
blocks and cast loading blocks and (right) pouring concrete into reinforcement cage for loading 

blocks. 

5.2.4. Instrumentation 

All foundations were equipped with survey targets to monitor displacements during 

loading and consolidation stages (if included). Reflective targets were mounted on three 

steel reinforcement bars and attached to the first loading block, as there was insufficient 

space to mount them directly on the foundation. The steel bars were installed to a height 

sufficient to be visible above the excavation. Three targets were selected to ensure that 

three dimensional movements of the foundation could be captured. A licensed surveyor 

used a total station theodolite (TST) to measure foundation displacements. The 

instrument error of the TST used was given as 3 arc-second, resulting in an accuracy of 
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0.5 mm for the distances measured. The survey target set up is shown in Figure 5-9 and 

is also visible in Figure 5-13. 

 

Figure 5-9: Survey target set up for monitoring foundation displacements. 

For the CU tests, three Vibrating Wire Push-in Pressure Cells (Small 2005) (also known 

as spade cells based on their shape) were installed beneath each foundation at depths of 

0.6 m, 1.3 m and 2.0 m to measure changes in total horizontal stress and pore water 

pressure during loading and consolidation. The pressure cells were offset from the centre 

of the foundation by 0.6 m. The layout of the ground instrumentation is illustrated in 

Figure 5-10 and Figure 5-11. 

 

Figure 5-10: Foundations cast in situ showing instrumentation for the consolidated undrained 
foundation tests (CU1 and CU2). 
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5.3. Test programme and procedures 

5.3.1. Test programme 

The entire programme ran from June 2014 to March 2016. The timeline illustrating the 

key stages is shown in Figure 5-12 and three main stages are described below 

Stage 1: Site works for the shallow foundation field tests commenced in June 2014, 

involving site clearance; excavation of the foundation pit through the surficial crust layer 

to the top of the soft estuarine clay (Figure 5-6); dewatering of the excavation; and 

construction of the formwork and casting of the foundation in situ in the excavated pit 

(Figure 5-7). 

 

Figure 5-11: Instrumentation layout for the consolidated undrained foundation tests (CU1 and 
CU2). 

Stage 2: The second stage of site activities commenced in September 2014 and involved 

dewatering the excavated pit, removing the formwork and undrained loading of two 

foundations to failure (UU1 and UU2). Following the UU tests, the remaining two 
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foundations were loaded to 30% and 50% of the failure load obtained from the undrained 

tests in preparation for the consolidated undrained foundation tests, CU1 and CU2. The 

load was maintained constant for a period of 18 months to allow consolidation. The 

settlements during the consolidation process were recorded by a licensed surveyor in 

increasing time increments until no further movement was observed in May 2015 (see 

surveying points in Figure 5-12). 

Stage 3: The third stage of site activity commenced in March 2016 and involved the 

application of a further load increment to each foundation, followed by a consolidation 

period of 6 days and final undrained loading of the foundations to failure (CU1 and CU2). 

 

Figure 5-12: Timeline of the foundation testing and surveying. 

5.3.2. Testing procedures 

The foundations were loaded to failure in approximately 1 tonne increments over a time-

scale to ensure an undrained soil response. The 35 tonne crane placed the pre-cast 

concrete blocks one at a time, releasing the load in increments of approximately 1 tonne. 

Figure 5-13 shows the general loading procedure. Survey measurements of the three 

corner targets were taken after each load increment was applied. The average time for 

one load increment was 2–3 min. The time between the load increments increased to 

approximately 5 min when a new block was placed as it took a several minutes to unhook 

the loading eyes of the previous block and hook the next block. The pause between the 
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load increments was increased as the foundation approached failure to allow for at least 

two sets of recordings by the surveyor. The loading sequences took between 30 and 70 

min. The loading time histories for the two UU tests are shown in Figure 5-14. The same 

procedure was adopted for the undrained loading to failure stage of the preloaded 

foundation tests (CU). 

  

Figure 5-13: Loading procedure of the unconsolidated undrained foundation tests (UU1 and 
UU2). 

 

Figure 5-14: Loading time history of the unconsolidated undrained (UU) foundation tests. 
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Prior to loading to failure, each CU test comprised two load and two consolidation stages, 

illustrated in Figure 5-15. The preload is described as a proportion of the bearing capacity 

observed in the UU tests (Vp/VUU), where the load V is given by the product of the bearing 

pressure and plan area of the foundation, q x A. In the first load stage, the foundations 

were loaded to Vp/VUU = 0.33 and 0.50, corresponding to 20 kPa for CU1 and 30 kPa for 

CU2 (2 blocks for CU1 and 3 blocks for CU2). The initial loading step was followed by 

a consolidation period of approximately 18 months (540 days). An additional preloading 

stage was subsequently carried out to assist in clarifying an uncertainty in the 

interpretation of the recorded stresses from the spade cells (further discussed in the 

results section). An additional two loading blocks were added to each foundation raising 

the relative preload Vp/VUU to 0.67 and 0.83, corresponding to 40 kPa for CU1 and 50 

kPa for CU2. The second loading stage was followed by a second consolidation stage of 

6 days. The final undrained loading to failure of the CU tests used the procedure 

described above. 

Due to the higher than planned preload, failure of the foundation for test CU1 required 

all eight concrete loading blocks to be used. This required CU2 to be unloaded prior to 

its final loading stage (see Final loading stage in Figure 5-15). The total time between 

the complete unloading of CU2 and the final loading was less than 20 min. Complications 

during reloading CU2 required the loading blocks to be stacked with a slight eccentricity, 

5–10 cm, to avoid damaging of the surveying targets. The possible effect of the 

eccentricity is discussed later with the presentation of the load-settlement response. 
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Figure 5-15: Loading sequence of the consolidated undrained foundation tests (CU1 and CU2). 

 

Figure 5-16: Load-settlement response of the unconsolidated undrained foundation tests (UU1 
and UU2). 
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5.4.1.1. Observed response 

The load-settlement behaviour of test UU1 and UU2, taken from the crane load and 

survey measurements, are shown in Figure 5-16. It can be seen, that the three corner 
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pressure of 50 kPa. Beyond 50 kPa, the load-settlement response became non-uniform 

and non-linear and the foundations started to tilt, indicated by the settlement reading of 

corner target B decreasing while the settlements of targets A and C continued increasing. 

The failure modes observed in test UU1 and UU2 are shown in Figure 5-17. 

 

Figure 5-17: Failure modes of the unconsolidated undrained foundation tests (left: UU1 and 
right: UU2). 

Bearing capacity was defined at the point at which the foundation movements increased 

without any change in load, identified from the time dependent settlements (Δs/Δt) 

between loading steps, i.e. at constant load (Figure 5-18). At an applied pressure of 60 

kPa, the rate of settlement in tests UU1 and UU2 started to increase rapidly, and is thus 

taken as the bearing capacity. 
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Figure 5-18: Time – settlement response between loading stages of undrained unconsolidated 
tests UU1 and UU2. 

 

Figure 5-19: FE mesh of large scale foundation tests. 

5.4.1.2. Interpretation of undrained load-settlement response and bearing capacity 

The excavation in which the foundation was cast and the gap between the foundation and 

excavation walls complicates the boundary conditions, such that simple hand 

calculations are not well suited to the interpretation and a finite element approach in 

which the geometry could be represented was adopted. 

An axisymmetric model using the Abaqus finite element software package was created. 
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quadratic elements (reduced integration). The geometry of the excavation, gap and 

foundation were modelled as outlined in Figure 5-11 and the foundation was loaded in 

the same increments of load as on site. The square foundation geometry and excavation 

were idealised as circular with equivalent respective areas. The two different soil layers 

were modelled to represent the crust and the underlying soft clay. The model was 

sufficiently large to avoid disturbances by the fixed base and side boundaries. 

The crust was modelled as an elastic perfectly plastic material with Young’s modulus E 

= 3 MPa and undrained shear strength su = 25 kPa based on interpretations of CPT test 

results (Pineda et al., 2016) and Figure 5-4. A parametric study was carried out varying 

the crust properties, which were found to have no influence on the observed foundation 

or soil response. 

For the soft clay layer, a linear elastic perfectly plastic Tresca model was adopted. The 

shear modulus and undrained shear strength profiles were based on the data in Figure 

5-4. In the soft clay, the G50 and G10 profiles from triaxial compression tests (TXC) give 

lower and upper bounds to the shear modulus data while the self-boring pressuremeter 

(SBPM) data gives an intermediate profile. The best estimate shear modulus profile in 

the soft clay was idealised using a power law variation with depth (z) described by 

(5-1) 
 

where G(z) is the shear modulus at a depth z, GR is the shear modulus at a depth equal to 

the radius of the foundation R, and α is the heterogeneity parameter that varies between 

zero and one. For the simulation of the foundation settlements, the shear modulus profile 

was fitted to the SBPM data shown in Figure 5-4. The best fit was achieved taking GR = 

700 kPa and α = 0.7 and the resulting shear modulus profile was adopted for the FEA. A 

Poisson’s ratio ν = 0.495 was adopted to reflect the incompressible nature of the 

undrained response but avoid numerical difficulties with using 0.5. The best estimate 

undrained shear strength profile in the soft clay was based on the profile interpreted from 

the SBPM data and can be approximated as linearly increasing with depth by su (kPa) = 

10 + 1.3(z - zfdn) where z is in m below the ground level and zfdn is the depth below ground 

level to foundation level. 

𝐺(𝑧) = 𝐺
𝑧

𝑅
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Figure 5-20: Average observed load-settlement respond of UU1 and UU2 compared to the 
results of the FEA. 

The load-settlement response predicted from the FEA is shown in Figure 5-20 compared 

with the average observed foundation load-settlement response, taken at the centre of the 

foundation for each of the UU tests, and is shown to provide a reasonable estimate. The 

response of test UU2 is slightly stiffer and stronger than UU1, possibly due to slight 

variations in ground conditions (UU1 and UU2 were 60 m apart). The plastic shear strain 

at failure, predicted by the FEA is illustrated in Figure 5-21, indicating the failure 

mechanism. It can be seen, that the mechanism is localised, extending only to the edge 

of the excavation. The localised mechanism indicates that the stronger crust layer has 

forced the failure mechanism to occur inside the gap between the foundation and 

excavation wall. It is noted that assuming the foundation is embedded with no gap, leads 

to considerable over-prediction of the observed capacity, whether via FEA or a simple 

hand calculation with a bearing capacity factor for an embedded foundation with no gap 

accounted for (e.g. (Houlsby and Martin, 2003; Gourvenec and Mana, 2011)). The effect 

of the size of the gap on the magnitude of mobilised bearing capacity is further 

investigated in the companion paper accompanying the shallow foundation prediction 

exercise (Doherty et al., 2017a). 
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Figure 5-21: Failure mechanism predicted by FEA. 

The discussion above has shown that the observed foundation load-settlement response 

and undrained bearing capacity can be reasonably predicted from the available site 

investigation data and a simple constitutive model, provided the presence of the gap is 

modelled. 

5.4.2. Consolidated undrained foundation tests (CU) 

5.4.2.1. Observed response 

The load-settlement and time-settlement response at each stage of the consolidated 

undrained foundation tests (CU1 and CU2) are shown in Figure 5-22 and Figure 5-23. 

Results are presented for the three loading and two consolidation stages and represent 

the average foundation settlement, taken at the centre of the foundation. The movements 

of the three corner targets in both CU tests were uniform in all stages, except the latter 

stages of the final loading stage (as observed in the UU tests). The total horizontal stress 

and pore water pressure changes, captured from the three spade cells, located 0.6 m, 1.3 

m and 2.0 m beneath foundation test CU2 are shown in Figure 5-24. The data is separated 

into different time scales for the loading and consolidation stages to enable detailed 

observation of the soil response to external changes. The spade cells beneath the 

foundation for test CU1 malfunctioned and so stress and porewater pressure changes 

cannot be presented. 

In the following sections, the undrained load-settlement response, consolidation response 

and the consolidated undrained bearing capacity are discussed. 
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Figure 5-22: Load-settlement response during the loading and consolidation stages of 
foundation tests CU1 and CU2. 

 

Figure 5-23: Time-settlement response during the loading and consolidation stages of 
foundation test CU1 and CU2. 
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Figure 5-24: Change in total horizontal pressure and pore pressure measurements from spade 
cells at (a) 0.6 m, (b) 1.3 m and (c) 2.0 m below foundation level; Test CU2. 
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5.4.2.2. Interpretation of consolidated undrained load-settlement response and bearing 

capacity 

The axisymmetric finite element mesh described above for interpreting the UU response 

(Figure 5-19) was used but with a stress-fluid coupled critical state constitutive model 

for the estuarine clay. The crust was modelled as an elastic perfectly plastic material as 

in the analysis of the UU test. The Modified Cam Clay (MCC) model was adopted to 

represent the soil response of the soft clay with parameters derived through an 

optimisation analysis of undrained self-boring pressuremeter tests (Gaone et al., 2017a). 

The optimisation method focused on matching the undrained shear strength and stress 

strain response from the self-boring pressuremeter and focused on matching composite 

parameters Λ, (where Λ = 1 - κ/λ) and κ* (where κ* = κ/(1 + e), where κ is  the slope of 

the unload reload line; λ is the slope of the normal compression line. The derived MCC 

parameters over depth are presented in Table 5-1, where M is slope of the critical state 

line in the p0:q plane; R0 is the is the isotropic overconsolidation ratio; and μ is the 

Poisson’s ratio. Based on the information given in Figure 5-4 the permeability k was 

taken as 1.0E-08 m/s and the vertical stress profile for the FEA was determined based on 

the soil unit weight. An average value of coefficient of earth pressure at rest, K0 = 1.0 

was based on the inverse analysis of 21 SBPM tests over the depth of interest according 

to a numerical optimisation procedure set out in the literature (Gaone et al., 2017a). High-

end values for K0 in sensitive clays from self-boring pressuremeter tests are not unusual 

and are reported in the literature (Becker et al., 2006; Reeves et al., 2006). For sensitive 

clays the dependence of K0 on OCR is not established (Jefferies et al., 1987; Silvestri, 

2003; Becker et al., 2006) and does not necessarily follow the traditional expression (K0 

= (1 - sin(ϕ)) OCR(sin(ϕ))) (Jaky, 1944). K0 values for the Ballina estuarine clay are 

reported in the literature based on seismic dilatometer, push in pressure cells and CPT 

and fall in the range 0.5 to 1.0. The K0 values derived from the seismic dilatometer are 

closest to those derived from the SBPM tests, as expected. K0 values from the CPT and 

push in pressure cells fall in the range 0.5 to 1.0 and considered less reliable (Robertson, 

1990; Small, 2005). 

MCC parameters could alternatively be derived through a programme of element tests 

(Pineda et al., 2016), but this does not necessarily result in a consistent set of parameters 

relevant to the boundary value problem that the parameters are then applied to. The 

philosophy and process of the inverse analysis method for deriving an optimized and 
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consistent set of soil parameters is discussed in detail in the literature (Gaone et al., 

2017a). 

Table 5-1: MCC parameters of the Ballina clay in the foundation FE analyses. 

Depth  [m] M  [-] R0  [-]   [-]   [-]   [-] 

1.5 – 2.0 1.33 1.28 

0.022 0.92 0.1 
2.0 – 3.0 1.26 1.21 

3.0 – 5.0 1.22 1.12 

5.0 - 10 1.20 1.08 

 

The sequence of the key activities modelled replicated the site activities for test CU1 and 

included: 

 Excavation of the foundation pit (undrained) 

 Construction of the foundation (undrained) 

 Consolidation period (30 days) 

 Preloading the foundation (undrained, q = 20 kPa) 

 Consolidation period (540 days) 

 Additional increment of preload (undrained, q = 40 kPa) 

 Consolidation period (6 days) 

 Final undrained loading to failure (undrained) 

The results of the FE simulations are compared with the observed response of test CU1 

in Figure 5-25 showing good agreement.  

5.4.2.3. Interpretation of undrained stiffness response 

The undrained load-settlement responses during the two preloading stages and during the 

final undrained loading to failure of the CU tests are compared with those during the UU 

tests (see Figure 5-26). The consolidation settlements of the CU tests are deducted to 

allow a direct comparison between the load-settlement response of the undrained loading 

stages. The observed stiffness of CU1 was higher in each loading stage compared to 

CU2. The reason for this discrepancy is not immediately obvious but likely due to slight 

variations in soil stiffness. The increased stiffness observed in CU1 was back fitted by 

decreasing κ* (see Figure 5-25), equivalent to an increased shear modulus, G, of 

approximately 40%. The observed stiffness response of CU2 agrees well to that observed 
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in both the UU tests. In general, no systematic change in stiffness was observed due to 

consolidation. 

 

Figure 5-25: Comparison between the observed CU1 and CU2 load-settlement response and the 
corresponding FEA. 

 

Figure 5-26: Comparison between the observed undrained and consolidated undrained load-
settlement response. 

The pressure cell data (shown in Figure 5-24) during the undrained loading events are in 

line with expectations, with greater soil pressure changes associated with greater 

preloading pressure and proximity to the ground surface. However, during the initial 
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preloading stage, once the load was kept constant, the total stresses unexpectedly 

decreased, in line with the decrease in pore pressure. This behaviour was observed at 

each depth (albeit less significantly with increasing depth) and for both tests (CU1 and 

CU2). The anomalous response in total stress might be due to a redistribution of soil 

stress locally due to high local stresses around the spade cells generated during the 

installation process (Tedd et al., 1989). Retrospectively it could be surmised that a longer 

period for equalisation of the spade cells would have been desirable. During the second 

preloading and final loading stage, the total pressure behaved as expected; i.e. remaining 

constant after the application of load while the recorded excess pore pressures slowly 

dissipated. 

5.4.2.4. Consolidation response 

From Figure 5-24 it can be seen that the majority of the measured excess pore pressure 

and associated foundation settlement, caused by the initial load, dissipated within the 

first few days after loading. On day 85 after the loading, a sudden increase in settlement 

was observed, which subsequently stabilised almost immediately (see Figure 5-23). The 

total horizontal stress and excess pore pressure readings measured by the spade cells also 

indicated a similar sudden jump at the same time. All three piezometer readings increased 

by 7.7 kPa indicating the water table in the foundation pit (above foundation level) rose 

from ~0.4 m to ~1.2 m (rise of ~0.8 m). Comparing these measurements with the rainfall 

and evaporation data of the Bureau of Meteorology of the Australian Government (blue1 

shaded area in Figure 5-27) indicates that the piezometer measurements were related to 

heavy rainfall event during this time that caused both foundation pits to rapidly flood. 



Results & interpretation 

122 

 

Figure 5-27: Pore pressure measurements and estimated water table based on rainfall and 
evaporation data. 

The second loading and consolidation stage was carried out in order to facilitate 

interpretation of the consolidation response given the difficulty and uncertainties with 

the data from the first consolidation stage. A detailed picture of the pore pressure 

response at a depth z = 0.6 m during the second consolidation stage of CU2 is shown in 

Figure 5-28. The consolidation process, here expressed by the dissipation of the excess 

pore pressure and hence the increase in effective stress was analysed using a one-

dimensional solution (Davis and Poulos, 1972). The solution is based on the simple 

diffusion theory but accounts for footing shape and soil anisotropy. The relationship 

between the vertical and horizontal coefficients of consolidation (see Figure 5-4) is 

mostly unknown, especially for the shallow depth of interest, and therefore assumed 

isotropic, i.e. cv / ch = 1.  
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Figure 5-28: Pore pressure measurements during the second loading stage and consolidation 
period. 

The one-dimensional conditions for excess pore pressure dissipation were considered 

acceptable in this situation as the pore pressure measurements are close to the centre of 

the foundation. Settlement prediction, governed by excess pore pressure dissipation 

across the affected soil domain, will be affected by three dimensional flow and strain 

effects. The best fit between the measured pore pressure dissipation and the approach of 

(Davis and Poulos, 1972) was achieved using a cv of 70 m2/year. This value is consistent 

with the summarised results of oedometer tests on soil samples from shallow depths and 

the same effective stress range, σ'v, and the data provided in Figure 5-4 (Pineda et al., 

2016). However, it is noted that in situ and laboratory tests indicated a strong variation 

in the coefficient of consolidation, cv, in the first few metres below ground level, ranging 

from 5 to 150 m2/year (Pineda et al., 2016) and the solution only represents an average 

value of cv (Davis and Poulos, 1972). 
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Figure 5-29: Excess pore pressure normalized by applied bearing pressure Δq. 

Figure 5-29 shows the dissipation of the excess pore pressure beneath the foundation in 

test CU2 normalized by the applied bearing pressure against time. The normalized 

dissipation is shown for different changes of bearing pressure and it can be seen that the 

ratio is consistent with depth. At a depth of z = 0.6 m below the foundation base the 

increase in pore pressure is around 38% of the applied bearing pressure. This ratio drops 

to 20% at z = 1.3 m and 14% at z = 2.0 m below the foundation base. It is also apparent 

from Figure 5-29, that for all depths, the pore pressure response to the second pre-loading 

is delayed compared to the response of the first pre-loading, which may be a consequence 

of the consolidation process and the accompanied decrease in coefficient of 

consolidation. 

In Figure 5-30, the variation in total horizontal stress normalized by the applied load is 

shown against depth. It can be seen that the ratio between recorded and applied stress 

also increased with increasing stress level. 
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Figure 5-30: Total horizontal stress normalized by applied bearing pressure Δq. 

5.4.2.5. Consolidated undrained bearing capacity 

A more detailed picture of the load-settlement response for the final loading stage, 

showing the vertical movement of each corner target and the direction of the foundation 

tilt, is provided in Figure 5-31. The consolidated undrained foundation tests failed by 

rotating towards a corner, similar to the UU tests as shown in Figure 5-16 and Figure 

5-17. 

The interpretation of the failure load for the CU tests followed the same procedure as for 

the UU tests. The maximum permissible load in test CU1 was 70 kPa, ~15% greater than 

in the UU tests. The failure load mobilised in CU2 was 60 kPa – identical to the failure 

load observed in the UU tests. The low failure load in test CU2 is assumed to be a result 

of load eccentricity and/or cyclic effects of rapid unloading reloading (as described 

above). Because of this influence on the consolidated undrained capacity in test CU2, the 

representative gain in bearing capacity is taken as that observed in test CU1. 

Figure 5-20 and Figure 5-25 show the results of a FE analysis of the UU and CU tests. It 

can be seen, that the gain in bearing capacity due to consolidation can be well predicted 

using the MCC soil model and the soil parameter given in Table 5-1. 

The gain in undrained vertical bearing capacity of a shallow foundation due to preloading 

and consolidation was also predicted using a theoretical framework based on critical state 

soil mechanics concepts (Gourvenec et al., 2014). The affected area of soil is treated as 
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a ‘lumped element’ and traditional critical state relationships between changes in 

effective stress, void ratio and shear strength are adopted. The parameters used for 

predicting the gain in bearing capacity was taken as those used for the consolidated 

undrained FEA. The predicted increase in undrained capacity, given as a ratio of the 

consolidated undrained capacity to the immediate, unconsolidated undrained capacity, 

VCU/VUU = 14% was in good agreement with field observations, despite the theoretical 

framework considering a surface foundation with a free surface surcharge. The critical 

state framework for predicting the consolidated undrained bearing capacity of a shallow 

foundation (Gourvenec et al., 2014) is available as a free web app at 

www.webappsforengineers.com and provides a useful tool as a quick estimate of 

consolidated gains in vertical bearing capacity. 

 

Figure 5-31: Load-settlement response of the consolidated undrained foundation tests (CU1 and 
CU2). 

5.5. Conclusion 

A programme of large-scale instrumented shallow foundation field tests investigating the 

undrained and consolidated undrained load-settlement response and ultimate capacity 

under vertical centric loading has been carried out at the Australian National Field 

Testing Facility (NFTF) for soft soils. Site works and activities in preparing the tests are 

presented along with load- and time-settlement observations to failure. The load-

settlement response, ultimate capacity and failure mode of the two unconsolidated 

undrained tests agreed well with each other providing confidence in the construction and 
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testing procedures and the uniformity of the site over the area of the tests. The successful 

consolidated undrained (CU) test indicated an increase in bearing capacity due to the 

preload and consolidation phase, which was well predicted by a critical state based 

framework. The load-settlement response and ultimate limit state of the unconsolidated 

undrained tests (UU) were shown to be well predicted by numerical analysis using a 

simple elastic perfectly plastic constitutive model. Comparison of the observed and 

predicted load-settlement response were the subject of an international prediction 

exercise, the results of which are presented in a companion paper in this special issue. 

The programme of field tests presented in this paper adds to a sparse database of large-

scale shallow foundation tests on soft clay on sites with extensive site characterisation. 

Such studies provide an essential benchmark for assessing techniques and methods for 

deriving stiffness and strength parameters, available constitutive models and available 

prediction methods for shallow foundation response. Field testing provides an invaluable 

and convincing means of assessing analytical and numerical methods of predicting 

shallow foundation response. 
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CHAPTER 6. 

Insights from a shallow foundation load-settlement prediction 

exercise 

 

 

Abstract: 

This paper describes an international exercise aimed at assessing the geotechnical 

engineering profession’s ability to predict the load-settlement response of shallow 

foundations on soft clay subjected to undrained loading. Predictions of bearing capacity 

varied by more than an order of magnitude and settlement by more than two orders of 

magnitude. Average and median predicted values deviated significantly from measured 

values. The results of this exercise highlight the need to develop tools to assist engineers 

to process site investigation data. The development of predictive models that connect 

directly to site investigation data is discussed. 
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6.1. Introduction 

The design of shallow foundations on soft clay subjected to undrained centric vertical 

loading is a routine task for the geotechnical engineering profession. To satisfy the 

ultimate limit state, the designer is required to ensure that applied loads remain remote 

from the ultimate bearing capacity of the foundation. Design for the serviceability limit 

state requires that settlement of the foundation under working loads will be small enough 

to ensure satisfactory performance of the structure it supports. Foundation design 

therefore requires an ability to predict both the ultimate bearing capacity and settlements 

under working loads. 

As part of the activities of the Australian Research Council (ARC) Centre of Excellence 

for Geotechnical Science and Engineering (CGSE), an international shallow foundation 

prediction exercise was conducted with the aim of assessing the predictive capabilities 

of the geotechnical engineering profession. This paper describes the exercise and 

compares predictions received from 50 submissions with measured foundation 

performance of field tests carried out at the Australian National Field Testing Facility 

(NFTF). It was found that participants significantly overestimated the bearing capacity 

of the foundation, with the average predicted bearing capacity exceeding the measured 

value by around 100%. On average, predicted settlement values exceed measured values 

by more than 600%. To examine reasons for the poor prediction results, a review of 

strength and stiffness data from the site is presented. It is shown that the site data provides 

a good indicator of foundation performance via simple foundation models. This suggests 

that poor predictions cannot be attributed to inaccurate or insufficient information. An 

assessment of the sources of over prediction of bearing capacity and settlement is 

presented and the use of technology to automate the processing of soil data interpretation 

or development of predictive models that connect directly to soil data are discussed as 

possible solutions. 

6.2. Description of foundation tests 

6.2.1. Site description 

Supported by the Australian Research Council (ARC), the Centre of Excellence for 

Geotechnical Science and Engineering (CGSE) established the Australian National Field 
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Testing Facility (NFTF) in Ballina, Northern New South Wales (see Figure 6-1). The site 

is around 6.5 Ha and lies on the Richmond River floodplain, located south of Emigrant 

Creek and west of Fishery Creek. 

 

Figure 6-1: Location of the National Field Testing Facility (NFTF) at Ballina, New South 
Wales, Australia. 

 

Figure 6-2: CPT tests interpreted using Ic soil behaviour chart. 
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The ground conditions comprise a crust of alluvial clayey silty sand to a depth of about 

1.0–1.5 m, underlain by soft estuarine clay, underlain by a transition zone of clay, silt 

and sand, then sand of varying thickness (Kelly et al., 2014). The thickness of the soft 

estuarine clay increases from approximately 12–22 m from west to east. The engineering 

geology at the site is described in detail by Bishop (2004), Bishop and Fityus (2006) and 

Kelly et al. (2016). Figure 6-2 shows results from cone penetration tests (CPT) from the 

site classified using the Robertson (2009) soil behaviour index (Ic). 

6.2.1.1. Geotechnical data 

A comprehensive site investigation has been conducted at the NFTF involving drilling 

and logging over 15 boreholes with high quality soil samples collected and tested in a 

range of laboratory apparatus (Pineda et al., 2014; 2016a; 2016b). A range of in situ tests 

including cone penetration tests (Kelly et al., 2016; Li et al., 2014 and Li et al., 2016), 

ball and T-bar penetrometer tests (Colreavy et al., 2016) and self-boring pressuremeter 

tests (Gaone et al., 2016; Gaone et al., 2017b) have also been conducted. A web based 

application (see Figure 6-3) was developed to store, manage and publicly share all data 

(Doherty et al., 2017b). Participants in the foundation prediction exercise were able to 

access the data by registering as a user at www.geocalcs.com/datamap, and then using 

the project registration details given in Table 6-1. The data will continue to be made 

freely available on this data sharing platform. Further details can be found in Doherty et 

al. (2017b). 

 

Figure 6-3: Screen shot of datamap web application made available to participants in the 
foundation prediction exercise. 
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Table 6-1: Project details to access NFTF project data. 

Project name: NFTF 

Project code: Ballina 

 

6.2.2. Foundation construction and loading details 

Two load tests were conducted on almost identical foundations. The foundations, 1.8 m 

square by 0.6 m high, were constructed in excavated pits 1.5 m deep by 2.4 m square 

(Figure 6-4). Approximately 1 month after construction, the foundations were centrically 

loaded to failure with precast concrete blocks. Loading of each foundation to failure took 

approximately 1 hour to complete, ensuring undrained conditions. Figure 6-5 shows the 

measured load-settlement response of both foundations. Full details of the field tests are 

provided by Gaone et al. (2017c), where Test 1 is referred to as UU1 and Test 2 as UU2. 

 

Figure 6-4: Foundation geometry. 

6.2.3. Prediction exercise and review of observed and predicted values 

The prediction exercise was advertised on the CGSE web site 

(http://cgse.edu.au/sfpe2016) and promoted through social media (LinkedIn and 

Twitter), the Australia Geomechanics Society and the United States Universities Council 

on Geotechnical Education and Research’s (USUCGER) email lists and advertised at a 

number of conferences. A total of 50 written predictions were received from 88 

engineers. Thirteen countries were represented, including Australia, Austria, Belgium, 

Canada, China, France, Germany, Netherlands, Norway, Japan, Singapore, the UK and 
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US. Of the 50 predictions, 23 were from industry practitioners, 16 from academics and 

11 from undergraduate students. 

 

Figure 6-5: Measured load-settlement response. 

Participants were invited to make four predictions associated with the foundation 

performance. These quantities and their measured values are summarised in Table 6-2 

and are illustrated in Figure 6-5. An ability to accurately predict the ultimate bearing 

capacity (Qu) is clearly important for ultimate limit state design. For serviceability limit 

state design, an ability to predict settlements under working loads, which are typically in 

the range of 25–50% of the ultimate capacity (i.e. u25 and u50), is critical. Predicting 

settlements at 100% of the ultimate load (u100) is of less practical importance, and clearly 

more difficult given settlements change significantly with small changes in load. 

Therefore, less emphasis is placed on interpreting predictions for the u100. 

Table 6-2: Foundation performance values. 

Quantity Measured value 

Ultimate failure load Qu (kN) 205 

Settlement at 25% of ultimate failure load u25 (mm) 3 

Settlement at 50% of ultimate failure load u50 (mm) 6 

Settlement at 100% of ultimate failure load u100 (mm) 22 
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The predicted values are presented in Table 6-3 for each performance measure. The error 

in the predicted values was calculated as 

(6-1) 

 

where p is the predicted value and m is the measured value. 

Figure 6-6 plots the predicted values for each of the four quantities. For each case, 

predictions have been sorted from smallest to largest and the numbers on the horizontal 

axis do not correspond to the ID# in Table 6-3. For each case, the measured and the 

average predicted values are shown. For the ultimate load (Figure 6-6a), the predictions 

ranged from 130 kN to 2240 kN for a measured foundation capacity of 205 kN. The 

overall average predicted capacity was 404 kN, which is around 100% greater than the 

measured capacity. The median prediction was 331 kN, which is 61% greater than the 

measured value. Figure 6-7 presents the cumulative distribution of error for each of the 

predicted quantities. For the ultimate bearing capacity (Qu) it can be seen that around 

10% of participants achieved an error of 20% or less, while 45% achieved an error of 

50% or less. 

Predictions of the settlement at 25% of the ultimate load (u25) are presented in Figure 

6-6b. The predictions ranged from 0.1 mm to 877 mm for a measured settlement of 3 

mm. The overall average predicted u25 was 42 mm and the median value was 8.5 mm. 

Figure 6-7 shows that less than 2% of participants were within 20%, and around 15% 

were within 50% of the measured value. 

Settlement predictions at 50% of the ultimate load (u50) are presented in Figure 6-6c, 

which ranged from 0.1 mm to over 1200 mm for a measured settlement of 6 mm. The 

overall average value was 84 mm, with a median value of 25 mm. Figure 6-7 shows that 

only 22% of predictions were within 100% of the measured value. 

Figure 6-6d presents the predicted settlements at 100% (u100) of the ultimate load, which 

ranged from 0.8 mm to over 2280 mm for a measured settlement of 22 mm. The overall 

average value was 275 mm, with a median value of 125 mm. Figure 6-7 shows that less 

than 20% of predictions were within 100% of the measured value. 

Figure 6-7 shows that the ultimate bearing capacity was more accurately predicted than 

the settlement. It is noted that if participants made a significant error predicting the 

% 𝑒𝑟𝑟𝑜𝑟 = 100
𝑝 − 𝑚

𝑚
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bearing capacity, the magnitude of load at which settlement values were predicted are 

different to the loads at which settlements were measured. This may have contributed to 

the lower accuracy in the settlement predictions. 

 

Figure 6-6: Comparison of prediction and measured foundation performance for (a) Qu; (b) u25; 
(c) u50 and (d) u100. 

Figure 6-8 presents the cumulative distribution of absolute error for each of the predicted 

settlements, since absolute settlement is also significant in geotechnical engineering and 

the percentage error measure can distort the engineering relevance of the predicted value, 

particularly for small values of settlement. The cumulative distribution of absolute error 

indicates that around 65% of participants predicted a settlement that was within 10 mm 

of the measured u25 and 38% were within 10 mm of the u50. 
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Figure 6-7: Cumulative distribution of percentage error for predicted ultimate capacity and 
settlements 

 

Figure 6-8: Cumulative distribution of absolute error for settlement predictions. 
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Table 6-3: Predictions for Qu, u25, u50, u100. 

ID# Predicted values % error 

 Qu  

(kN) 
u25  

(mm) 
u50  

(mm) 
u100  

(mm) 
Qu  

(%) 
u25  
(%) 

u50  
(%) 

u100  
(%) 

1 690 10 30 500 237 233 400 2173 
2 480 8 30 300 134 167 400 1264 

3 425 105 145 325 107 3400 2317 1377 
4 301 20 38 122 47 567 533 455 

5 412 9 18 180 101 200 200 718 
6 334 9.5 37.3 382.5 63 217 522 1639 

7 280 4 12 120 37 33 100 445 

8 437 151 308 371 113 4933 5033 1586 

9 300 3 14 50 46 0 133 127 

10 1750 13.5 93 1850 754 350 1450 8309 

11 286.5 47 94 188 40 1467 1467 755 

12 360 8.5 28 206 76 183 367 836 

13 513 62 86.8 136.3 150 1967 1347 520 

14 222 8.5 21 155 8 183 250 605 

15 300 6 12 100 46 100 100 355 

16 162 2 7 70 -21 -33 17 218 

17 350 10 36 524 71 233 500 2282 
18 175 1 3 19 15 -67 -50 -14 

19 275 34.5 70.7 203 34 1050 1078 823 
20 321 4 12 60 57 33 100 173 

21 270 7 15 120 32 133 150 445 
22 385 10 19 38 88 233 217 73 

23 280 11.5 28 1000 37 283 367 4445 
24 162 25 75 180 -21 733 1150 718 

25 129.8 7.7 21 176 -37 157 250 700 
26 243.5 2 22 60 19 -33 267 173 

27 162 380 940 2280 -21 12567 15567 10264 

28 373 1.6 1.9 2.4 82 -47 -68 -89 

29 580 40 125 300 183 1233 1983 1264 

30 412 0.4 0.8 1.4 101 -87 -87 -94 

31 2239 877 1256 1742 992 29133 20833 7818 

32 200 1.5 6.5 35 -2 -50 8 59 

33 600 50 145 375 193 1567 2317 1605 

34 600 20 60 300 193 567 900 1264 

35 284 5 9 41 39 67 50 86 

36 440 5 15 270 115 67 150 1127 

37 448 14 27 54 119 367 350 145 
38 338 5 11 44 65 67 83 100 

39 331 1 4 37 61 -67 -33 68 
40 295 27 61 146 44 800 917 564 

41 295 31 58 107 44 933 867 386 
42 337 5 18 170 64 67 200 673 

43 130 6 14 120 -37 100 133 445 
44 137 13 26 51 -33 333 333 132 

45 427 5.2 40.4 20.9 108 73 573 -5 
46 378 3.8 7.6 15.3 84 27 27 -30 

47 181.8 0.1 0.1 0.8 -11 -97 -98 -96 

48 424 5.2 10.4 20.8 107 73 73 -5 

49 413.5 12.6 25.2 50.3 102 320 320 129 

50 310 25 51 128 51 733 750 482 

average 404 42 84 275 97 1309 1296 1150 

median 333 9 26 125 62 192 327 468 

standard dev 355 134 218 467 173 4454 3632 2125 

 



A review of undrained shear strength data and its link to measured foundation capacity 

142 

Overall, the prediction exercise suggests, at least in the present case, that engineers tend 

to perceive the bearing capacity of shallow foundations in soft clay to be higher than it 

actually is, with 82% over predicting the bearing capacity, 55% over predicting by more 

than 50% and 34% over predicting by more than 100%. The range in values of predicted 

bearing capacity was more than an order of magnitude (130 kN to more than 2000 kN). 

Even neglecting the worst 20% of predictions, the range in values of predicted bearing 

capacity was 130 kN to 480 kN, compared to the measured value of 205 kN. 

The prediction exercise also indicates, for the present case, that engineers perceive soil 

to be less stiff than it actually is, with 88% over predicting the u50, 76% over predicting 

by more than 100% and 36% over predicting by more than 500%. It is noted that 

participants who over predicted the ultimate load were then computing settlements at 

higher loads. 

6.3. A review of undrained shear strength data and its link to 

measured foundation capacity 

Given the participants in the foundation prediction exercise significantly over estimated 

the foundation capacity - on average by around 100% - this section reviews undrained 

shear strength data from the site. This data is then used in simple bearing capacity 

calculations in order to determine if there is a clear and consistent link between the 

available site investigation data and the measured foundation capacity. Following this, 

an assessment of the parameter selection and prediction method of the best and worst 

predictions is presented. 

Using data available to predictors, undrained shear strength profiles may be estimated 

using a range of in situ and laboratory tests including triaxial compression, triaxial 

extension (Pineda et al., 2016a), shear vane, self-boring pressuremeter (Gaone et al., 

2016; Gaone et al., 2017b) and cone penetration tests (CPT) (Kelly et al., 2013). 

Undrained shear strength profiles derived from each of these data types are plotted 

against depth below ground level in Figure 6-9. For the CPT profile, a ratio of cone tip 

resistant to undrained shear strength (Nkt) of 12.2 (Kelly et al., 2017) was used. Ball 

penetrometer data that was made available after the prediction exercise (Colreavy et al., 

2016) has also been included in Figure 6-9 for completeness. The undrained shear 
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strength was estimated using a ratio of ball resistance to undrained shear strength (Nball) 

of 14 (Randolph et al., 2000). 

The best-fit linear undrained strength profiles were estimated for each test type, as shown 

in Figure 6-9. These profiles were used as input into a Tresca constitutive model in a 

finite element analysis using the Plaxis finite element software (see Figure 6-10). An 

axisymmetric model was used to simulate the square footing using 15-noded triangular 

elements. The radius of the foundation and the radius of the excavation were set to give 

equivalent circular foundation and excavation areas to the field case. The linear 

undrained shear strength profiles, defined by an undrained shear strength at the 

foundation base, 1.5 m below ground surface, and a gradient of strength increase with 

depth, are given in Table 6-4 for each data type. The computed bearing capacities for 

each strength profile are also given in Table 6-4, along with the percentage error 

compared with the measured capacity. The error ranges from −26% for triaxial extension 

to +33% for the vane shear profiles. The triaxial compression, self-boring pressuremeter 

and ball penetrometer strength profiles gave bearing capacities within 5% of the 

measured capacity. The CPT strength profile over predicted the capacity by 7%. A 

parametric study showed that the strength of the crust (see Figure 6-10) had negligible 

impact on the capacity calculations. 

Table 6-4: Undrained shear strength profiles and computed bearing capacities using various 
laboratory and in situ test data. 

 
Triaxial 
comp 

Triaxial 
ext 

Shear 
vane 

Self-boring 
press. 

Cone 
penetr. 

Ball 
penetr. 

Shear strength, su at foundation 
level, z =  1.5m (kPa) 

10.5 8 14 10 11.2 10 

Shear strength gradient, ksu (kPa/m) 1.95 1.2 0.8 1.3 2.4 0.8 

FEA computed capacity (kN) 207 152 274 194 221 195 

% error +1.2 -25.8 +33 -5.2 +7.2 -4.8 

 

Bjerrum (1972) derived an empirical factor to correct shear vane strength data to improve 

predictions of embankment stability in soft clay. Based on a plasticity index for material 

at the site (Pineda et al., 2016a) of around 0.6, the Bjerrum (1972) factor would have 

reduced the vane shear strength profile by around 20%, resulting in a 20% lower bearing 

capacity calculation and a much better match to the measured bearing capacity. Triaxial 
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extension strengths would typically be expected to result in an under estimate of 

foundation bearing capacity, as it is the case here. 

 

 

Figure 6-9: Undrained shear strength profiles derived from in situ and laboratory tests at the 
NFTF (a) Triaxial compression; (b) Triaxial extension; (c) Shear vane; (d) Self-boring 

pressuremeter;(e) Cone penetrometer; (f) Ball penetrometer. 
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It is noted that changes in undrained shear strength due to excavation of the foundation 

pit and construction of the foundation were not considered in this analysis. In reality, 

excavation of the pit to 1.5 m involved a reduction in effective stress of around 20 kPa 

at the foundation base while subsequent construction of the 0.6 m high 1.8 m square 

foundation involved a re-loading of approximately 10 kPa (assuming a unit weight for 

concrete of 24 kN/m3 and noting the position of the water table in Figure 6-4). 

The analysis outlined here indicates that very reasonable predictions of capacity can be 

achieved using a simple Tresca soil model with a linear strength profile derived from the 

data provided. A possible source of error in some predictions may stem from the 

boundary conditions assumed in the numerical analysis. One issue in particular was that 

some participants did not model the 300 mm gap between the foundation and the 

excavation wall (see Figure 6-4 and Figure 6-10), and instead assumed that the 

excavation wall was immediately adjacent to the foundation (i.e. g = 0 in Figure 6-10). 

To investigate the impact of neglecting the gap, the model was re-run varying the gap 

dimension g between 0 and 125 % of its actual value g = 0.34 m. The computed capacity 

normalised by the capacity with g = 0.34 m is plotted in Figure 6-11. It can be seen that 

in an axisymmetric model, ignoring the gap can influence the bearing capacity by up to 

around 50%. While the effect of the gap is a potential source for some of the error in 

predicted capacities, it does not account for the range of error observed, with over half 

the capacity predictions exceeding the measured value by more than 50%. 

 

Figure 6-10: Axisymmetric finite element model. 
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It was found that 13 of the 17 participants who over predicted the bearing capacity by 

more than 100% used simple hand calculations. Out of these 13 predictions, 11 indicated 

that they had used a bearing capacity calculation of the form 

(6-2) 
 

where A is the area of the foundation, Nc is the bearing capacity factor, su is the undrained 

shear strength, q is surcharge adjacent to the foundation and Nq is the surcharge factor. 

By adopting Nc = 6, Nq = 0 (due to the gap between the foundation and the excavation 

wall) and undrained shearing strength values at the foundation level from Table 6-4, this 

equation gives very similar bearing capacity estimates to those presented in Table 6-4 

from the finite element analysis. It is interesting to note that both the most accurate (ID# 

32 in Table 6-3) and the least accurate (ID# 31 in Table 6-3) bearing capacity predictions 

used this equation. The most accurate used Nc = 6 and Nq = 0 along with su = 10 kPa in 

Eq. (2) (and rounded the result up to 200 kN). It was not clear from the submission what 

factors or undrained shear strength was chosen for the least accurate prediction. 

 

Figure 6-11: Impact of the gap, g, between foundation and excavation wall on calculated 
bearing capacity. 

It was found that 4 of the 17 participants who over predicted the bearing capacity by 

more than 100% used either two or three dimensional finite element analysis, with one 

using an effective stress method to model undrained behaviour and three using total stress 

0 0.1 0.2 0.3 0.4 0.5
Gap g (m)

0.9

1

1.1

1.2

1.3

1.4

1.5

1.6

Q
u/Q

ug=
0.

34
m

𝑄 = 𝐴 𝑁 𝑠 + 𝑞𝑁  



Chapter 6 

147 

(Tresca) models. Several of the more accurate predictions also used finite element 

simulations, with one (ID# 18 in Table 6-3) using an effective stress approach to simulate 

undrained behaviour. 

Overall, there is no clear trend in terms of which methods worked and which did not. The 

accuracy appears to be entirely a function of the assumptions made regarding the 

boundary conditions, soil strength and how model results were interpreted. Clearly, these 

factors are highly subjective, even for this simple problem. 

 

 

Figure 6-12: Stiffness data (a) example stress-strain response from a triaxial compression test 
with secants at 10% and 50% of the change in deviator stress and optimised Cam clay response; 

(b) pressuremeter data and optimised modified Cam clay response. 
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6.4. A review of soil stiffness data and its link to measured 

foundation settlements 

This section of the paper focuses on the application of undrained triaxial compression 

and self-boring pressuremeter data, both of which were available to participants in the 

foundation prediction exercise, to estimate soil stiffness profiles at the NFTF site and 

examine how these stiffness profiles relate to measured foundation performance. 

Stiffness values were estimated from triaxial compression data in different ways. Using 

deviatoric stress (q) versus axial strain (εa) data, a point on the curve at 10% of the total 

change in deviatoric stress mobilised during the compression test was used to compute a 

secant shear modulus G10, as shown in Figure 6-12a (where the shear modulus is one 

third of the slope of the secant shown). Similarly, a point on the curve at 50% of the total 

change in deviatoric stress was used to compute a G50 secant shear modulus (see Figure 

6-12a). Profiles of G10 and G50 for the site are plotted in Figure 6-13a and b, respectively. 

The third method to derive stiffness values made use of the high quality triaxial 

compression data by employing a numerical optimisation technique described by 

Doherty et al. (2012) to determine an optimal set of modified Cam clay parameters. The 

optimised Cam clay parameters were then used to define an elastic shear modulus (inside 

the Cam clay yield surface). This stiffness value is denoted as GMCCtx. Figure 6-12a shows 

an example of stress-strain response generated using the modified Cam clay model with 

optimised parameters. The shear modulus profile obtained using this approach is shown 

in Figure 6-13c. A shear modulus profile was also derived using a numerical optimisation 

technique to match the modified Cam clay model to undrained self-boring pressuremeter 

data. Full details of this process are presented by Gaone et al. (2017a). The resulting 

match of the optimised modified Cam clay model to the pressuremeter data is shown in 

Figure 6-12b. The shear modulus profile GMCCpm is presented in Figure 6-13d. 

To estimate foundation settlements using these stiffness profiles, elastic solutions by 

Doherty and Deeks (2003) for circular shallow foundations were used, where the shear 

modulus varies with depth (z) according to 

(6-3) 

 

𝐺(𝑧) = 𝐺
𝑧

𝑅
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In this equation, GR is the shear modulus at a depth equal to the radius of the foundation 

(R) and α is the non-homogeneity parameter which varies between zero and one, 

encompassing homogenous and Gibson soil profiles. Doherty and Deeks (2003) 

presented solutions for circular shallow foundations embedded at the base of an 

excavation. The solutions were applied by approximating the square foundations as 

circles with an equivalent area (i.e. R = 1.015 m). Eq. (3) was fitted to each stiffness 

profile in Figure 6-13. The GR and α values for each profile are given in Table 6-5. 

 

Figure 6-13: Shear modulus profiles from triaxial tests and in situ pressuremeter tests at the 
NFTF (a) G10 secant modulus from TXC data; (b) G50 secant modulus from TXC data; (c) 

GMCCtx from numerical optimisation of TXC data and (d) GMCCpm from numerical optimisation 
of self-boring pressuremeter data. 
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Adopting a Poisson’s ratio of 0.5 (for undrained constant volume behaviour), vertical 

stiffness coefficients (KV) were interpolated from charts presented by Doherty and Deeks 

(2003). Values for these dimensionless coefficients are presented in Table 6-5. The 

foundation settlement (u) was then estimated at any load Q using the following equation 

(6-4) 

 

Settlement estimates computed at 25%, 50% and 100% of the total failure load, Q = 205 

kN, are presented in Table 6-5. 

 

Table 6-5: Stiffness profile parameters, elastic stiffness factors and comparison of predicted 
settlements relative to measured data. 

 G50 G10 GCc Gsbp 

GR (kPa) 500 750 600 700 

 (-) 0.65 0.7 0.7 0.7 

KV (-) 20.9 22.1 22.1 22.1 

u25 mm (% error) 4.8 (61.0) 3.0 (1.6) 3.8 (27.0) 3.3 (8.9) 
u50 mm (% error) 9.7 (61.2) 6.1 (1.7) 7.6 (27.2) 6.5 (9.0) 

u100 mm (% error) 19.3 (-12.1) 12.2 (-44.5) 15.3 (-30.6) 13.1 (-40.5) 
 

The elastic load-settlement response for each stiffness profile is presented in Figure 6-14 

and compared with the foundation performance data. It can be seen that the G10 and 

GMCCpm stiffness profiles provide a remarkably good fit to the u25 and u50 settlement 

values. The GMCCtx profile also provides a reasonable estimate. Stiffness values derived 

in this way would therefore be suitable for design of foundations subject to typical 

working loads. The G50 over predicts foundation settlement at working loads, but 

provides a reasonable match to the settlements at the onset of failure. 

Using the same finite element model described above, a simulation was conducted using 

a linear-elastic perfectly-plastic Tresca soil model with the G10 elastic shear modulus 

profile (Figure 6-13a and Table 6-5), a Poisson’s ratio of 0.49 and the triaxial 

compression undrained shear strength profile (see Figure 6-9a and Table 6-4). The 

resulting non-linear load-displacement response is presented in Figure 6-14. It can be 

seen that this model provides a reasonable match to the measured response, although 

over predicts the settlement at the onset of failure by around 50%. 

𝑢 =
𝑄

𝐺 𝑅𝐾
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Figure 6-14: Comparison between elastic load displacement response and measured data for 
various shear modulus profiles. 

Participants in the prediction exercise used a range of methods to predict foundation 

settlement, including elastic solutions and non-linear finite element analysis. As 

observed for the bearing capacity predictions, there was no clear trend in terms of method 

accuracy. This suggests that accuracy was highly dependent on the assumptions made 

regarding soil stiffness, which is highly subjective. It is interesting to note, that of the 5 

predictions that were within 50% of the measured u50, two based stiffness values on self-

boring pressuremeter data. However, some of the poorer predictions also used self-boring 

pressuremeter data. 

6.5. Concluding remarks 

The results from the prediction exercise presented in this paper indicate that engineers 

with the same data and calculation task judge the data in different ways and ultimately 

produce very different results. Similar findings have previously been presented for 

prediction exercises involving shallow foundations on soft clayey silt (Lehane 2003) and 

for the drained response of shallow foundation on sand (Lehane et al., 2008; Briaud and 

Gibbens, 1997). This suggests that predictive capability has not improved, despite 

significant progress in modelling and testing techniques in recent years. 
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It was demonstrated that reasonably accurate foundation performance predictions can be 

achieved using simple foundation models with parameters derived from the in situ and 

laboratory data provided. Therefore, the poor predictions cannot be attributed to 

insufficient or inaccurate information. No clear trends could be identified between 

methods used and the accuracy of predictions for either bearing capacity or settlement. 

The accuracy appeared to be entirely a function of the assumptions made regarding the 

boundary conditions, how model results were interpreted and, in particular, how soil 

parameters were selected. The accuracy of predictions was not strongly correlated to the 

sector of the predictor (i.e. practitioner, academic or student). The range in the predicted 

values for both settlement and bearing capacity is undeniably alarming, with settlements 

varying by more than two orders of magnitude and the bearing capacity by more than 

one order of magnitude. 

A key source of variability in predicted performance stems from the fact that our 

predictive models (i.e. numerical or analytical methods) remain disconnected from the 

data that informs them. As a result, significant manual intervention is required to convert 

in situ or laboratory data into input parameters for use in a predictive model. 

“Engineering judgement” is applied in this process, which introduces subjectivity and 

uncertainty in the outcome of design calculations. Automated optimisation tools have 

been developed to assist engineers in converting measured data from conventional site 

investigation tests into commonly used constitutive model parameters (e.g. Doherty et 

al., 2012; Gaone et al., 2017a), with the aim of reducing this uncertainty. A further step 

forward involves developing predictive models that connect directly to measured site 

investigation data. This does not necessarily require machine learning or artificial neural 

networks, although these methods are options. Doherty and Lehane (2016) present an 

example of this type of integrated analysis that uses CPT or CPTu data directly as an 

input to perform analysis of a laterally loaded pile foundation. The application interprets 

the CPT data and automatically assigns appropriate p-y curves for sands, silts or clays. 

In principle, the application requires no engineering judgment to analyse a pile 

foundation, other than to decide if the CPT data is appropriate for the task. The 

programme has been deployed as a web based application (Doherty 2016). 

By providing large-scale field test data along with extensive high quality in situ and 

laboratory test data, the Australian National Field Testing Facility provides an invaluable 
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opportunity to calibrate existing and develop new predictive models for classical 

geotechnical boundary value problems to advance geotechnical knowledge and practice. 
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CHAPTER 7. 

A novel web based application for storing, managing and sharing 

geotechnical data, illustrated using the national soft soil field 

testing facility in Ballina, Australia 

 

 

Abstract: 

This note describes a web based application called “Datamap” that has been developed 

to address the major challenge of capturing, classifying, organizing and making available 

geotechnical research data. Datamap is illustrated using an example project at the 

Australian National Field Testing Facility (NFTF). The example project illustrates the 

interactive and accessible nature of the web-based application for hosting in situ and 

laboratory site investigation data, field testing, construction details, monitoring results, 

reports and bibliography of related papers. 
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7.1. Introduction 

Approaches for managing and sharing geotechnical data are out of step with the pace of 

advances in geotechnical testing techniques, methods of interpretation and development 

of new design methodologies. Presenting geotechnical data in a well-organized, 

systematic and easy to access manner is a challenge given the quantity and variety of 

laboratory, in situ characterization and field testing data and the spatial distribution of 

these data across a site. Indeed this is a major challenge in many scientific disciplines, 

where data is expensive and time consuming to collect and must be accessible to ensure 

value. The accessible results of a researcher’s work on a particular dataset are typically 

limited to a published paper. The actual data usually remains on the researcher’s or 

research institutes’ hard drive, disconnected from fellow researchers working in the same 

field. The more researchers that are able to access the same dataset, the more likely it is 

that this dataset will be transformed into new and useful knowledge. This is consistent 

with international trends in major science initiatives, such as the publically accessible 

use of genetic sequence databases (e.g. see www.ncbi.nlm.nih.gov or 

www.ensembl.org). 

A novel web application, named “Datamap”, has been developed specifically to address 

the major challenge of capturing, classifying, organizing and making available 

geotechnical data. The application uses Google Maps to display pins distributed across a 

site that represent test locations that have been defined by recording GPS coordinates. 

Each pin provides a link to data collected from that location. For convenience, data can 

be filtered by location (or Pin ID) and by data (or test) type. This provides an intuitive 

approach for indexing information using an interactive map and avoids information 

overload that occurs with a typical computer file system. 

Datamap was developed to allow researchers to create and share “Projects”, and therefore 

provides a general platform for sharing geotechnical data. The use of Datamap is 

illustrated in this note via an example project at the Australian National Field Testing 

Facility (NFTF) that forms part of the activities of the Australian Research Council 

(ARC) Centre of Excellence for Geotechnical Science and Engineering (CGSE). The 

purpose of this note is twofold, firstly to showcase the Datamap web application to 

academics and practitioners from around the world and provide guidance on how to 

access and use the platform; and secondly to share an extensive data set from site 



Introduction 

158 

investigation and field testing at the Australian National Field Testing Facility (NFTF) 

by providing details on how to access the data through Datamap. 

 

Figure 7-1: Aerial photograph and site layout of the Australian National Field Testing Facility 
(NFTF). 

 

 

Figure 7-2: Datamap “Join project” screen shot. 
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7.2. The Australian National Field Testing Facility (NFTF) 

Supported by the Australian Research Council (ARC), the Centre of Excellence for 

Geotechnical Science and Engineering (CGSE) established the Australian National Field 

Testing Facility (NFTF) in Ballina, Northern New South Wales (Kelly et al., 2014). The 

key motivation behind establishing the test site was to improve engineering design in soft 

soils by measuring various engineering properties of the material at the site using a range 

of in situ and laboratory tests and then, using this data as input, test the ability of 

engineering models to predict or back analyse large scale field tests, including 

embankment and foundation performance. 

          Table 7-1: Project details to access NFTF project data. 

Project name: NFTF 

Project code: Ballina 

 

The Australian NFTF is a 6.5 Ha site on the Richmond River floodplain, located south 

of Emigrant Creek and west of Fishery Creek in Ballina, NSW, Australia. An aerial 

photograph of the site is shown in Figure 7-1 showing the general layout of the site and 

the locations of the trial embankments and the foundation load tests. Ground conditions 

comprise of a crust of alluvial clayey silty sand to a depth of about 1.5 m, underlain by 

soft estuarine clay, a transition zone of clay, silt and sand, then sand of varying thickness 

(Kelly at al., 2014). The thickness of the soft estuarine clay increases from approximately 

12 to 22 m from west to east. The engineering geology at the site is described in detail 

by Bishop (2004), Bishop and Fityus (2006) and Kelly et al. (2016). 

Three large scale trial embankments have been built (Kelly et al., 2014), and four large 

scale footing load tests conducted (Gaone et al., 2017c; Doherty et al., 2017a) at the 

Australian NFTF. Numerous boreholes have been drilled and high quality soil samples 

collected and tested in a range of laboratory apparatuses (Pineda et al., 2014; Pineda et 

al., 2016a,b). In addition, a range of in situ tests were conducted, including piezocone 

(Kelly et al., 2016; Li et al., 2014 and Li et al., 2016), piezoball and T-bar (Colreavy et 

al., 2016) penetrometer tests and self-boring pressuremeter tests (Gaone et al., 2016). 

One of the aims in establishing the Australian NFTF was to leave a lasting legacy to the 

engineering community by making the data freely available in digital form. This will 
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ensure that this comprehensive data set can be reused by academics and practitioners 

from around the world and therefore maximize the impact of this publically funded 

research project. 

 

Figure 7-3: Datamap overview with current data pins at the NFTF. 

 

Figure 7-4: Pin selection with image previewing the data in Datamap. 
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7.3. Datamap 

7.3.1. Accessing the NFTF dataset 

Access to the NFTF dataset can be accomplished in two steps. First, users register with 

the system at www.geocalcs.com/datamap by creating a user name and password. 

Once logged in, the user navigates to the “Join Project” tab (shown in Figure 7-2) by first 

clicking the “My Projects” link in the upper right hand corner of the map viewing screen. 

They then, must enter the details in Table 7-1and click on the “Join Project” button. Users 

can then navigate back to the Map view by clicking a link in the upper right corner. 

 

Figure 7-5: Illustration of filtering by data type in Datamap. 

7.3.2. Interacting with the data 

In view mode, Google Maps is used to display pins that represent test locations across 

the site (see Figure 7-3). Each pin provides a link to data collected from that location. 

When a pin is selected, the metadata (i.e. information about the data) associated with that 

pin is displayed (see Figure 7-4). This includes the “Data ID” and the “Data type” and 

an image that provides a preview of the data that is stored in the downloadable file. Files 

can be of any type, but are usually in the form of Microsoft Excel for raw data and pdf 

for reports. The preview images are .png or .jpeg files and these can also be selected and 
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saved locally. Figure 7-4 shows a screen shot of the menu that appears when Pin MEX9 

is select. This Pin currently has 11 triaxial tests associated with it. Each test can be 

individually accessed using the scroll bar on the right side of the pop up screen. There is 

effectively no limit to the amount of data each pin can hold. 

The left side of the screen provides users with the ability to filter the data by Pin ID or 

“Data type”, so that information of interest can be easily identified. For example, if a 

user is interested in “Triaxial” data only, then the box next to the “Triaxial” can be 

selected and after selecting the ”Filter” button, only pins that contain triaxial data remain 

visible (see Figure 7-5). 

7.3.3. Creating a project 

Datamap was developed as a general platform to enable researchers to create their own 

projects and share data. A user can create a project by selecting “My Projects” from the 

Map view screen and selecting “Create Project”, as shown in Figure 7-6. 

A project name must be entered, along with a project code. These details are required by 

other users to access the data contained within the project. Access details can be shared 

with a selected colleagues and treated much like a secure user name and password, or, as 

in the case with the NFTF project, they can be published to allow anyone to access the 

data. A “terms and conditions” message can also be specified, so that when a user joins 

the project, they must agree to specific terms and conditions in accessing the data. 

 

Figure 7-6: Creating a new project in Datamap. 

Once a project is created it can be selected for editing from the list of projects. There are 

four main menu options in editing a project, as shown in Figure 7-7. 
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Pins can be added to the map under “Manage Pins”. This can be done using a street 

address, by specifying latitude and longitude or by clicking and dragging an interactive 

pin on a map. Managing data types simply involves specifying the types of data that will 

be contained within the project so they can be sorted or filtered later. For example, Figure 

7-5 to Figure 7-7 show the data types that were created for the NFTF project. Managing 

data files involves uploading data files and associating them with an existing pin and data 

type and (optionally) adding a .png or .jpg file that provides a preview to the data (for 

example the images that can be seen in Figure 7-4). Under ‘Manage Project Members’, 

users who have joined the project can be seen and selected users can be given extra user 

privileges that allow them to add or remove data. 

 

Figure 7-7: Managing a project in Datamap. 

7.4. System architecture 

Datamap was built for the Amazon Web Services (AWS) cloud platform. The system 

architecture, illustrated in Figure 7-8, consists of an elastic load balancer distributing 

traffic between AWS EC2 instances that act as web servers in separate AWS availability 

zones. An EC2 instance is a virtual server in Amazon’s Elastic Compute Cloud (EC2) 

for running applications on the Amazon Web Services (AWS) infrastructure. All data 

files are stored in Amazon S3, which is a secure, durable and highly-scalable object 

storage service. The locations of files on S3 are stored as compact strings in a MySQL 

database, which also stores user details and other project related metadata. 
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Figure 7-8: System architecture (created using Cloud Craft). 

7.5. Conclusions 

This note describes a new web based platform for capturing, classifying, organizing and 

making available geotechnical data. The platform is illustrated using data from the 

Australian National Field Testing Facility (NFTF), which is part of the ARC Centre of 

Excellence for Geotechnical Science and Engineering (CGSE). The web application was 

built using modern cloud-based technologies that minimize the hosting cost, maximize 

the reliability. The application ensures that the comprehensive NFTF data set can be 

reused by academics and practitioners from around the world and will therefore help 

maximize the impact of this publically-funded research project. Datamap also enables 

users to setup and manage other projects, and therefore provides a general platform for 

sharing geotechnical information. 
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CHAPTER 8.  CONCLUDING REMARKS 

This thesis contributes to the understanding of the performance of vertically loaded 

shallow foundations on soft clay. Observations of four instrumented large scale shallow 

foundations tested to failure under undrained and consolidated undrained conditions are 

presented and compared with predictions using existing and new interpretation 

techniques to derive the relevant soil parameters.  

The field work for this research was carried out at the Australian National Field Testing 

Facility (NFTF), part of the activities of the Centre of Excellence for Geotechnical 

Science and Engineering (CGSE). As a result, the findings of this study could be 

interrogated with a variety of data from commonly employed geotechnical in situ and 

laboratory site investigation tests, providing a unique opportunity to calibrate and 

validate existing and new design approaches. 

This thesis addresses the three key aspects in the design of geotechnical boundary value 

problems; (1) geotechnical testing to identify the soil response, either by sampling and 

laboratory testing or by in situ field testing (2) selection of a constitutive model and 

interpretation of test data to derive the necessary constitutive model parameters and (3) 

use of derived constitutive model parameters in a calculation methodology or model 

(empirical, theoretical or numerical), as outlined in Section 1.2, and suggestions are made 

to improve each aspect and more importantly the interconnection between them. The 

identified contributions to improved understanding in these key aspects is addressed in 

more detail in the following sections. 

The improvement in the general understanding of the described key aspects in shallow 

foundation design contributes to optimised design techniques which result in a reduction 

of shallow foundation size and thereby a decrease in construction costs. In particular in 

the offshore foundation engineering industry reduced shallow foundation sizes due to 

optimised design techniques allows the implementation of shallow foundation systems 

where using conventional design approaches would results in different, more expensive 

foundation solutions. 
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8.1. Contribution and main findings 

8.1.1. Improving identification of soil response using the self-boring pressuremeter 

The UWA self-boring pressuremeter (SBPM) was used to carry out a program of tests at 

the NFTF to identify the geotechnical parameters of the soft clay deposit. The test results 

were interpreted using several commonly applied approaches to determine stiffness, 

strength, in situ total horizontal stress and coefficient of consolidation. The interpreted 

results of the SBPM tests showed excellent agreement with the results obtained from 

other in situ field and laboratory tests, validating that the SBPM is a reliable site 

investigation tool. 

The SBPM provides information about the non-linear stress-strain response of a deposit, 

similar to that achievable with triaxial testing. However, the SBPM is carried out in situ, 

removing the need for costly sampling and laboratory testing and reducing the potential 

disturbance of the soil otherwise incurred during sampling and specimen preparation for 

laboratory testing. The testing phase of the SBPM test is also faster compared to a triaxial 

test and thereby more economical. For example, the entire suite of 27 SBPM tests took 

5 days to complete, giving stiffness, strength, in situ horizontal stress, coefficient of 

consolidation and information on creep and rate effects from multiple boreholes 

(locations) over various depths. A suite of laboratory tests to achieve the same soil 

parameters would take considerably longer without accounting for the time for sampling, 

storing and transportation to the laboratory for testing. 

8.1.2. Improving soil parameter identification using a targeted numerical optimisation 

technique 

The SBPM data was additionally interpreted with a new numerical optimisation method 

developed as part of this research project. The method uses an automated targeted 

optimisation technique to determine a set of Modified Cam Clay parameters from the 

non linear stress – strain response (see Chapter 4). The automated optimisation approach 

involves a strategic combination of traditional interpretation methods, a parametric 

sweep and numerical optimisation techniques. The soil parameters derived with the 

newly developed optimisation method for the SBPM were compared with MCC 

parameters derived from a similar optimisation procedure using triaxial compression test 
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data (Doherty et al., 2017) performed on samples from the same test site and were found 

to be in extremely good agreement. The benefit of the automated optimisation method 

over conventional methods of deriving MCC parameters from geotechnical tests include 

the linkage between the derivation of soil parameters and the boundary value problem 

being considered, elimination of human intervention, with the associated subjectivity, to 

convert the site investigation test data into constitutive model parameters, and time 

efficiency. 

8.1.3. Improving understanding of the prediction of performance of shallow foundations 

in soft clay 

The large scale shallow foundation tests, performed close to the location of the self-

boring pressuremeter tests, provide firsthand information about the undrained and 

consolidated undrained soil response and foundation performance. The database of 

comparable foundation tests in soft clay accompanied by an extensive site investigation 

program is scarce, making this study extremely valuable.  

It was shown that the foundation load-settlement response and bearing capacity could be 

well predicted with traditional constitutive soil models used in traditional analysis 

methods. However, results from an international shallow foundation prediction exercise 

indicated that despite significant progress in modelling and testing techniques in recent 

years, accurate predictions of foundation response are far from assured, even for this 

most basic of geotechnical boundary value problems. 50 predictions were received from 

88 participating engineers from industry (23), academia (16) and undergraduate students 

(11). The participants represented 13 different countries including Australia, Austria, 

Belgium, Canada, China, France, Germany, Netherlands, Norway, Japan, Singapore, the 

UK and US. The results of the exercise show that 82% of the participants overpredicted 

the bearing capacity of the foundation, 55% overpredicting by more than 50% and 34% 

by more than 100%. The settlements at 50% of the bearing capacity were overpredicted 

by 88% of the participants. 76% overpredicted the settlements by more than 100% and 

36% overpredicted by 500%. Investigating the submitted predictions indicated a key 

reason for poor predictions was that predictive models often remain disconnected from 

the data that informs them.  
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The automated targeted numerical optimisation method for deriving soil parameter sets, 

developed as part of this research project, enables a minimum of engineering judgement, 

thus reducing subjectivity. Applying a similar automated interpretation technique to 

triaxial test data from the NFTF site (Doherty et al., 2017) provided almost identical 

stiffness and strength parameters as derived from the SBPM with the automated 

approach, reinforcing the advantages of this approach independent of test type. 

8.1.4. Establishment of a permanent free-to-access database of all geotechnical data 

from the NFTF 

To enable the geotechnical community around the globe to benefit from the work carried 

out at the NFTF, the findings presented in this study as well as the other site investigation 

and field tests from the NFTF are made freely available over the newly established web 

based platform “Datamap” (see Chapter 7 or use link www.geocalcs.com/datamap). The 

data can be reused by academics and practitioners from around the world and will 

therefore help maximise the impact of the publicly founded work at the NFTF. 
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CHAPTER 9. APPENDIX 

Self-boring pressuremeter tests at the National Field Testing 

Facility, Ballina NSW 

(Conference paper presented at the 5th International Conference on Geotechnical and 

Geophysical Site Characterisation. Gold Coast, Australia, pp. 761–765) 

 

Abstract: 

Accurate prediction of foundation settlement is increasingly important in onshore and 

offshore geotechnical design. Reducing land space requires construction on non-ideal 

soils or above buried infrastructure onshore while offshore shallow foundations require 

optimisation of size to facilitate installation while ensuring tolerances on attached rigid 

infrastructure such as pipelines are not compromised. The accuracy of settlement 

predictions depends on the accuracy of the measured soil stiffness, which is non-linear 

and dependent on stress level, stress path and stress history. Consequently, the quality of 

a settlement prediction is inherently tied to the relevance of the testing method that is 

used to derive the stiffness values. The self-boring pressuremeter (SBPM) enables the 

non-linear stress-strain response to be captured at different in situ stress levels (depths) 

over a large range of cavity strain, and derivation of undrained strength, stiffness and 

creep characteristics. This paper summarizes a program of pressuremeter tests conducted 

in a soft clay deposit in Ballina, NSW, Australia. 
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9.1. Introduction 

The University of Western Australia (UWA) self-boring pressuremeter (Fahey et al. 

1988) was reconditioned for a program of testing at the National Field Testing Facility 

(NFTF) in Ballina, NSW (Australia). The aim of the project was to identify in situ 

stiffness parameters to back analyse the undrained load-settlement response of shallow 

foundation field tests per-formed on the same site. The tests were performed in 6 different 

boreholes over depths between 2 m to 10 m below ground level. The program involved 

tests with and without unload-reload loops, tests at different stress rates and stress 

holding tests. 

This paper presents profiles of the total horizontal stress, σho, the undrained shear 

strength, su, and the unload/re-load shear modulus, GUR of the Ballina clay at the NFTF 

and compares the predicted soil parameters with results from other field tests carried out 

at the site. 

9.2. Site description 

The Centre of Excellence for Geotechnical Science and Engineering (CGSE) has leased 

a 6.5 Ha soft soil site in the northwest of Ballina, NSW (Australia). The so-called 

National Field Testing Facility (NFTF) is being used to develop and demonstrate new 

and existing site investigation tools and to calibrate analytical and numerical 

geotechnical design methods. To date a large number of in situ geotechnical 

investigations and a program of soil laboratory tests have been performed at or on 

samples from the NFTF site (Kelly et al., 2015; Pineda et al., 2014, Pineda et al., 2015). 

The soil stratigraphy in the area of the SBPM tests is summarized in Figure 9-1. The site 

comprises a crust of alluvial clayey silty sand to a depth of 1.5 m across the area of 

interest, underlain by a soft estuarine clay to a depth of approximately 12 m (increasing 

to 22 m at other locations across the site). The soft clay over-lays a transition zone of 

stiff clay, silt and sand. During the testing, the groundwater table was encountered at 

approximately 1 m below the ground surface. 
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9.3. Test program and procedures 

The program involved 27 SBPM tests in 6 different boreholes. A conventional drilling 

rig was used to predrill the first 1.5 m through the crust layer in each borehole, which 

was stabilized by an internal casing. After removing the drilling rod, the SBPM device 

was attached to the drilling rig and lowered into the bore-hole and self-bored 

continuously to the test depths. Due to the device setup, the maximum depth of self-

boring was 2.65 m below the end of the bore hole casing, where tests were conducted. 

The SBPM was then removed and the bore hole casing advanced. 

 

Figure 9-1: Aerial view of the NFTF showing the location of the SBPM tests, other in situ soil 
characterisation tests and foundation settlement tests. 

SBPM testing involves applying an internal pressure to a rubber membrane that expands 

radially against the soil. Steel strips (called the “Chinese lantern”) are used as a protection 

casing for the rubber membrane. Tests were carried out under stress control at rates of 1, 

10, 50 and 100 kPa/min to a limit of 10 % of the average cavity strain.  

Unload/reload loops were performed in 8 of the tests at depths between 2 m and 11 m 

below ground level at different strain levels and strain ranges. The size of the loop (or 
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amount of unloading Δp) was controlled by the pressure at the start of unloading (pi) and 

the assumed friction angle of the soil ϕ′ (Fahey 1991): 

(9-1) 

 

where u0 is the in situ hydrostatic water pressure. A membrane stiffness correction was 

applied to all 27 tests. This involved measuring the membrane stress – strain response 

and subtracting this from the in situ test data. 

 

Figure 9-2: Typical stress-strain curve of a SBPM test. 

9.4. Interpretation 

Figure 9-2 shows a typical stress-strain response from a SBPM test involving one 

unload/reload loop. The stress-strain response is plotted for the uncorrected field data 

and the membrane corrected data. The membrane correction is strain dependent. The 

membrane stiffness increases with cavity strain and consequently the correction should 

reflect the strain level (rather than assuming a constant membrane stiffness). The in situ 

horizontal stress, undrained shear strength and unload/re-load shear modulus were 

determined from the SBPM data and compared with field data from independent in situ 

tests where available. 

∆𝑝 = 𝑝′
sin 𝜙′

(1 + sin 𝜙′)
= (𝑝 − 𝑢 )

sin 𝜙 ′

(1 + sin 𝜙′)
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9.4.1. In situ horizontal stress, σh 

Estimation of the in situ horizontal pressure was achieved by the visual lift off method 

described by Lunne and Lacasse (1982). This method is based on close visual inspection 

of the initial part of the test curve. O’Brien and Newman (1990) suggested that this initial 

part should not exceed a strain level of 0.2%. The lift off pressure is defined as the 

pressure, p0, at which the membrane starts to deform. This deformation is identified by 

the displacement of the three feeler arms of the pressuremeter. The average movement 

of all three arms is defined as the membrane movement. The interpretation of the lift off 

pressure was based on the average movement of all three feeler arms. 

 

Figure 9-3: Example of lift off pressure interpretation. 

For the interpretation, the average strain of the arms was plotted versus the internal 

pressure in semi logarithmic space (see Figure 9-3). A straight line was fitted over the 

initial linear part of the curve. The point, at which the test curve deviated from the straight 

line was taken as the lift off pressure. 

In Figure 9-4, the lift off pressures, and hence the in situ horizontal stresses, with depth 

are plotted considering the average of all three feeler arms. The total horizontal stresses 

with depth are compared to an estimate of the vertical stress profile, which is based on 

measurements of the natural density obtained from laboratory tests (Pineda et al., 2015). 
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Figure 9-4: Interpreted lift off pressure, equal to in situ σh. 

In addition, two horizontal stress profiles are shown as an upper and lower boundary for 

the SBPM tests, using K0 values of 0.7 and 1.5. The earth pressure coefficient, K0, was 

determined based on the effective stress ratio (K0 = σ′h / σ′v) using an estimated 

hydrostatic pore pressure profile and the water table level encountered prior to the tests 

in the boreholes of the SBPM. Results of SDMT and interpretations of CPT tests (Pineda 

et al., 2015) indicate a K0 value in a range between 0.5 – 0.65. 

9.4.2. Undrained shear strength, su 

Various methods have been proposed for interpreting the undrained shear strength from 

pressuremeter tests. A commonly used method is that provided by Windle and Wroth 

(1977). Their interpretation method follows the Gibson and Anderson (1961) approach 

for the interpretation of a Menard pressuremeter test. The method is based on an elastic 

– perfectly plastic soil model characterized by an undrained shear strength, su, and a shear 

modulus, G. The pressuremeter is assumed to be infinitely long and following the 
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assumptions of a cylindrical cavity expansion. These assumptions are axial symmetry, 

soil homogeneity and undrained behaviour. 

 

Figure 9-5: Example of determination of su from self-boring pressuremeter data. 

 

Figure 9-6: Normalized GUR with cavity strain range, εr 
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Undrained shear strength is derived from the gradient of a plot of applied cavity pressure 

against the natural logarithm of the cavity strain once a plastic state has been achieved 

(see Figure 9-5). 

Figure 9-6 shows the derived profile of the undrained shear strength obtained from the 

SBPM tests. This profile is compared to results from cone penetrometer tests (CPT) and 

shear vane tests (Kelly et al., 2015) and shows good agreement. In previous studies it 

was observed, that results of vane shear tests are usually lower than those from SBPM 

tests (Lacasse et al., 1981). In this study it was found, that the vane shear test results tend 

to be higher than those from the SBPM test. This difference could result due to the strain 

dependent membrane correction carried out in this study. In previous literature, the 

method used for the membrane correction is not always apparent. Benoit and Findlay 

(1993) pointed out, that the membrane correction method used can have a significant 

impact on interpreted soil values. This is illustrated in Figure 9-5. The effect of the 

membrane correction increases the softer and shallower the soil is. In the present case, 

the ratio between the corrected undrained shear strength and the uncorrected (su,corr / 

su,uncorr) can be as high as 60%. 

 

Figure 9-7: su profile with depth at NFTF. 

 



Concluding remarks 

180 

9.4.3. Shear modulus, G 

The shear modulus can be derived either from the initial part of the test curve or from 

unload-reload loops conducted at various stress levels. Because the initial part of the test 

curve is more likely influenced by installation disturbance, the shear modulus was 

interpreted analysing unload-reload loops, and defined the ‘unload-reload’ shear 

modulus, GUR. The shear mod-ulus derived from an unload/reload loop is dependent on 

the size of the loop. This size can be expressed by the strain range. In Figure 9-7, the 

shear modulus, GUR, normalized by the mean effective stress, p′, is shown over different 

strain ranges. As anticipated, the shear modulus decreases with increasing strain range. 

This behaviour was observed and described earlier by Allan (1995) on tests performed 

on London Clay. 

9.5. Concluding remarks 

Interpreted results from a programme of 27 self-boring pressuremeter tests in soft clay at 

the National Field Testing Facility, Ballina, NSW (Australia) have been presented. 

The interpreted soil stresses, undrained strength and shear modulus are shown to compare 

well with results from independent tests at the same site. It was shown, that the self-

boring pressuremeter is a reliable device to capture the non-linear stiffness behaviour of 

the clay at different in situ stress levels (depths). 

The pressuremeter results will be used to back analyse the undrained load-settlement 

response of shallow foundation field tests carried out at the NFTF. Results will be 

published at the Embankment Prediction Symposium hosted by the CGSE in September 

2016. 

An automated inverse analysis tool is being developed to derive optimized geotechnical 

properties for engineering design directly from SBPM tests (Gaone et al., 2017a). 
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