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Abstract

The overarching aim of this research was to develop greater understanding of the behaviour of 

silica and carbonate sands under monotonic and cyclic loading imposed by shallow 

foundations. Carbonate sands are prevalent on the continental shelves of offshore oil and gas 

producing regions and are highly susceptible to particle crushing and volumetric compression. 

Previous research suggested that this may result in failure mechanisms around shallow 

foundation that differ significantly from the response in siliceous sands. Multi-scale image-

based deformation measurement and centrifuge modelling techniques have been used in this 

study to explore this research question. This thesis comprises four journal papers and one 

conference paper. 

The first journal paper introduces a new multiscale Particle Image Velocimetry/Digital Image 

Correlation (PIV/DIC) system developed to measure displacements and strains that develop 

beneath a shallow foundation with high measurement precision. Two cameras are used in the 

system: a master camera captures the ‘macro’ field of view (FoV) recording the whole soil 

section including the boundaries, while a slave camera captures a smaller ‘micro’ FoV at much 

higher resolution, which reveals additional detail in the formation of mechanisms – such as 

dilation occurring immediately beneath the shallow foundation – that is obscured by the lower 

resolution of the ‘macro’ images. 

The second journal paper describes the development of a pre-buried miniature pressuremeter 

modified for geotechnical centrifuge applications to provide in-situ stiffness measurements, 

which cannot be determined using a cone penetrometer. Test performance in three sands of 

varying grain size, mineralogy and particle shape were assessed to determine the ability of the 

apparatus in the centrifuge environment. Fine grained sands were shown to yield reasonably 

consistent measurements of stiffness, while large particle sizes, relative to the size of the 

pressuremeter, resulted in unreliable measurements. Guidance is provided on the best practice 

use of the pre-buried pressuremeter in sand tests for centrifuge testing. 

The new PIV/DIC techniques and pressuremeter, along with scanning electron microscopy 

(SEM) and cone penetrometer testing (CPT), were used to assess the geotechnical response 

beneath a shallow foundation when subjected to: (i) monotonic vertical loading and (ii) 

combined vertical and cyclic lateral loading with a fixed and hinged connection. Four sands – 
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one silica and three carbonate – with varying particle shape and crushability, were considered 

in these studies.  

The conference paper reports a preliminary set of plane strain foundation tests under monotonic 

vertical loading. The experiments showed inconsistent trends in foundation load-settlement 

response and cone penetrometer resistance profiles. 'Macro-scale' PIV/DIC results showed a 

general shear deformation was observed in the silica sand, while a punching shear deformation 

in carbonate sands. Particle shape characteristics, including particle sphericity and roundness, 

were proposed as a driver affecting the direction of load transfer from the shallow foundation 

to the soil, leading to the different deformation mechanisms and also the different trends 

between foundation and cone penetrometer load-displacement response.  

The third journal paper presents the load-displacement response and kinematic failure 

mechanism beneath a rectangular shallow foundation under monotonic vertical loading in 

carbonate and silica sands. Multi-scale image analysis yielded insights unattainable from 

traditional ‘macro-scale’ image analysis and highlighted that the carbonate sands mobilised 

significantly more volumetric compression beneath the shallow foundation compared to silica 

sand. This highlights the importance of soil-structure interaction modelling as the variance in 

deformation mechanism could not have been predicted from element or in situ characterisation 

tests alone. Particle shapes were characterised using scanning electron microscopy (SEM) and 

used to explain how relatively flat, non-spherical particles, formed failure mechanisms 

resembling punching shear rather than general shear. Friction angle estimates derived from 

CPT measurements, when used in traditional bearing capacity relations, predicted the bearing 

capacity poorly in the carbonate sands, however, the pressuremeter test was able to identify the 

high compressibility of the crushable samples.   

The fourth and final journal paper focusses on the mechanisms generated beneath a rectangular 

shallow foundation (the same as used in the vertical load tests) under cyclic lateral loading. 

This cyclic lateral loading was applied through a fixed or hinged connection mimicking stiff 

or flexible connections to a subsea flowline. The fixed foundation, with higher moment 

stiffness, generated significant accumulated settlement during the cyclic loading. In contrast, 

the hinged foundation led to settlements of an order of magnitude less than the fixed foundation 

for the same number of cycles at similar load magnitudes. This is an important finding as it 

illustrates that system compliance, if tolerable, can lead to significantly reduced settlements. 
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Chapter 1. Introduction       

1.1. Offshore hydrocarbon development 

Offshore oil and gas play an important role in world energy supply, accounting for around 30% 

of total oil and gas production in the world over the past 10 years (EIA 2016). Investment in 

offshore production amounts to billions of dollars per year, and more exploration activities are 

being focussed offshore. Western Australia is the leading Australian state in offshore oil and 

gas production and currently has $138.3 billion of resource projects and infrastructure, 

including $94.1 billion worth of projects under construction and a further $44.3 billion under 

consideration (Department of State Development, WA, 2015). 

To ensure the security of existing and future billion-dollar offshore infrastructure, more 

investigation on offshore engineering techniques are required for stable long-term operation 

and serviceability. Design of offshore shallow foundation systems (Figure 1-1), the support for 

most subsea infrastructure including pipeline end manifolds, pipeline end terminations and in-

line structures, requires development to overcome offshore engineering challenges. 

Figure 1-1. Offshore shallow foundation systems (Oil States Industries, 2009). 
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1.2. Offshore carbonate deposits 

Carbonate deposits are accumulations of biogenic material from the ocean, mostly the remains 

of marine plants and animals such as coralline algae, foraminifera and echinoderms (Randolph 

and Gourvenec, 2011). Carbonate seabed conditions are prevalent on the North West Shelf in 

Western Australia and elsewhere throughout the tropics, and present unique challenges to 

foundation design because of their unusual and varied geotechnical characteristics. Research 

has shown that friction angles of carbonate sands can decrease under high stress (Golightly and 

Hyde 1988), that particle breakage or crushing results in changes of soil parameters (Coop 

1990) and higher angularity of particles compared to siliceous sands can lead to higher 

maximum and minimum index density (Youd 1973).  

The particular challenges of carbonate sediments are the high spatial variability, horizontally 

as well as vertically, high compressibility, and susceptibility to volumetric compression under 

cyclic loading (Randolph & Erbrich 1999). Foundation problems associated with carbonate 

soil deposits have led to significant research focused on understanding the behaviour of these 

soils and how they differ from soils of silica origin (Sharma 2006). The significant difference 

of foundation response on silica and carbonate sands and between different carbonate sands 

can be seen from previous physical modelling tests summarised by Yamamoto (2006), which 

showed that load-displacement curves are widely spread (Figure 1-2). 

Figure 1-2. Bearing response of silica and carbonate sands (after Yamamoto, 2006). 
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1.3. Prediction of shallow foundation response 

Classical soil models developed for prediction of shallow foundation load-displacement 

response on sand, such as Mohr-Coulomb (Terzaghi 1943, Meyerhof 1953 and Hansen 1970) 

have been augmented with a library of constitutive models to capture more advanced 

geotechnical response, e.g. MIT-S1 model (Pestana, 1994), SU Model (Islam, 1999) and 

Asaoka model (Asaoka et al., 2000). However, Mohr-Coulomb is still widely used and many 

design standards are still based on this method. It is also well known that the Mohr-Coulomb 

model has limitations (Schofield 1998, Yamamoto 2006). By comparison, other models are 

more complicated, although can capture aspects of soil response more accurately for certain 

soils, leading to better estimation of the load-settlement foundation response. 

A shallow foundation load-settlement prediction competition carried out at an onshore sandy 

site (Lehane et al. 2008), showed highly scattered predictions and low levels of accuracy by 

practitioners and academics (Figure 1-3). A set of in situ and laboratory test data of the sand 

were provided to predictors to allow free selection of prediction methods. According to the 

review of submitted predictions, the CPT-based Schmertmann approach (1971) is the most 

preferred method, and other prediction methods were rarely used by predictors. However, the 

prediction results using the Schmertmann approach had a notably wide range due to the 

subjective determination of the 𝐸/𝑞𝑐  ratio required by this method. It is believed that the

inadequacy of the predictive approaches in conjunction with the determination of input for the 

approaches were the main reason for the poor predictive performance. Thus, a better 

understanding of foundation response and soil behaviour is needed to achieve better predictive 

capability even under uniaxial vertical loading. 

Figure 1-3. Results of shallow foundation settlement prediction competition (after Lehane et al., 2018). 
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Offshore foundations are subjected to multi-directional loading from self-weight in conjunction 

with horizontal loading from environmental, installation or operational actions that are 

typically cyclic in nature.   

For subsea operating systems such as pipeline end manifolds (PLEM) and pipeline end 

terminals (PLET), foundation settlement after long term cyclic loading is a key consideration 

to ensure connections between pipelines, jumpers and the subsea unit are not overstressed. . 

Different structures may experience different load combinations (Figure 1-4). Thermally 

induced pipeline extension or contraction will generate cyclic horizontal load or moment load 

depending on the structure design (Carr et al. 2006, Bruton et al. 2008) and seabed currents 

can also generate cyclic horizontal loads to subsea foundations.  

Figure 1-4. Loadings and displacements of shallow foundations with different structure design. 

1.4. Research aims 

The overarching aim of this project was to investigate shallow foundation response under 

different loading conditions in silica and carbonate sands. This was achieved through precise 

and logical physical modelling. The research outcomes are of significant interest to subsea 

foundation design. The overarching aim of the project has been achieved through three specific 

activities: 

Activity 1: Develop and validate new testing apparatus and system for recording and 

measuring soil displacements at different scales, and for in situ soil characterisation of 

strength and stiffness in the centrifuge environment. 

Activity 2: Plan and conduct physical modelling tests of a shallow foundation in silica 

and carbonate soils considering foundation shape, sand type and nature of loading. 
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Activity 3: Analyse the foundation response and soil behaviour in physical modelling 

tests, estimate the impact of key parameters on foundation performance and provide 

guidance relevant to foundation design. 

Each of the three activities were achieved making use of three key strengths and areas of 

expertise at Centre for Offshore Foundation Systems at University of Western Australia: 1) 

The National Geotechnical Centrifuge Facility (NGCF), 2) The Geotechnical Testing 

Laboratory and 3) Large geotechnical research data base (Figure 1-5). 

Figure 1-5. Flowchart of research activities and related detailed research projects. 

1.5. Overview of research projects 

1.5.1. Testing apparatus and technique for Activity 1 

This project involved a comprehensive programme of physical modelling tests in the 1.8 m 

radius geotechnical beam centrifuge at the Centre for Offshore Foundation systems (Randolph 

et al. 1990). Foundation model tests, pressuremeter tests (PMT) and cone penetrometer tests 

(CPT) were carried out in the beam centrifuge. Basic laboratory tests were conducted for soil 

•Develop a multi-scale image analysis system for

foundation model test recording and measurements;

•Develop a miniature pressuremeter suitable for in-

situ soil characterisation tests.

Activity 1

•Determine foundation types: strip foundation and

rectangular foundation;

•Determine sand types: three natural carbonate sands

and one manufactured silica sand;

•Determine load combinations: 1) pure vertical load,

2) vertical load + horizontal load; 3) vertical load +

horizontal load + moment load.

Activity 2

•Analyse foundation reponse: 1) monotonic load

displacement response, 2) cyclic loading response.

•Analyse soil response: 1) deformation mechanism,

2) displacement and strain behaviour, 3) silica and

carbonate sand differences.

Activity 3
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characterisations, such as particle size distribution (PSD) and index density tests. Scanning 

electron microscopy was carried out to compare the particle constituents and particle shape of 

different sand samples. 

The physical modelling tests included full foundation model tests and half foundation model 

tests (Figure 1-6). The full foundation model was tested in a centrifuge strongbox (650 × 390 

× 325 mm), while the half foundation test was carried out in a PIV strongbox (330 × 230 × 300 

mm) set within the centrifuge strongbox. A synchronised multi-scale image analysis system 

was developed and calibrated as a part of half foundation model test program to capture and 

measure soil displacement during the foundation tests (Figure 1-6)). 

A miniature pressuremeter developed at UWA (Johnston et al. 2013) was modified for in-situ 

soil characterisation during centrifuge tests, and used in conjunction with a miniature cone 

penetrometer (Stewart & Randolph 1991) to measure the soil stiffness and strength in flight 

(Figure 1-6(a)). 

 

 

Figure 1-6. Centrifuge testing set up: a) full model tests, b) half model PIV/DIC tests (after Teng et al. 

2018). 
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1.5.2. Physical modelling and soil characterisation for Activity 2 

For this study, two types of shallow foundation geometry, strip and rectangular, were 

investigated. The mechanism of a rectangular foundation is comparable to that of a strip 

foundation (Meyerhof 1974), which can be simplified into a 2-D boundary value problem. 

Modelling tests of a strip foundation were conducted first, followed by rectangular foundation 

tests. Three different loading conditions were chosen, including monotonic vertical loading, 

horizontal cyclic loading and coupled cyclic horizontal and moment loadings (Figure 1-7). 

 

Figure 1-7. Load combinations of foundation tests: a) vertical load, b) vertical load + horizontal load, c) 

vertical load + horizontal load + moment load. 

1.5.3. Foundation response and soil behaviour analysis for Activity 3 

The foundation load-displacement responses were analysed and compared with CPT and PMT 

results in different sands to find potential correlations (Figure 1-8). The new multi-scale image 

analysis technique provided insights into the soil deformation mechanisms to help understand 

the soil response and foundation-soil interactions. Two cameras were used in the new system: 

a master camera recorded full testing sections and a slave camera focused on a smaller region 

of interests with higher resolution, which allowed the soil behaviour to be measured with high 

precision at both displacement and strain level (Figure 1-9). A new algorithm developed by 

Stanier et al. (2015) further improved the system capacity by at least an order of magnitude 

compared to previous versions (White & Bolton 2004). 
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Figure 1-8. Schematic of different tests: a) Foundation load-displacement response, b) CPT load-

penetration response, c) PMT stress-strain response. 

 

 

Figure 1-9. Field of views of multi-scale image capture system: 

1.6. Thesis outline 

The body of the thesis is presented as a collection of published papers or papers submitted for 

publication in accordance with The University of Western Australia’s regulations regarding 

higher degrees by research. Each of the papers are presented in separate chapters and contribute 

to the achievement of the overarching aims of this research. The outline of the following 

chapters is summarised below. 

Chapter 2 details new apparatus and techniques for performing synchronised multi-scale 

PIV/DIC soil deformation measurements. Based on previous geotechnical PIV/DIC technique, 

the new system inherited the advantages of its predecessor and achieves much higher 

measurement precision at the target region of interest, without significant increase in the 
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amount of time and resources needed. The new system has been developed, calibrated and 

validated through a set of centrifuge testing. Standard operating procedure as well as quality 

optimization are introduced in detail. 

Chapter 3 presents the trials of a miniature pre-buried pressuremeter, developed to measure in-

situ soil stiffness and strength, in the centrifuge environment, which can provide useful 

information for soil behaviour prediction. The pre-buried type of pressuremeter has benefits in 

reducing sample disturbance over penetration or boring–style devices. Details of the 

pressuremeter test, including testing configuration, standard operating procedure and 

recommended result interpretation methods are introduced. Methods to control the quality of 

the pressuremeter tests are also presented. 

Chapter 4 introduces the first set of centrifuge tests, which compared the response of a plane 

strain foundation under vertical load on silica sand and carbonate sands. The strip foundation 

was vertically displaced into the soil, and progressive soil deformation behaviour was measured 

using traditional ‘macro’ PIV/DIC image analysis. Different load-settlement responses and 

different deformation mechanisms were found between the silica sand and carbonate sands. 

Discrepancies of results comparing foundation load-settlement and cone penetrometer 

resistance also showed that focus should be given to mechanisms in different sands. Particle 

shape effects are considered to explain the observations.  

Chapter 5 introduces physical modelling tests of a rectangular foundation under vertical load 

on silica sand and carbonate sands. The smaller size of the rectangular foundation compared to 

the strip foundation allowed larger displacement to be achieved for the limiting load cell 

capacity. Thus, foundation load displacement and soil kinematic mechanisms in silica and 

carbonate sands at small displacement and relatively large displacement were captured and 

compared at both macro and micro scale. The impact of crushability of carbonate sand was 

estimated by comparing behaviour with an uncrushable sand with similar particle size 

distribution and particle shape. 

Chapter 6 compares the foundation response of a rectangular foundation under horizontal 

cyclic loading on silica and carbonate sands. Two types of foundation model were considered, 

with a fixed and hinged arm to enable moment load to be shed or transferred to the soil. 

Different foundation performance and soil behaviour resulted from different loading 

combinations and the different sands. The impact of foundation roughness was also 
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investigated and particle shape effects in this set tests was compared with findings from 

previous investigations presented in Chapter 4 and Chapter 5. 

Chapter 7 encapsulates the main findings and sets out potential future themes of this research. 
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Chapter 2. Synchronised multi-scale image analysis of soil 

deformations                                                                

2.1. Abstract 

New apparatus and techniques for performing synchronised multi-scale particle image 

velocimetry or digital image correlation (PIV/DIC) soil deformation measurements have been 

developed. A central camera records a full field of view (FoV) of the model capturing the 

‘macro’ deformation mechanism and the boundaries of the model. Simultaneously, an adjacent 

slave camera records a subset of the full FoV capturing the ‘micro’ soil response in a region of 

special interest, such as under the corner of footing. The ‘micro’ FoV images have higher 

resolution in terms of particle/pixel size ratio (d/p), resulting in the ability to measure localised 

deformations that are invisible to lower resolution images. Recommendations are made with 

respect to appropriate subset size and spacing for high resolution images. A photogrammetric 

correction process requiring a small number of static control points is proposed and the 

performance is validated against a conventional photogrammetric calibration utilising a large 

array of static control points. Lastly, results from a validation experiment are presented 

comparing the PIV/DIC output from the ‘macro’ and ‘micro’ FoV, illustrating that: (a) the 

photogrammetric correction method proposed is robust and (b) that there has been an 

improvement in spatial resolution of the strain measurements that can be obtained through the 

‘micro’ FoV camera. 

2.2. Notation 

B footing width 

𝐶𝐶𝑧𝑛𝑐𝑐 zero normalised cross-correlation coefficient 

𝐶𝐶𝑧𝑛𝑐𝑐−𝑚𝑖𝑛−𝑡𝑜𝑙 full-field correlation coefficient tolerance 

𝐶𝐶𝑧𝑛𝑐𝑐−𝑠𝑒𝑒𝑑−𝑡𝑜𝑙 seed correlation coefficient tolerance 

c initial coordinates of the subset 

𝑐′ final coordinates of the subset 

𝐷𝑠 width of a pixel on the camera sensor in object space units 

𝐷𝑥 width of a pixel on the camera sensor in object space units 
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𝐷𝑦 height of a pixel on the camera sensor in object space units 

d particle diameter 

𝑑50 median particle diameter 

E initial strain element centroid 

𝐸′ final strain element centroid 

f camera focal length 

𝑘1 radial lens distortion parameter 

𝑘2 radial lens distortion parameter 

L gauge length 

M40 40-pixel diameter subset in ‘macro’ view 

𝑚𝑎𝑥𝑖𝑡𝑒𝑟 maximum number of iterations per subset 

p pixel 

𝑝1 tangential lens distortion parameter 

𝑝2 tangential lens distortion parameter 

r radius 

s subset spacing 

𝑡𝑥 translation magnitude 

𝑡𝑦 translation magnitude 

𝑡𝑧 translation magnitude 

u horizontal displacement in image space 

v vertical displacement in image space 

X horizontal position in object space units 

x horizontal position in image space 

𝑥0 horizontal position of the principal point of camera in image space 

�̃� horizontal position in camera sensor space w. central origin 

Y vertical position in object space units 

y vertical position in image space 

𝑦0 vertical position of the principal point of camera in image space 

�̃� vertical position in camera sensor space w. central origin 

𝛼 pixel non-squareness ratio 

|Δ𝑝|𝑚𝑎𝑥 maximum norm of the shape function difference vector 

𝛿�̃�:𝑟 horizontal error due to radial lens distortion 

𝛿�̃�:𝑡 horizontal error due to tangential lens distortion 
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𝛿�̃�:𝑟 vertical error due to radial lens distortion 

𝛿�̃�:𝑡 vertical error due to tangential lens distortion 

𝜅 Euler rotation angle between the N axis and the X axis 

𝜇 coordinate scale factor 

𝜇70 70-pixel diameter subset in ‘micro’ view 

𝜇180 180-pixel diameter subset in ‘micro’ view 

𝜎𝐼𝑠
 standard deviation of subset pixel intensities 

𝜙 Euler rotation angle between the 𝑍′ axis and the Z axis 

𝜔 Euler rotation angle between the 𝑋′ axis and the N axis 

2.3. Introduction 

This paper presents a new synchronised multi-scale image analysis apparatus for observing soil 

deformations in a geotechnical centrifuge using particle image velocimetry (PIV – also known 

as digital image correlation or DIC). The system is an extension of that described by Stanier 

and White (2013), which used a small form factor machine vision camera and bespoke software 

to provide in-flight live view of the images captured at rates of up to 15 frames/s. An additional 

camera was added to this system to enable synchronised images of two fields of view (FoV) to 

be captured simultaneously: one of the whole domain or the so-called ‘macro’ FoV and the 

other focusing on a smaller specific region of interest (RoI), the so called ‘micro’ FoV. The 

‘micro’ view images are of significantly higher resolution in terms of particle/pixel size ratio 

(d/p) allowing localised deformations to be measured that are invisible to lower resolution 

images. Visualising soil behaviour at the ‘micro’ scale, as well as at the ‘macro’ scale, to identify 

macroscopic failure mechanisms, provides much stronger experimental support for 

geotechnical analysis, and in particular the development of complex constitutive or discrete 

element models. 

2.4. Background 

PIV techniques (Adrian, 1991; Westerweel, 1997) and DIC techniques (Sutton et al., 1983, 

2000) have been widely used for measuring deformation fields in physical modelling tests. 

Over the past 15 years, PIV/DIC techniques have been developed specifically for geotechnical 

applications (e.g. Hall, 2012; Iskander, 2010; Omidvar et al., 2014; Rechenmacher and Finno, 
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2004; Stanier et al., 2015; Take, 2015; White et al., 2001, 2003). These techniques have been 

used to observe the macro failure mechanisms of many different geostructures, including, for 

example: pipelines (Dingle et al., 2008), shallow foundations (Mana et al., 2012), jack-up 

foundations during punch through (Hu et al., 2014), fault rupture propagation in slopes 

(Anastasopoulos et al., 2007), slope failure due to seasonal wetting and drying (Take and 

Bolton, 2011), settlements due to tunnelling in sand (Marshall et al., 2012) and helical screw 

piles (Stanier et al., 2013). All of the above examples include PIV/DIC-facilitated observations 

of the macro response of the soil around the geostructures, in some cases with comparison to 

numerical and/or simple analytical models approximating the mechanisms. 

In modern PIV/DIC algorithms (e.g. Blaber et al., 2015; Pan et al., 2010; Stanier et al., 2015), 

displacements are generally obtained by: 

(a) discretising the region of interest (RoI) within a ‘reference’ image with a mesh of subsets 

at a regular spacing interval, then: 

(b) For each subset: 

(i) calculating a measure of cross-correlation (e.g. normalised cross-correlation (NCC); 

Lewis, 1995) between the ‘reference’ image and all integer pixel locations within the 

RoI in the ‘target’ image. 

(ii) obtaining an initial estimate of the displacement of the subset (u, v) by locating the peak 

in the cross-correlation map. 

(iii) refining the displacements (u, v) to subpixel resolution using a subset shape function 

to describe the deformation within the subset, achieved by finding optimal values for 

the subset shape function parameters using an iterative technique (e.g. the inverse-

compositional Gauss–Newton (IC-GN) method; Pan et al., 2010) and image intensity 

interpolation (e.g. bi-quintic b-spline; Cheng et al., 2002). A first-order subset shape 

function with deformation parameters describing the displacements (u, v) and the 

displacement gradients (𝜕𝑢/𝜕𝑥, 𝜕𝑣/𝜕𝑦, 𝜕𝑢/𝜕𝑦 and 𝜕𝑣/𝜕𝑥) (Stanier et al., 2015) is 

applied. 

The above measurement process relies on the assumption that the fraction of FoV within the 

subset deforms continuously and that the order of that deformation is matched by the order of 
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the subset shape function (Stanier et al., 2016). In many experimental mechanics applications 

of PIV/DIC – such as inferring material properties from full-field displacements (Avril et al., 

2008) – the deformations observed are typically small and strain localisations tend not to occur 

except perhaps at the very end of a test. However, in geotechnical models displacements, 

rotations and deformations are often significantly larger – especially close to the geostructure 

– making an accurate measurement of soil displacements more onerous (Figure 2-1). There is 

also the potential for localisation of deformations within the body of soil, resulting in high 

gradients of deformation, at all stages of the experiment. 

 

Figure 2-1. Schematic diagram of a typical geotechnical model test incorporating PIV/DIC 

measurements illustrating the range of subset displacements, rotations and deformation experienced 

across the FoV of the digital camera. 

For granular materials, such as sand, the size of these localisations has been estimated to be of 

the order of ~ 10𝑑50 (Muir Wood, 2012). It has been established that the images used in the 

PIV/DIC analysis of granular deformation must have image resolution in terms of the 

particle/pixel size ratio (d/p) of > 4 to avoid bias errors and peak locking (Stanier et al., 2016). 
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This makes the approximate size of a potential localisation in granular materials ~ 40 pixels 

for images with moderate resolution (d/p≈4), which is typical of the size of subsets generally 

used in geotechnical PIV/DIC analyses. In this scenario, many subsets are likely to straddle 

any localisation features that occur, leading to the subset shape function becoming 

‘undermatched’, that is, unable to approximate the deformation within the subset resulting in 

rapid decorrelation and bias errors (or drift) in displacement measurements (Schreier and 

Sutton, 2002). Much higher resolution images (i.e. d/p ≫ 4) are likely to be required to measure 

the deformation occurring within the localisations that occur in granular assemblies. 

This paper first describes the hardware and software required to obtain synchronous multi-scale 

PIV/DIC measurements at moderate and high resolution (d/p=4 and 18, respectively). 

Guidance is then provided on appropriate choices for subset size and spacing with key pitfalls 

of choosing inappropriate analysis parameters highlighted through examples. A modified 

photogrammetric correction process to convert the image space (pixel) measurements to model 

units (mm) – requiring only a small number of static control points – is then proposed and 

validated. Lastly, experimental data is used to demonstrate the improved resolution of strain 

field that can be observed using the synchronous multi-scale apparatus. 

2.5. Apparatus 

2.5.1. Hardware 

The new synchronised multi-scale image capture system requires minimal additional hardware 

compared with conventional geotechnical PIV/DIC, requiring only a second camera and 

control unit that can synchronously trigger both cameras. The multi-scale system hardware is 

shown in Figure 2-2. It is a further development on the system described by Stanier and White 

(2013) and comprises the following components. 

 Centrifuge strongbox – housing the cameras, lighting and soil sample within the PIV 

strongbox. 

 PIV/DIC strongbox – a strongbox that fits within the main centrifuge strongbox that 

contains the soil sample. A transparent acrylic window is provided to expose a plane of the 

soil sample allowing digital images to be captured. Arrays of control markers are pre-
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installed within the window to provide control points with known model space locations 

for photogrammetric correction of measurements. 

 Cameras – two 5-megapixel cameras (Allied Vision Technologies Prosilica GC2450C) 

with charge-coupled device (CCD) sensors and Gigabit Ethernet connectivity. These 

cameras have a maximum frame rate of 15 frames/s at full resolution. The master camera 

(viewing the whole, i.e. ‘macro’ FoV) has an 8 mm lens positioned at the centre of the 

experimental set-up. The slave camera (viewing a subset of the model, the ‘micro’ FoV) 

has a 43 mm lens and is positioned adjacent to the master camera. The 8 and 43 mm focal 

lengths were appropriate for the centrifuge PIV strongbox set-up used in the beam 

centrifuge at the University of Western Australia (UWA). Different focal lengths may be 

required for other experimental set-ups. 

  

Figure 2-2. Synchronous multi-scale PIV/DIC apparatus developed for the UWA beam centrifuge 

 Power supply – an in-house 60 V electric power supply is used to support the operation of 

the cameras and light-emitting diode (LED) panels (not shown in Figure 2-2 but typically 

attached to the swing arm of the centrifuge). 

 Control units – two control units control the activities of the two cameras. Each unit is 

connected to a camera and controls the exposure time and frame capture rate. The two 

control units are connected using an additional cable so that triggering of the two cameras 

is synchronous, with the ‘slave’ camera duplicating the activity of the ‘master’ camera. The 
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controllers also incorporate an LED control unit (Gardasoft RT220) with a local area 

network (LAN) interface allowing a transmission control protocol/internet protocol 

(TCP/IP) link to control the brightness of LED panels independently (Stanier and White, 

2013). 

 Lighting – a pair of LED panels (CCS Industries Ltd, model number LDL2-266X30SW-

WD) are positioned near the top of the centrifuge strongbox. Light intensity and lighting 

position can be adjusted to achieve bright and even lighting on the whole FoV using the 

aforementioned control units. 

2.5.2. Software 

The multi-scale PIV/DIC system is controlled by an extension of the software described by 

Stanier and White (2013). Specifically, the software consists of two packages, written and 

compiled in the National Instruments LabVIEW environment. 

 DigiCAM – In-house image capturing software. Controls exposure times and frame capture 

rate while providing live video of the camera view. The two cameras are controlled by 

duplicate interfaces. One instance of the software runs in master mode and controls the 

‘macro’ view camera, while a second runs in slave mode, assimilating the various settings 

directly from the master camera. 

 DigiLED – Software to control the light intensity of each of the LED panels to generate 

even illumination of the model. 

Post-processing of the images captured using the two cameras was conducted using the 

following MATLAB software. 

 GeoPIV-RG (available for free download at http://www.geopivrg.com) – PIV/DIC image 

analysis software incorporating a first-order subset shape function, bi-quintic b-spline 

image intensity interpolation and IC-GN subset deformation parameter optimisation. This 

algorithm provides at least an order of magnitude improvement in measurement precision 

compared with the PIV/DIC approaches most commonly used in geotechnical applications 

(Stanier et al., 2015). 

 GeoCALIBRATE_RG_micro – A modified camera calibration script developed to convert 

pixel measurements derived from images recorded by the slave (‘micro’ view) camera to 
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model scale units (e.g. mm). Conventional camera calibration techniques (White et al., 

2003) are not applicable for the slave camera due to the very few control points being 

visible in the images recorded, as discussed in detail later in this paper. This newly 

developed subroutine is available to the geotechnical research community for free 

download at http://www.geopivrg.com. 

2.6. Effect of system on image texture 

To demonstrate the impact of the higher resolution ‘micro’ view on the subset texture quality, 

a physical model test involving vertical penetration of a 50 mm width (B), 220 mm length (L), 

10 mm thick strip foundation was performed on silica sand. The test was performed in the beam 

centrifuge at UWA under acceleration at the sample surface of 50g. The experimental set-up is 

shown in Figure 2-2. The ‘macro’ view camera captures images of a FoV of ~350×300 mm 

while the ‘micro’ view camera captures images of a FoV of ~80×60 mm. The 5 megapixels 

(2448×2050 pixels) yield images with pixel density per object unit area of 1045.5 and 47.8 

p/mm² for the ‘micro’ and ‘macro’ view images, respectively – that is, a factor of ~20 difference 

in resolution. 

The soil sample within the strongbox consisted of ~180 mm depth of UWA medium-coarse 

silica sand (𝑑50 of 510 μm). The combination of the 𝑑50 of the sand and the FoV of the ‘macro’ 

and ‘micro’ view cameras yield 𝑑50/𝑝 ratios of ~4 and ~18, respectively. This is sufficient to 

avoid significant ‘peaklocking’ errors and associated strain field bias errors in the ‘macro’ view 

images (Stanier et al., 2016). For the ‘micro’ FoV, assuming that potential deformation 

localisations are of the order of 10𝑑50 in size (Muir Wood, 2012), and that a subset 40 pixels 

in size contains sufficient information for accurate cross-correlation, the analysis subsets will 

be ~20% of the size of any localisation features. This potentially allows subsets to populate any 

localisation features without suffering from excessive decorrelation due to ‘under-matching’ 

of the subset shape function. 

The sand sample was dry pluviated to a relative density of 70%. Prior to pluviation, a fraction 

of the sand was dyed black and mixed uniformly with undyed sand to enhance the contrast 

between the neighbouring particles. Optimal contrast was achieved by following the procedure 

recommended by Stanier and White (2013) such that the artificial seeding ratio was ~0.5. 

Images were captured during ramp-up, penetration testing and ramp-down. During the 

experiment the footing was penetrated into the soil at a rate of 0.1 mm/s to a depth of 6.7 mm; 
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hence, in this instance the total penetration depth was smaller than the thickness of the 

foundation. In total, 336 images were captured during the footing penetration by each camera 

at a frequency of 5 Hz. 

2.6.1. Subset size and texture quality 

Figure 2-3 shows the difference in resolution for ‘macro’ and ‘micro’ view images for subsets 

of equivalent model space dimensions (40-pixel diameter in the ‘macro’ view and 180-pixel 

diameter in the ‘micro’ view) noting that circular subsets are utilised in GeoPIV-RG to reduce 

the potential for measurement bias emanating from subset shape function mismatch. A subset 

diameter of 40 pixels was chosen for the ‘macro’ view images, as the subset then contains ~100 

sand particles, which should provide sufficient information within each subset for accurate 

cross-correlation (Stanier et al., 2016). The two subsets, represented by red circles in Figure 

2-3Figure 2-3, capture the same surface area of the model in the same location. Individual sand 

particles can be clearly distinguished in the ‘micro’ view subset, while a similar detail is not 

discernible in the ‘macro’ view subset. 

 

Figure 2-3. Example images captured using the 'macro' (left hand side) and ‘micro’ (right hand side) 

FoVs with magnified view of example subsets to illustrate the difference in image resolution 
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To provide a comprehensive analysis of the impact of the ‘micro’ view on subset texture 

quality, two subset texture quality parameters have been calculated: (a) the standard deviation 

of subset pixel intensities (𝜎𝐼𝑠
) (Stanier and White, 2013) and (b) the sum of the square of subset 

intensity gradients (SSSIG) (Pan et al., 2008). The former is a simple measure of the contrast 

within the subset with values of 𝜎𝐼𝑠
 > 15 indicating adequate contrast (Stanier and White, 2013) 

while the latter is a measure of the distribution of the contrast with values of SSSIG > 105 

indicating adequate texture distribution (Pan et al., 2008). These measures have been calculated 

for a range of subsets of varying diameter but of the same object space locations (i.e. subset 

centroid location) for the ‘micro’ view at two locations. These measures are compared with 

those for 40-pixel diameter subsets at the same object space locations for the ‘macro’ view in 

Figure 2-4. Measures of subset quality for a range of subset diameters for the ‘micro’ FoV 

compared with 40-pixel diameter subset for the ‘macro’ view: (a) standard deviation of pixel 

intensities (𝜎𝐼𝑠
); and (b) SSSIG. Red lines mark the adequate subset texture quality thresholds 

referred to above. 

 

Figure 2-4. Measures of subset quality for a range of subset diameters for the ‘micro’ FoV compared 

with 40-pixel diameter subset for the ‘macro’ view: (a) standard deviation of pixel intensities (𝜎𝐼𝑠
); and 

(b) SSSIG. 

The 40-pixel diameter ‘macro’ view subsets satisfy both criteria at both the locations analysed. 

For the ‘micro’ view images, subset diameters > 70 pixels also satisfy the criteria at both the 

locations analysed. In general, an appropriately sized subset for image analysis of geotechnical 

problems should be one that is sufficiently large to contain adequate information for reliable 

cross-correlation, while also being small enough that the shape function adequately captures 

the deformation within the subset (Stanier et al., 2016). Therefore, a subset size of 70 pixels 
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was deemed optimal for the ‘micro’ view images as it is the smallest size subset for which there 

is adequate information within the signal for reliable cross-correlation. 

2.6.2. Subset size and correlation quality 

The zero-normalised cross-correlation coefficient (𝐶𝐶𝑧𝑛𝑐𝑐 ) is a robust measure of subset 

correlation quality that is invariant to global changes in illumination (Pan et al., 2010), with 

values of 0 and 1 intuitively indicating zero and perfect correlation, respectively. It is calculated 

as: 

 2-1 

where 𝐼𝑖𝑗
𝑟  and 𝐼𝑖𝑗

𝑡  are the pixel intensities for a given i, j coordinate in the ‘reference’ and ‘target’ 

images respectively. The mean pixel intensities for the ‘reference’ and ‘target’ images are 

calculated as: 

 2-2 

where 𝑛𝑠 is the number of pixels in the subset. 

The efficacy of PIV/DIC displacement measurement technique relies on the assumption that 

the deformation within the subset is continuous and of the same order as the shape function 

used to model the deformation within it, so that the measure of cross correlation defined in 

Equation 2-1 can remain close to unity. For granular materials such as sands, any discontinuous 

deformation (typically caused by particle rearrangement) occurring within a subset results in 

decorrelation (indicated by in a reduction in 𝐶𝐶𝑧𝑛𝑐𝑐) due to the subset shape function becoming 

‘under-matched’. If the decorrelation becomes excessive (i.e. 𝐶𝐶𝑧𝑛𝑐𝑐 falls below a user-defined 

tolerance, 𝐶𝐶𝑧𝑛𝑐𝑐−𝑡𝑜𝑙) the ‘reference’ image must be updated so as to regain adequate cross-

correlation quality. 

The zero normalised cross-correlation coefficient (𝐶𝐶𝑧𝑛𝑐𝑐 ) was calculated throughout the 

footing penetration test using GeoPIV-RG for subsets at locations A and B (see Figure 2-3) of 

40 pixel diameter (M40) in the ‘macro’ view and 180 and 70 pixel diameters (μ180 and μ70) 

in the ‘micro’ view. 𝐶𝐶𝑧𝑛𝑐𝑐−𝑡𝑜𝑙 was specified as 0.75, the maximum number of iterations of 
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the IC-GN optimisation of the deformation parameters for the subset shape function (𝑚𝑎𝑥𝑖𝑡𝑒𝑟) 

was set to 50 and the maximum difference of the norm of the shape function difference vector 

(|Δ𝑝|𝑚𝑎𝑥) was set to 1×10-5, following the recommendations in Stanier et al. (2015). 

Figure 2-5(a) and (d) indicate that the decorrelation of the M40 subsets at locations A and B 

was moderate and thus the ‘reference’ image did not require updating. However, Figure 2-5(b) 

and (e) show that the μ180 subset used in the analyses of the ‘micro’ view images suffered 

from significant decorrelation. The very sudden decorrelation prior to ‘reference’ image 

updating at locations A and B is indicative of the subset shape function becoming ‘under-

matched’. That these subsets are of equivalent object space size and utilise the same order 

subset shape function illustrates that the ‘micro’ view images must contain additional 

information about the deformations occurring within the subsets that is not captured in the 

lower resolution ‘macro’ view images. 

 

Figure 2-5. Decorrelation for subset locations A and B for: (a, d) 40-pixel ‘macro’ view subset (M40); 

(b, e) 180-pixel ‘micro’ view subset (μ180); and (c, f) 70-pixel ‘micro’ view subset (μ70) 

Figure 2-4 shows that the μ180 was potentially larger than necessary as the 𝜎𝐼𝑠
 and the SSSIG 

are both greater than the recommended quality thresholds (Pan et al., 2008; Stanier and White, 

2013; Stanier et al., 2016). Figure 2-5 (c) and (f) illustrate that smaller subsets (μ70) can be 

used to better analyse the ‘micro’ images, as the ‘reference’ image required updating less 

frequently due to the subset shape function being able to better match the deformations. The 
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correlation coefficients are generally lower for the smaller subset, as for a given d/p ratio, any 

particle rearrangement has a proportionally greater effect on the correlation coefficient. 

Nonetheless, despite the enhanced sensitivity to particle rearrangement, there is no evidence of 

‘under-matched’ subset shape function errors. On the basis of the above observations, the 

smallest subset with suitable subset quality measures (𝜎𝐼𝑠
 > 15 and SSSIG > 1×10-5 ) is 

recommended for the analysis of high-resolution images, so as to 

(a) minimise the potential for errors due to the subset shape function being ‘under-matched’ 

(the effect of under-matching on strain measurements is demonstrated later in this paper) 

(b) ensure that the subset is comfortably smaller than the size of any localisation feature 

anticipated to develop within the model (i.e. 𝐷𝑠 (mm) ≪ 10𝑑50). 

2.6.3. The effect of subset size and spacing on strain measurement 

Figure 2-6 is an illustration of how triplets of subsets (located initially at coordinates 𝑐1, 𝑐2 and 

𝑐3 and finally at 𝑐1
′ , 𝑐2

′  and 𝑐3
′ ), separated by element length L, are typically used to calculate 

measures of strain at the centroid of the triplet (located initially at E and finally at 𝐸′) using 

their displacements (𝑐1-𝑐1
′ , 𝑐2-𝑐2

′  and 𝑐3-𝑐3
′ ). To explore the effect that subset size and spacing 

has on strain measurements, triplets of subsets were placed in an equilateral triangle with 

centroids at locations A and B (Figure 2-3) and varying element length L. The trajectories of 

these triplets of subsets were then computed using GeoPIV-RG adopting the same analysis 

settings as previously, following which the shear ( 𝛾 ) and volumetric strains ( 휀𝑣 ) were 

calculated following White and Bolton (2004). 
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Figure 2-6. Schematic diagram of strain element geometry with centroid located at E and E’ 

comprising of a triangle of subsets with centroids located at 𝑐1, 𝑐2, 𝑐3, 𝑐1
′ , 𝑐2

′  and 𝑐3
′  

Figure 2-7(a) and (d), Figure 2-8(a) and (d) indicate that the element length L has only a minor 

effect on the measured shear and volumetric strains for the ‘macro’ view analysis (M40). This 

demonstrates that the measurements are unaffected by bias due to ‘peak locking’ (Stanier et 

al., 2016). Figure 2-7(b) and (e), Figure 2-8(b) and (e) show that the equivalently sized (in 

model space terms) ‘micro’ view analysis (μ180) is in general agreement with the ‘macro’ view 

analysis with respect to the magnitude of the strains measured, irrespective of the element 

length L. However, there is a clear drift in shear and volumetric strains at location B, which is 

caused by the subset shape function becoming ‘under-matched’ at approximately the same 

strain magnitudes for all L. Figure 2-7(c) and (f), Figure 2-8(c) and (f) show that reducing the 

subset size to 70 pixels in the ‘micro’ view (μ70) results in very similar shear strain 

measurements as for the larger subset (μ180). However, the volumetric strains – particularly at 

location A – vary significantly with element length L, indicating that the use of smaller subsets 

and closer spacing (leading to increased measurement density) leads to the measurement of 

dilation that is masked in the ‘macro’ view images due to their lower resolution (in terms of 

d/p ratio), and in the ‘micro’ view analysis utilising the large subset (μ180) due to the subset 

shape function becoming ‘undermatched’. 
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Figure 2-7. Shear strain (𝛾) measured using triangular elements of varying element length L at 

locations A and B for: (a, d) 40-pixel diameter subset in ‘macro’ view (M40); (b, e) 180-pixel diameter 

subset in ‘micro’ view (μ180); and (c, f) 70-pixel diameter subset in ‘micro’ view (μ70). 

 

Figure 2-8. Volumetric strain (휀𝑐) measured using triangular elements of varying element length L at 

locations A and B for: (a, d) 40-pixel diameter subset in ‘macro’ view (M40); (b, e) 180-pixel diameter 

subset in ‘micro’ view (μ180); and (c, f) 70-pixel diameter subset in ‘micro’ view (μ70). 
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Figure 2-9(a) shows the shear strain drift for the large subset (μ180) used to compute the shear 

strain for an element at location B, where L was 160 pixels. The calculated displacement of 

subset number 2 drifts erroneously immediately prior to the ‘reference’ image being updated 

(Figure 2-9(c) and (d)), which is a result of the subset shape function becoming ‘under-

matched’ as indicated by the corresponding rapid fall in 𝐶𝐶𝑧𝑛𝑐𝑐 (Figure 2-9(b)). Therefore, it 

is important to use the smallest subset size exhibiting adequate image texture quality (𝜎𝐼𝑠
 > 15 

and SSSIG > 1×10-5) to reduce the potential for the subset shape function becoming ‘under-

matched’ and to explore carefully the effect of subset spacing on the resulting analysis to 

minimise the potential of bias errors polluting the strain measurements. 

 

 

Figure 2-9. Effect of subset shape function mismatch on strain computations: (a) sudden shear strain 

drift caused by (b) sudden decorrelation due to subset shape function mismatch immediately prior to 

‘reference’ image updating, resulting in (c, d) erroneous displacement measurement drift, which 

pollutes the strain computations.  
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2.7. Photogrammetric correction 

2.7.1. Background 

It is generally preferable for model measurements made using digital images to be converted 

from image space units (pixels) to more meaningful object space units (e.g. mm). Digital 

imaging systems typically consist of a small planar sensor (or CCD) and a magnifying lens 

assembly. Images captured using such a sensor and magnifying lens assembly are generally 

polluted by systematic distortions referred to as radial and tangential distortions (Slama, 1980). 

If a subset moves across a significant proportion of the image width, these distortions can lead 

to significant measurement errors. In addition, differential movement of the camera and model 

during the experiment, such as that observed during centrifuge ramp-up by White et al. (2003), 

can lead to further measurement errors. Mathematical models for these distortions and 

movements have been developed to correct and scale the PIV/DIC displacement measurements 

in a process known as close-range photogrammetry (e.g. Heikkilä, 2000; Pan et al., 2013; 

Soloff et al., 1997; White et al., 2003). 

Close-range photogrammetry generally requires at least 12 static control points – of known 

image space (typically determined by centroiding) and object space location (measured or 

prescribed in manufacture) – distributed uniformly across the image, in order to solve the 

mathematical models for the lens distortions and camera-model movements (rotations and 

translations) simultaneously by minimising the difference between the modelled and known 

control point locations. Figure 2-3 shows that the apparatus described in this paper has adequate 

control points in the ‘macro’ FoV; however, only four control points are visible in the ‘micro’ 

FoV. Hence, to minimise the area of the soil sample obscured by static control points, the 

authors preferred not to machine additional static control points into the transparent window of 

the strongbox. Instead an alternative photogrammetric correction process has been developed 

and validated for the ‘micro’ FoV analysis. 

2.7.2. Methodology 

The photogrammetric correction method utilised in this paper is based on that described by 

White et al. (2003). It consists of a pinhole camera model (illustrated in Figure 2-10) to account 

for camera-model differential movement (rotations and translations) incorporating functions to 

correct for four sources of camera-lens-induced distortion including: the CCD-model non-
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parallelism, radial distortion, tangential distortion and pixel non-squareness. The equation used 

to derive object space coordinates (X, Y) from distortion-corrected image space coordinates 

(𝑥𝑐, 𝑦𝑐) is as follows: 

1 1 1
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where μ is a pixel coordinate scale factor and the matrices PR, PC and PP are rotation and 
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The distortion corrected image space coordinates (𝑥𝑐, 𝑦𝑐) are derived from the image space 

coordinates (x, y) as follows: 

   

x
c

y
c

é

ë

ê
ê

ù

û

ú
ú

=

x +d
x: r

+d
x: t( )

1

D
x

y +d
y: r

+d
y: t( ) 1

D
y

é

ë

ê
ê
ê
ê
ê

ù

û

ú
ú
ú
ú
ú

 2-8 

   

d
x: t

d
y: t

é

ë

ê
ê

ù

û

ú
ú

=
2 p

1
xy + p

2
r 2 + 2x2( )

p
1

r 2 + 2y2( )2 p
2
xy

é

ë

ê
ê
ê

ù

û

ú
ú
ú

 2-9 

   

d
x: r

d
y: r

é

ë

ê
ê

ù

û

ú
ú

=
x k

1
r 2 + k

2
r 4( )

y k
1
r 2 + k

2
r 4( )

é

ë

ê
ê
ê

ù

û

ú
ú
ú

 2-10 

   

x

y

é

ë
ê
ê

ù

û
ú
ú

=
x - x

0( ) D
x

y - y
0( ) D

y

é

ë

ê
ê

ù

û

ú
ú
 2-11 

   r = x2 + y2
 2-12 



Chapter 2. Synchronised multi-scale image analysis of soil deformations 

 

- 32 - 

 

 

Figure 2-10. Pinhole camera model for converting image space measurements (x, y) to object space 

measurements (X, Y) 

The coordinate scale factor μ in Equation 2-3 exists because there is no single solution for the 

transformation of two-dimensional (2D) image space coordinates to three dimensional object 

space coordinates; similar but scaled objects appear the same along the optical axis (White, 

2002). Therefore, since only measurements on a plane (against the transparent window of the 

strongbox) are required to be converted from 2D image space coordinates (x, y) to 2D object 

space coordinates (X, Y), the magnitude of μ is derived as a product of matrix multiplication 

and cancels through division. 

Therefore, the photogrammetric system has 14 remaining unknowns that must be optimised for 

each ‘reference’ and ‘target’ image pair. These parameters can be separated into two categories: 

 Camera calibration parameters determined by calibration of the imaging hardware: focal 

length (f); principal point (𝑥0, 𝑦0); radial lens distortion parameters (𝑘1, 𝑘2); tangential lens 

distortion parameters (𝑝1, 𝑝2); and CCD non-squareness ratio (α = 𝐷𝑦/𝐷𝑥, where 𝐷𝑥 and 

𝐷𝑦 are the dimensions of a pixel on the sensor in object space units). 
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 Rotation and translation parameters describing the relative position of the camera sensor 

and model plane: three Euler rotational angles (ω, φ, κ); three translation magnitudes         

(𝑡𝑥, 𝑡𝑦, 𝑡𝑧). 

Typically, all 14 unknowns are optimised simultaneously by minimising the error between the 

measured and known coordinates of the static control points. However, this direct one-step 

approach is not possible for the ‘micro’ FoV where only four static control points are visible. 

Instead, the authors propose to pre-calibrate the camera-lens calibration parameters, fixing 

eight of the 14 unknowns throughout the experiment. The displacement of the four control 

points is then used to determine the rotation and translation parameters through optimisation. 

This alternative process is summarised by the flowchart in Figure 2-11. The validity of the 

approach relies on the assumption that 

 the nature of the camera-lens-induced distortions does not change during the experiment 

(very unlikely for 1g tests but potentially problematic for centrifuge modelling where the 

lens assembly is subjected to higher stresses); 

 the rotation and translation parameters can be adequately optimised using displacements of 

only four static control points. 

The following validation will demonstrate that the above assumptions are reasonable even for 

centrifuge model tests. 

2.7.3. Pre-calibration 

The camera calibration parameters (f, 𝑥0 , 𝑦0 , 𝑘1 , 𝑘2 , 𝑝1 , 𝑝2  and α) were derived using six 

digital images of a black and white checkerboard that was located in place of the soil sample 

shown in Figure 2-2, as illustrated in Figure 2-12. Each of the images was captured from a 

slightly different aspect by inclining the checkerboard. The image space coordinates of each of 

the squares of the checkerboard (48 in total) were extracted using a corner extraction algorithm 

(Bouguet 2004), as shown for one of the six calibration images in Figure 2-12(b). The object 

space coordinates were specified when printing the checkerboard. These concurrent image and 

object space coordinates for the six images were then input into a camera calibration algorithm 

(Heikkilä and Silvén, 1997) to identify the camera calibration parameters and assumed to 

remain constant throughout the experiment. The camera parameters from the pre-calibration 

process are based on the equipment used and a similar revalidation should be carried out if a 
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different camera is used, although the principle of the pre-calibration approach is the same for 

any cameras. 

 

Figure 2-11. Flowchart detailing the steps involved in the proposed pre-calibrated photogrammetric 

correction process: (a) camera calibration; (b) rotation and translation parameter optimisation; and (c) 

measurement point processing. 
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Figure 2-12. Pre-calibration of the camera calibration parameters using a checkerboard in place of the 

soil sample and corner extraction: (a) ‘micro’ view of soil sample with four static control points circled; 

and (b) checkerboard used in place of soil sample during calibration with corners circled. 

2.7.4. Rotation and translation parameter optimisation 

The remaining six unknowns in the system of photogrammetric equations (three Euler 

rotational angles, ω, ϕ and κ; and three translation magnitudes, 𝑡𝑥, 𝑡𝑦 and 𝑡𝑧) were optimised 

for each ‘reference’ and ‘target’ image pair using the Levenberg–Marquardt least-square fitting 

algorithm (Moré, 1978) as summarised in the flowchart in Figure 2-11. The optimisation of the 

six unknowns was conducted in two steps. 

 First, since the camera was aligned with the model so that the sensor was parallel with the 

model plane, and the relative rotation of the camera and model was expected to be small, 

the rotation angles, ω, ϕ and κ, were assumed to be zero so as to obtain initial estimates of 

the translation magnitudes, 𝑡𝑥, 𝑡𝑦 and 𝑡𝑧 that are close to the optimal solution; 

 Second, all six unknowns are refined using the initial estimates for 𝑡𝑥 , 𝑡𝑦  and 𝑡𝑧  to 

precondition the system of equations. 

This preconditioning process leads to faster and more reliable optimisation of the six image–

object space transformation parameters. In cases where the camera sensor is non-parallel with 

the model plane, as might be apparent in some experimental set-ups where the camera cannot 

be aligned to view the model plane head on, estimates of the initial angles could be used to 
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precondition the system of photogrammetric equations in lieu of the null values the authors 

have assumed. 

2.7.5. Validation 

To validate the above approach, images captured during centrifuge ramp-up by the ‘macro’ 

view camera, in which 30 static control points were visible, were used to compare the 

conventional photogrammetric correction process of White et al. (2003) with the proposed pre-

calibrated approach. Groups of four control points with varying spacing and position were 

identified in the ‘macro’ view images, with the control points with the largest spacing in the 

‘macro’ FoV being in broadly the same image space location as the four control points visible 

in the ‘micro’ FoV, as illustrated in Figure 2-13(a). The measured (by way of centroiding) 

image and known object space (measured) coordinates of these groups of four control points 

were then used in the rotation and translation parameter optimisation process to determine the 

six remaining unknowns (ω, ϕ, κ, 𝑡𝑥, 𝑡𝑦 and 𝑡𝑧), from which the coordinates of the remaining 

26 static control points were predicted. The standard deviation of the positional errors (the 

difference between known and predicted locations) was then calculated throughout the image 

series for each grouping, as shown in Figure 2-13(b), plotted against centrifuge acceleration. 

These results lead to the following conclusions: 

 The pre-calibrated approach is only slightly less precise than the conventional approach 

(which has six times the input data available for use in the camera calibration parameter 

optimisation process). 

 The precision of the pre-calibrated approach is stable throughout the experiment for control 

point spacing similar to that used in the ‘micro’ view set-up. This indicates that the 

assumption that the camera-lens distortion parameters can be assumed to remain constant 

– even during a centrifuge test – is reasonable. 

 The closer the four control points are to each other, the higher the precision degradation. 

Therefore, where only a small number of control points are visible, images should be 

captured such that the control points are in the periphery of the FoV. 

The modest reduction in precision (in image space terms) between the conventional approach 

and the proposed precalibrated approach is insignificant compared with the gains in 

measurement resolution that are realised by the use of the ‘micro’ view camera, as 
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demonstrated in the example below. The four-fold reduction in FoV results in object space 

positional precision in the ‘micro’ view images that is actually better than that in the ‘macro’ 

view, for the control point locations adopted in the authors’ apparatus. 

 

Figure 2-13. Pre-calibrated photogrammetric correction validation: (a) location of sets of four control 

points in the ‘macro’ view images used in the validation process compared with the locations of those 

available in the analysis of the ‘micro’ view images; and (b) precision of the proposed pre-calibrated 

photogrammetric correction process compared with the conventional approach during centrifuge 

ramp-up 

2.8. Example strain field measurements 

The spatial shear and volumetric strain fields generated during the first 0.01B of footing 

settlement are plotted in Figure 2-14 and Figure 2-15, respectively, for both image scales 

(‘macro’ and ‘micro’) and a variety of subset sizes and spacings. For all these analyses, the 

seed correlation coefficient tolerance (𝐶𝐶𝑧𝑛𝑐𝑐−𝑠𝑒𝑒𝑑−𝑡𝑜𝑙; Stanier et al., 2015) was set as 0.9 while 

all other analysis parameters were as defined earlier. 

Figure 2-14(a) and Figure 2-15(a) show the full shear and volumetric strain fields observed by 

the ‘macro’ view camera, analysed using a 40-pixel diameter subset (M40; 𝐷𝑠 = 40p) with 20-

pixel regular grid spacing (s = 20p). Figure 2-14(b) and Figure 2-15(b) show a zoomed region 

of the same ‘macro’ FoV analysis that is equivalent to the region of the model viewed by the 

‘micro’ FoV. Figure 2-14(c) and Figure 2-15(c) present the results of an analysis of the ‘micro’ 
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FoV images using 180-pixel diameter subsets (μ180; 𝐷𝑠=180p) at approximately the same 

object space spacing as the ‘macro’ view analysis (s = 80p). Comparing Figure 2-14(b) and (c) 

as well as Figure 2-15(b) and (c) show that the ‘macro’ and ‘micro’ FoV analyses with 

equivalent object space subset size and spacing result in very similar strain fields. However, 

the ‘reference’ image had to be updated more regularly for the ‘micro’ FoV analysis due to the 

periodic rapid decorrelation caused by the subset shape function becoming ‘under-matched’. 

This indicates that the higher resolution (d/p ≈ 18) ‘micro’ view camera is capturing details 

of the deformation processes that are not captured by the comparatively lower resolution (d/p 

≈ 4) ‘macro’ view images and that the large subset size precludes their measurement. 

Figure 2-14(d) and Figure 2-15(d) show the effect of reducing the subset size to 70 pixels (μ70; 

𝐷𝑠 = 70p) in the ‘micro’ FoV analysis, while keeping the subset spacing the same (s = 80p). 

Immediately beneath the footing a thin band (~0.06B) of dilating material is observed in Figure 

2-15(d), which was not captured by the analyses in Figure 2-15(b) and (c). The smaller (μ70) 

subset is of the order of ~0.04B in size, so the subsets are small enough to populate the dilating 

feature. In contrast, the larger (M40 and μ180) subsets are of the order of ~0.1B in size, which 

is significantly larger than the feature observed. This results in subsets straddling the feature, 

precluding accurate measurement of the deformations occurring within it due to the subset 

shape becoming ‘under-matched’. The smaller subsets are better able to match the deformation 

within the feature, resulting in less frequent ‘reference’ image updating and accurate 

measurement of deformation. 

Lastly, Figure 2-14(e) and Figure 2-15(e) show the effect of using the same small subset size 

(μ70) but with reduced spacing (s = 20p), which results in a 16-fold increase in measurement 

density. Stanier et al. (2016) demonstrated that bias errors manifest themselves in strain fields 

by amplifying the strain magnitudes in proportion to the reduction in subset spacing (i.e. strain 

element gauge length). In this case, the same general features and strain magnitudes shown in 

Figure 2-14(d) and Figure 2-15(d) are evident, providing confidence that the measurements are 

not affected by such bias errors. The closer subset spacing results in strain element sizes much 

smaller than the strain features being observed in the experiment, yielding comparatively more 

detailed strain fields than the analysis with larger subset spacing (c.f. Figure 2-14(d) and 

(e)Figure 2-14, Figure 2-15(d) and (e)). This analysis confirms that for this experimental set-

up and granular material, the optimum subset size is ~70 pixels and the subset spacing is ~20 

pixels. 
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Figure 2-14. Shear strain fields (γ) beneath a strip footing penetrating into dense silica sand: (a) 

‘macro’ view for 𝐷𝑠 = 40p, s = 20p; (b) zoomed region of ‘macro’ view equivalent to ‘micro’ view; (c) 

‘micro’ view 𝐷𝑠 = 180p, s = 80p; (d) ‘micro’ view 𝐷𝑠 = 70p, s = 80p; (e) ‘micro’ view 𝐷𝑠 = 70p, s = 20p 
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Figure 2-15. Volumetric strain fields (휀𝑣) beneath a strip footing penetrating into dense silica sand: (a) 

‘macro’ view for 𝐷𝑠 = 40p, s = 20p; (b) zoomed region of ‘macro’ view equivalent to ‘micro’ view; (c) 

‘micro’ view 𝐷𝑠 = 180p, s = 80p; (d) ‘micro’ view 𝐷𝑠 = 70p, s = 80p; (e) ‘micro’ view 𝐷𝑠 = 70p, s = 20p 

For different experimental set-ups and soils it is recommended to determine carefully 

appropriate subset sizes by: (a) assessing the subset texture quality for a wide range of subset 

sizes and (b) exploring the effect of subset spacing (i.e. strain element gauge length) on strain 

measurements that are derived from the displacement fields. The use of higher resolution 

images (d/p ≫ 4), the smallest subset size exhibiting adequate image texture quality and close 

spacing results in the ability to observe small localised strain features that are either not 
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captured by low-resolution images (d/p ≈ 4) or are masked by the subset shape function 

becoming ‘under-matched’ in the analyses performed on high-resolution images (d/p ≈ 18) 

using subsets that are larger than necessary. 

2.9. Conclusions 

A multi-scale image analysis system has been described that can capture images of ‘macro’ 

failure mechanism and ‘micro’ scale deformation localisations using a pair of synchronously 

triggered digital cameras viewing different regions of a geotechnical model test. The hardware 

and software required for such a system has been described. Guidance has been given on the 

appropriate choice of analysis parameters, including subset size and spacing. Pitfalls caused by 

inappropriate choice of those user-defined analysis parameters have been described and 

demonstrated using example data from a centrifuge test modelling the settlement of a strip 

footing on silica sand. A modified photogrammetric correction procedure to convert image 

space (pixel) measurements to model units (e.g. mm) – requiring as few as four static control 

points to be visible within the images being analysed – has been proposed. This procedure has 

been validated using images obtained during centrifuge ramp-up, illustrating that it is 

reasonable to assume that camera calibration parameters can remain constant throughout an 

experiment with minimal loss of positional accuracy and precision. Lastly, the effect of image 

scale, subset size and spacing on strain field measurements has been demonstrated. High-

resolution (d/p ≈ 18) images that are analysed using the smallest subset exhibiting adequate 

image texture quality measures and close spacing result in highly detailed strain fields that are 

either not captured by low-resolution images (d/p ≈ 4) or are masked in the analyses of high 

resolution images that utilise subsets that are larger than necessary. 
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Chapter 3. In-situ stiffness measurement in a centrifuge 

environment                                                                

3.1. Abstract 

This paper details trials of a miniature pre-buried pressuremeter developed to measure the in 

situ stiffness and strength of soil in a geotechnical centrifuge, in flight, which can be used to 

interpret boundary value problems modelled in the same sample. The benefits of performing 

in situ strength measurement with miniature cone or full-flow penetrometers in centrifuge 

models – thus avoiding the sample disturbance that affects measurements derived from 

complementary ex situ element tests – are well established. Similar benefits apply to miniature 

pressuremeter testing, however, only a few attempts of using a miniature pressuremeter in a 

centrifuge have been reported in the literature. This paper describes the configuration of a 

miniature pressuremeter apparatus for the centrifuge environment, including the setup and 

testing procedure. The results of trial tests on three different sands demonstrate that the 

apparatus has stable performance at high g level. The results are interpreted to estimate soil 

properties, including, initial shear modulus, unload-reload shear modulus, in-situ horizontal 

stress, friction angle and dilation angle. The strength estimated from the miniature 

pressuremeter tests is compared with that obtained from cone penetrometer tests. Methods to 

control the quality of the miniature pressuremeter tests are also presented. 

3.2. Notation 

Δ increment  

D diameter of pressure cell of the miniature pressuremeter  

𝐷𝑐 diameter of cylinder for pressuremeter calibration  

𝐷𝑟 relative density of soil sample  

𝐷10 sieve size at which 10% weight of sample pass through  

𝐷30 sieve size at which 30% weight of sample pass through  

𝐷50      sieve size at which 50% weight of sample pass through  

𝐷60 sieve size at which 60% weight of sample pass through  

휀𝑐 cavity strain  
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휀𝑐𝑟𝑒𝑒𝑝 creep strain  

휀𝑟𝑎𝑚𝑝 measured strain reduction during centrifuge ramp-up  

𝜙𝑐𝑣
′         friction angle for constant volume shearing (or critical state friction 

angle) 

 

𝜙′ peak friction angle  

𝜓 dilation angle  

g gravity level  

𝐺𝑖 initial shear modulus  

𝐺𝑢𝑟 unload-reload shear modulus  

𝛾 sample density  

𝐾0 in-situ stress ratio  

l length of pressure cell of the miniature pressuremeter  

m 

N 

𝑁𝑐𝑣 

creep coefficient 

Introduced parameter for equation simplification 

Introduced parameter for equation simplification 

 

p air pressure in pressure cell of the miniature pressuremeter  

𝑝𝑙𝑖𝑚        limit pressure of pressuremeter test  

𝑞𝑡 cone tip resistance  

𝑞𝑡1 normalized cone tip resistance  

s slope of linear portion of pressuremeter testing curve in log p : log 휀𝑐 

space 

 

𝜎𝑎𝑡𝑚 atmospheric stress  

𝜎ℎ0
 in-situ horizontal stress  

𝜎𝑣0
 in-situ vertical stress  

t time  

𝑡𝑟𝑒𝑓 onset of creep duration  

V voltage output of feeler arms in the pressuremeter  

z cone penetration depth 

 

 



Chapter 3. In-situ stiffness measurement in a centrifuge environment 

 

- 47 - 

 

3.3. Introduction 

Settlement prediction is crucial in the design of shallow foundations and requires knowledge 

of the load-settlement response and operative soil stiffness. Onshore, new structures may be 

built above buried infrastructure, while offshore, subsea structures must experience limited 

settlement in order to ensure the integrity of attached pipelines. In-situ soil strength 

measurements in the centrifuge environment are well established using lab-scale cone 

penetrometers (Bolton et al. 1999, Schneider & Lehane 2006, Liu & Lehane 2012). However, 

fewer studies on in situ measurement of soil stiffness in the centrifuge are available. Element 

tests are typically carried out to estimate material stiffness and these tests may not be 

representative of the fabric present in the centrifuge sample, in which a complementary load-

displacement problem will be assessed. Measurement of stiffness parameters such as initial 

shear modulus 𝐺𝑖, unload-reload shear modulus 𝐺𝑢𝑟 as well as the evolution of stiffness with 

strain are critical to the accurate estimation and analysis of foundation settlement (Doherty and 

Muir Wood, 2013). A reliable method for in-situ stiffness measurement in a centrifuge 

environment, facilitating improved interpretation of physical model tests, is therefore desirable. 

The pressuremeter is an established tool for in-situ strength and stiffness measurement, and can 

provide more reliable stiffness parameters than correlations from cone penetrometer test data. 

Field scale pressuremeters have been introduced in previous publications (Hughes et al. 1977, 

Baguelin 1978, Clark 1994, Briaud 1992, Weltman & Head 1983, Fahey et al. 2003, Mair & 

Muir Wood 2013). Two lab-scale pressuremeters developed for the centrifuge environment are 

reported in the literature. The first such device is a cone pressuremeter based on the Ménard 

pressuremeter, developed at the Laboratoire Central des Ponts et Chaussées (LCPC) (Beckerich 

et al. 1998, Thorel et al., 2007). This pressuremeter is integrated into the shaft of a cone 

penetrometer, which is jacked into the soil sample. The length and diameter of the 

pressuremeter are 20 mm and 10 mm. The volume of the membrane is controlled by a Pressure 

Volume Controller with hydraulic supply. The second device, developed at Cambridge 

University, is pre-buried in the sample, thus avoiding disturbance of the soil that would arise 

from installation with a cone penetrometer (Zhao 2008). The length and diameter of this 

pressuremeter are 35 mm and 6.3 mm. The cell pressure is also applied using a hydraulic supply 

system. 



Chapter 3. In-situ stiffness measurement in a centrifuge environment 

 

- 48 - 

 

A pre-buried lab-scale pressuremeter developed at the University of Western Australia (UWA) 

(Johnston et al. 2013) uses a pair of strain-gauged “feeler arms” to measure the displacement 

of the membrane in place of hydraulic volume control. Fahey et al. (1988) reported the use of 

strain arms in a prototype self-boring pressuremeter. A Digital Pressure Controller (DPC) using 

an air supply with a pressure sensor is used to control the membrane pressure. The UWA 

centrifuge miniature pressuremeter is 20 mm in length and 20 mm in diameter. The direct 

measurement of radial cavity displacement avoids errors in the translation from fluid volume 

change to radial change at high strain, where the membrane expansion shape effect is not 

negligible. Also, it is possible to arrange a series of pressuremeter cells in a vertical array in 

the soil, using the air supply to inflate the membrane for all measurement depths 

simultaneously, which is not possible with conventional fluid volume change measurement 

variants. With a relatively large diameter, the volume change of air can be controlled well by 

the DPC to achieve high resolution measurements. 

To date, only 1g experiments using the UWA miniature pressuremeter have been reported in 

the literature. This paper presents the first trials of the UWA miniature pressuremeter in a 

geotechnical centrifuge environment. All testing was carried out in the UWA 1.8 m radius 

beam centrifuge (Actidyn C-661) at an acceleration of 50 g. The performance of the 

pressuremeter apparatus is evaluated via tests on three different sands: one silica sand and two 

carbonate sands. Basic interpretations of pressuremeter test results and comparisons of strength 

parameters with those obtained from cone penetration tests are discussed. Guidance on quality 

control for using the UWA pressuremeter in the centrifuge is provided. 

3.4. Apparatus 

Figure 3-1 shows a schematic of the pressuremeter and cone penetrometer setup in the UWA 

beam centrifuge. Details of the miniature cone penetrometer are provided by Johnston et al. 

(2013). The hardware and software components of the pressuremeter system are outlined 

below. 

3.4.1. Hardware 

 Pressuremeter: Pre-buried pressuremeter with strain-gauged feeler arms developed at 

UWA and first described by Johnson et al. (2013) (Figure 3-2). The pressuremeter sits on 

a mount, which is affixed to the base of a centrifuge strongbox (Figure 3-2). The feeler 
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arms of the pressuremeter are made of 0.07 mm thick beryllium copper (Figure 3-2). A set 

of miniature strain gauges manufactured by Vishay Ltd are mounted on the feeler arms. 

The pressuremeter cell is 20 mm in length and 20 mm in diameter covered by a 0.3 mm 

thick elastic latex membrane manufactured by Durham Geo Slope Indicator. The 

pressuremeter is connected to a pressure vessel through a 3-mm air tube. Wires connecting 

the strain gauges to the Data Acquisition System run through the air tube (see Johnston et 

al. 2013 for full details of the pressuremeter). The measuring range of the feeler arms is      

±2 mm in cavity displacement, which is equivalent to ±10 % cavity strain. PIV/DIC 

strongbox – a strongbox that fits within the main centrifuge strongbox that contains the soil 

sample. A transparent acrylic window is provided to expose a plane of the soil sample 

allowing digital images to be captured. Arrays of control markers are pre-installed within 

the window to provide control points with known model space locations for 

photogrammetric correction of measurements. 

 

Figure 3-1. Schematic of lab-scale pressuremeter and cone penetrometer setup in the UWA beam 

centrifuge 
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 Pressure Vessel (PV): Stainless steel pressure vessel used to bear high air pressure and 

provide a buffer between the pressure control system and the pressuremeter (Figure 3-3). 

The diameter and height of the pressure vessel are 80 mm and 180 mm, respectively. A 

pressure transducer manufactured by Barksdale Inc. is used to measure the real-time 

pressure in the vessel as feedback to the pressure control system. The large volume of the 

vessel allows the Digital Pressure Controller to achieve high resolution measurements with 

minimal noise. 

 Digital Pressure Controller (DPC): In-house digital pressure controller developed at UWA 

(Figure 3-3(b) and (c)). The DPC controls the pressure within the pressure vessel and 

pressuremeter. The DPC fills or empties the pressure vessel (PV) according to the target 

pressure and the real-time pressure feedback from the transducer in the PV. The DPC 

communicates with the computer station through a serial RS232 port. 

 

Figure 3-2. Lab-scale pre-buried type of pressuremeter: (a) picture of miniature pressuremeter;       

and (b) schematic of pressure cell of the miniature pressuremeter 
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 DigiDAQ Data Acquisition System: High-speed data acquisition system for geotechnical 

centrifuge testing system developed at UWA (Gaudin et al. 2009). This system allows up 

to eight separate units to connect to the computer station using wired or wireless Ethernet. 

Each unit consists of eight channels for powering and monitoring data resources of testing 

apparatus with a sampling rate of up to 1MHz at 16-bit resolution. In pressuremeter tests, 

data of air pressure in the pressure vessel and displacement of feeler arms measured by 

strain gauges are recorded. 

 Air pressure supply: The air supply during pressuremeter testing is provided by a central 

air supply facility at UWA, which can provide air pressure up to 700 kPa. 

 

Figure 3-3. (a) Pressure vessel (PV); (b) Digital Pressure Controller (DPC), front; and (c) Ports and 

connectors of DPC 

3.4.2. Software 

 Grey’s Pressure Control: A control interface for pressuremeter tests developed in-house at 

UWA by Grey Johnston of Johnston et al. 2013 (Figure 3-4). The software acquires air 

pressure data from, and sends pressure demands to, the Digital Pressure Controller (DPC). 

All test data are sent to DigiDAQ for recording purposes (Figure 3-4). Voltage readings 

from strain gauges and calibrated displacements are shown in Figure 3-4. Target air 

pressure and ramp rate can be set in the interface during testing (Figure 3-4). Most 
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pressuremeter tests are carried out under pressure control, but displacement control is also 

available through the interface (Figure 3-4). 

 DigiDAQ: A control, display and record interface based on LabVIEW software, developed 

in-house at UWA (Gaudin et al. 2009). The software communicates with the Data 

Acquisition System and allows users to configure acquisition units and acquire real-time 

data from unit channels. Parameters for data acquisition such as calibration factors and 

offsets can be adjusted for each channel. 

 

Figure 3-4. Grey’s Pressure Control: (a) DigiDAQ connection control panel; (b) cavity displacement 

reading; (c) displacement control panel; and (d) pressure control panel 

3.5. Pre-testing calibration and correction 

Calibrations should be performed to determine the calibration factor between the voltage output 

by strain gauges and the radial displacement of the feeler arms. Calibration details are discussed 

in detail by Johnston et al. (2013).  In brief, the pressuremeter is placed in aluminum cylinders 

with internal diameters varying from 20.7 mm to 22.0 mm. An aluminum clamp is used to hold 

and center the pressuremeter with the cylinder. The pressuremeter is inflated to the diameter of 

the constraining cylinder with air pressure at 50 kPa and the strain voltage output by the strain 

gauges is recorded. Deformation of the cylinders is negligible at low air pressure. By measuring 

the output voltage for each cylinder of differing inner diameter, a linear relationship between 

output voltage (V) and cylinder diameter (𝐷𝑐) is determined. A plot of calibration results used 

for the pressuremeter tests reported in this paper is presented in Figure 3-5. 
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It is recommended to replace the membrane every few tests to prevent sticking and snagging 

of the membrane on the feeler arms. Replacing the membrane is a manual process which may 

cause a slight difference in the feeler arm calibration factor, as such recalibration is advised 

each time the membrane is replaced. 

To determine the pressure actually applied to the soil by the pressuremeter, the resistance of 

the membrane during inflation needs to be considered and corrected for. The correction process 

involves expanding the pressuremeter membrane freely in air until it reaches the displacement 

limit (2 mm in this case). The air pressure at a certain displacement represents the membrane 

resistance at that point. By repeating the correction process a few times, the relationship 

between the membrane resistance and cavity displacement is determined using a polynomial 

function (Figure 3-6). All test results presented in this paper have been corrected in this way. 

 

Figure 3-5. Voltage-displacement calibration of the lab-scale pressuremeter 
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Figure 3-6. Membrane stiffness correction of the pressuremeter 

3.6. Sample preparation and testing procedure 

3.6.1. Sample preparation  

Three samples, a coarse silica sand (CS), Ledge Point carbonate sand (LP) and Legendre 

carbonate sand (LGD) were tested with the miniature pressuremeter at 50g. Scanning electron 

micrograph images of each of the sands are shown in Figure 3-7. The coarse silica sand is a 

processed silica sand manufactured by Sibelco Group, Australia, with broadly uniform grain 

shape. The coarse silica sand has a 𝐷50 of 0.51 mm (Figure 3-8). The Ledge Point carbonate 

sand, from an onshore location, has 90% calcium carbonate content with organic remains in 

the soil. The 𝐷50 of the Ledge Point sample is 0.21 mm, similar as previous Ledge Point sand 

tests (Sharma & Ismail 2006, Lehane et al. 2012). The Legendre carbonate sand was recovered 

from offshore Western Australia. The shape of Legendre sand grains is more rounded than that 

of the Ledge Point sand with 𝐷50  of 1.05 mm. Table 3-1 summarizes results from 

maximum/minimum index density tests (ASTM-D4253, ASTM-D4254) and particle size 

distribution tests (ASTM-D6913) for the three sands. Figure 3-8 shows the particle size 

distribution curves of each sand tested. 

According the Bolton et al. (1993), for particle size effect in CPT to be negligible, the 

recommended ratio of diameter of penetrometer to average particle size should be no less than 

20. The ratio of diameter of the cone penetrometer to the 𝐷50 size is 20, 50 and 10 for coarse 
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silica sand, LP sand and LGD sand respectively while the ratio of diameter of the pressuremeter 

to average particle size 𝐷50 is more than 20 for all sands considered in this study, and therefore, 

particle size effects in the CS sand and LP sand should be minimal, but there may be a scale 

effect in the LGD sand due to larger particle size. 

 

Figure 3-7. Scanning electron micrograph (SEM) images of sand samples used in the tests:              

(a) coarse silica sand; (b) LP carbonate sand; and (c) LGD carbonate sand 

 

Figure 3-8. Particle size distribution (PSD) of the three sand samples 

 



Chapter 3. In-situ stiffness measurement in a centrifuge environment 

 

- 56 - 

 

Table 3-1. Soil samples and pressuremeter setup 

Sample 

Minimum  

density 

γ𝑚𝑖𝑛   

(kg/m³) 

Maximum 

density 

γ𝑚𝑎𝑥 

 (kg/m³) 

Sample 

density  

γ  

(kg/m³) 

Relative 

Density 

D𝑟 

(%) 

Pressuremeter 

Burial Depth 

(mm) 

Prototype 

Burial Depth 

(m) 

In-situ                  

vertical stress 

𝜎𝑣0
 (kPa) 

CS_T1 
1570 1800 

1730 72 64.2 3.21 55.53 

CS_T2 1720 68 61.5 3.08 52.89 

LP_T1 
1280 1530 

1390 51 66.6 3.33 46.29 

LP_T2 1390 51 66.0 3.30 45.87 

LGD_T1 1470 1720 1630 70 65.3 3.27 53.22 

 

Five miniature pressuremeter tests were carried out in the centrifuge: two in the coarse silica 

sand (CS_T1 and CS_T2), two in LP carbonate sand (LP_T1 and LP_T2) and one in LGD 

carbonate sand (LGD_T1). The pressuremeter was fixed to the base of the strongbox prior to 

sample preparation. The sand sample was dry pluviated into the strongbox using an automated 

pluviation machine, which drove a hopper at constant speed across the strongbox. The speed 

and height of the hopper were adjusted to control the density of the sample. The burial depth 

of the pressuremeter was targeted at around 60 mm from the soil surface to achieve an in-situ 

vertical stress of ~ 50 kPa in the centrifuge environment at 50g. Table 3-1 summarizes the 

sample preparation of the five tests. Sample density was determined by measured total weight 

and total volume, relative density was determined as: 

Dr =  
1 γmin −⁄ 1/γ

1 γmin⁄ − 1 γ𝑚𝑎𝑥⁄
 3-1 

where γmin and γ𝑚𝑎𝑥 are minimum and maximum density, respectively, and γ  is the sample 

density. 

In order to minimise the effect of the pressuremeter during sampling, a relatively high density 

was chosen as target for each sample using the sampling apparatus. During the sample 

generation process, as the sand is pluviated layer by layer, the soil surface near the 

pressuremeter was observed to remain as flat as rest of the surface of the sample. The soil 

surface at the edge of the strongbox was slightly higher, indicating the sample near the edge of 

the strongbox was slightly looser than the main part of the sample. Such a difference was not 

observed around the pressuremeter during sampling. Hence, we infer from these observations 

that the sample generation ‘shadowing’ effect of the pressuremeter was not a major issue for 

the dense samples tested in this case. 
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3.6.2. Centrifuge ramp-up 

The in-situ horizontal stress around the pressuremeter membrane increases as g-level increases 

during centrifuge ramp-up. Since no air pressure is supplied during ramp-up, the membrane 

collapses into the hollow areas of the pressuremeter cell, where the feeler arms are mounted 

(Figure 3-2), and the displacement of the collapsing membrane can be measured. The apparent 

cavity strain reduction during ramp-up, 휀𝑟𝑎𝑚𝑝, fell between 0.1 % to 2 % (0.02 mm to 0.4 mm 

radial displacement). This cavity strain reduction is referred to as ‘apparent’ as it only occurs 

on the small section of the circumference of the pressuremeter that is recessed to mount the 

feeler gauges. It therefore causes relatively small disturbance to the sample compared to other 

installation methods, but can result in a false offset in the measurements if not accounted for in 

the interpretation. Various attempts to control the membrane collapse during centrifuge spin-

up were made, but were unsuccessful. Key challenges include the soil stiffness changing with 

increasing g-level such that the proportional–integral–derivative (PID) system required on-the-

fly adjustment. This proved impractical and the UWA system does not currently have an auto-

tuning PID system. Figure 3-9 shows the apparent reduction in cavity strain 휀𝑟𝑎𝑚𝑝  plotted 

against centrifuge acceleration g during centrifuge ramp-up in all five tests. The membrane 

collapse, 휀𝑟𝑎𝑚𝑝 in CS_T1, CS_T2 and LGD_T1 were 0.12%, 1.15% and 0.48%, respectively. 

The membrane collapse in LP_T1 and LP_T2 was much higher at 2.16% and 2.34%. 

Although the sand sample in the vicinity of the feeler arms may be slightly disturbed due to 

membrane collapse, causing some soil movement around the membrane that may affect the 

measurement of stiffness during the initial cavity expansion, it is a relatively minor source of 

soil disturbance compared to that which would be expected from jacking or in-flight boring. 

Investigation of soil deformation around a cone penetrometer (Arshad et al. 2014) and  of 

ground deformation around driven piles (Hwang et al. 2001) using a buried inclinometer show 

significant deformations; with displacement magnitudes of at least 5% of the diameter of the 

cone/pile at a distance of one diameter away from the cone/pile edge. Similar levels of 

disturbance can be expected for installation of a pressuremeter by penetration, such as the 

Ménard pressuremeter, which are greater than the strains associated with membrane collapse 

during ramp up that were experienced by the pre-buried pressuremeter used in this study. 

Thorel et al. (2007) note that installaing the Ménard pressuremeter was difficult in flight at 

high gravity level, but 1g installation may cause more disturbance to the soil sample. The self-
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boring pressuremeter in the centrifuge is also challenging due to the collapse of sand after 

boring at high g levels. 

Compared to the potential disturbance of other types of pressuremeter installation, the 

disturbance from membrane collapse of the pre-buried pressuremeter is likely to be smallest. 

The maximum membrane collapse was 2.5% cavity strain, equal to 0.5 mm at model scale, 

which is about two times the average particle size 𝐷50 of the tested Ledge Point sample. To 

quantify and minimize the disturbance of membrane collapse, the current device will require 

some modifications in the future, i.e. using liquid instead of air to reduce medium 

compressibility under pressure, which is a facility not available with the current digital pressure 

controller. The membrane collapse results in relaxation of soil induced confining stress around 

the membrane, such that no obvious lift off pressure can be seen and the stiffness measurement 

of the first 1% strain is potentially unreliable. However, with adequate zero strain correction 

(Fahey & Randolph 1984), the parameter interpretation at cavity strain larger than 1% is 

reasonable and comparable between different tests. 

3.6.3. Test control 

The ramping rate of air pressure of CS_T2, LP_T1, LP_T2 and LGD_T1 was set at 60 kPa/min 

in either loading or unloading of the pressure cell. The ramp rate of CS_T1 was set at                     

30 kPa/min in order to investigate the rate effect in coarse silica sand. A number of unload-

reload loops were carried out during the tests, to an unload ratio of 40% of the pressure prior 

to unloading. A 4-min pressure hold before unload-reload loops was prescribed in order to 

measure the soil creep and reduce the creep effect on the unload-reload process. 

 

Figure 3-9. Measurement of membrane collapse during centrifuge ramp-up 
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3.7. Sample preparation and testing procedure 

3.7.1. Methods of interpretation of the results 

Results of pressure-controlled pressuremeter tests carried out in the three sand samples are 

presented as plots of pressure p versus cavity strain 휀𝑐 in Figure 3-10 and Figure 3-11, where 

휀𝑐 has been reset to zero at the end of ramp up (thus eliminating the offset due to cavity strain 

reduction during ramp-up). Based on the pressure-strain curves, the following parameters can 

be estimated (Figure 3-10, Table 3-2): 

(1)  Initial shear modulus 𝐺𝑖 and unload-reload shear modulus 𝐺𝑢𝑟: The shear moduli can be 

determined from the slope of the  𝑝 ∶ 휀𝑐 curve (Fahey 1992, Mair & Muir Wood 2013). The 

initial shear modulus 𝐺𝑖 relates to the gradient of the linear portion at the beginning of the 

test, whereas the unload-reload shear modulus 𝐺𝑢𝑟 relates to the gradient of the unload-

reload loop. The relevant expression for shear modulus 𝐺𝑖 and 𝐺𝑢𝑟 derived from cylindrical 

cavity expansion theory (Hughes et al. 1977): 

𝐺 =  
𝛥𝑝

2 𝛥휀𝑐
  3-2 

(2)  Active horizontal stress 𝜎ℎ𝑎
 and 𝐾𝑎, the ratio of horizontal stress after unloading into the 

membrane to initial vertical stress: For the two pressuremeter tests conducted in dry silica 

sand (CS), collapse of the membrane, indicated by sudden fast deformation of the 

membrane, is observed during the final pressure unloading (Figure 3-10). This membrane 

collapse occurs once the pressure becomes less than the in-situ horizontal stress in the 

sample and is due to the movement of the membrane into the feeler arm chamber (see 

Figure 3-1 and Figure 3-2). The in-situ stress ratio, 𝐾𝑎, the ratio of in-situ horizontal stress 

to vertical stress is then estimated as: 

𝐾𝑎  =  
  𝜎ℎ𝑎

  𝜎𝑣0  
 3-3 
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(3)  Creep strain 휀𝑐𝑟𝑒𝑒𝑝 and creep coefficient m: The creep strain is taken as the incremental 

cavity strain during the 4 minute pressure hold before each unload-reload cycle. The creep 

coefficient, m, is defined by the relationship: 

휀𝑐𝑟𝑒𝑒𝑝  =  𝑚 𝑙𝑛 (
𝑡

𝑡𝑟𝑒𝑓
) 3-4 

where 𝑡𝑟𝑒𝑓 is a reference time representing the onset of creep. This definition is similar to 

that proposed by Lehane et al. (2008) to represent creep during footing tests. The creep 

coefficient, m, can be measured from the slope of the linear portion of the 휀𝑐𝑟𝑒𝑒𝑝 : ln (t) 

plots. 

(4)  Peak friction angle 𝜙′  and dilation angle 𝜓 : The angles of shearing resistance and of 

dilation are estimated from the slope, s, of the linear portion of the pressuremeter testing 

curve at large strain in log p : log 휀𝑐 space. The method is based on an analysis of cylindrical 

cavity expansion in an idealised elastic-perfectly plastic soil governed by a Mohr-Coulomb 

failure criterion and deforming with a constant angle of dilation (Hughes et al. 1977, Fahey 

& Randolph 1984, Wither et al 1989). The cylindrical cavity expansion analysis is 

considered as it has been shown that using a spherical cavity expansion model leads to 

unacceptably low values of 𝜙′  and 𝜓  (Withers et al. 1989). Equation 3-5 shows the 

relationships between peak friction angle 𝜙′, dilation angle 𝜓 and slope s: 

𝑠 =  
  1 − 𝑁 

 1 + 𝑛 
 3-5 

where  

In addition, a stress-dilatancy relationship is assumed in the form proposed by Rowe 

(1962): 

𝑁 = 𝑛 · 𝑁𝑐𝑣 = 𝑛 ·
1 − sin 𝜙𝑐𝑣

′

1 + sin 𝜙𝑐𝑣
′

 3-6 

where 𝜙𝑐𝑣
′  is the friction angle for constant volume shearing (or critical state friction angle). 

Using equations 3-5 and 3-6, peak friction angle 𝜙′ and dilation angle 𝜓 can be estimated 

given s and 𝜙𝑐𝑣
′ . The friction angle for constant volume shearing 𝜙𝑐𝑣

′  of the three sand 

samples was measured as 33° (coarse silica sand), 35° (LP sand) and 36.5° (LGD sand) 

𝑁 =
1 − 𝑠𝑖𝑛 𝜙′

1 + 𝑠𝑖𝑛 𝜙′
 , 𝑛 =

1 − 𝑠𝑖𝑛 𝜓

1 + 𝑠𝑖𝑛 𝜓
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using the Cornforth method (Cornforth 1973). The correct estimation of slope, s, requires 

that the initial portion of the pressuremeter response, which is affected by soil disturbance 

be disregarded. For pre-buried pressuremeter tests in the centrifuge environment, the 

collapse of the membrane during centrifuge ramp-up may cause minimal disturbance. 

Therefore, in this paper, the following zero strain correction methods were considered: A) 

original zero strain; B) the strain at which the pressure equals the in-situ vertical stress, p = 

𝜎𝑣0
, referred to as the ‘in-situ stress correction’ (Fahey and Randolph 1984); and C) the 

strain at which the collapsed membrane returned to the original position before centrifuge 

ramp-up, 휀𝑐 = 휀𝑐𝑟𝑒𝑒𝑝, referred to as the ‘membrane collapse correction’. The best choice 

among the three options depends on which gives the longest portion of linear trend line in 

the pressure-cavity strain plot in log-log space (Fahey & Randolph 1984). In this paper, 

results using all three zero strain correction methods are calculated, and the best one is 

picked for each test. There are two similar tests reproduced in coarse silica sand and LP 

sand. An appropriate correction for each pair of tests, performed in the same sand, should 

yield similar interpretations for the properties of the sand, i.e. the slope in log-log space 

after 1% cavity strain and the trend of 𝐺𝑢𝑟 under different cavity stress level. Judgement is 

required to avoid over-correction to achieve a long linear trend (Fahey & Randolph 1984). 
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Figure 3-10. Pressuremeter test results in coarse silica sand: (a) CS_T1; and (b) CS_T2 

 

Figure 3-11. Pressuremeter test results in two carbonate sands: (a) LP_T1 and LP_T2;                       

and (b) LGD_T1 
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Table 3-2. Parameters measured and calculated from pressuremeter test 

 CS_T1 CS_T2 LP_T1 LP_T2 LGD_T1 

Initial shear 

modulus 

Gi (MPa) 

5.88 3.40 4.92 5.28 3.40 

Unload-reload 

shear modulus  

Gur (MPa) * 

28.46 @175 kPa 30.38 @200 kPa 48.75 @200 kPa  58.32 @400 kPa 

40.63 @340 kPa  38.57 @300 kPa 51.36 @300 kPa   

40.75 @420 kPa 42.00 @400 kPa 55.00 @400 kPa   

41.19 @470 kPa     

Active 

horizontal stress 

𝜎ℎ𝑎
 (kPa) 

41.89 36.48    

In-situ vertical 

stress 

𝜎𝑣0
 (kPa) 

55.53 52.89 46.29 45.87 53.22 

Active stress 

ratio 

𝐾𝑎 

0.75 0.69    

Creep 

εcreep (%) * 

0.08 @175 kPa 0.12 @200 kPa 0.18 @200 kPa  0.16 @ 200 kPa 

0.38 @340 kPa 0.38 @300 kPa 0.32 @300 kPa  0.26 @ 300 kPa 

0.58 @420 kPa 0.65 @400 kPa 0.27 @400 kPa   

Slope 

s (MPa) 

0.43  

(method B) 

0.41 

(method C) 

0.58 

(method B) 

0.56 

(method B) 
 

Peak friction 

angle 

𝜙′ (°) 

39 37 49 47  

Dilation angle 

𝜓 (°) 
8 6 18 16  

*Note: ‘@’ is followed by the air pressure of creep hold before an unload-reload loop. 

 

 

3.7.2. Results and interpretation for coarse silica (CS) sand 

The results of pressuremeter tests in the coarse silica (CS) sand are shown in Figure 3-10, and 

all of the parameters outlined above can be measured or calculated from the testing curves. The 

interpretation of the tests in silica sand are presented first, followed by the interpretation of the 

tests carried out in carbonate sands. 

Comparison of the parameters interpreted from the two tests in coarse silica sand, CS_T1 and 

CS_T2, shows that overall the testing procedure is consistent (Figure 3-10 and Table 3-2). It 

appears that the calculated shear modulus, 𝐺𝑢𝑟, is comparable with that of another silica sand 

with similar grain size (Lehane et al. 2008). The values of initial shear modulus 𝐺𝑖 of CS_T1 

and CS_T2 – assuming cylindrical cavity expansion – are 5.88 MPa and 3.40 MPa, 

respectively. At low cavity strain, the actual cavity expansion is smaller than the average grain 
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size of the CS sand and therefore, the measurement precision of initial shear modulus is 

potentially affected by the particle size of the sample. The difference in initial shear modulus 

in the coarse silica samples may be attributed to a slightly denser sample in CS_T1 (Table 3-1) 

as well as slight variation in sample uniformity around the pressuremeter caused by localised 

membrane collapse (Figure 3-9). Due to the latter, no clear lift-off pressure was observed at 

the start of the pressuremeter tests, from which to estimate the in-situ horizontal stress. 

However, the stress level at which the expanded membrane collapsed in the final unload 

process is clear. It is believed that once the pressure becomes less than the in-situ horizontal 

stress, the membrane collapses into the feeler arm chamber causing the rapid decrease in strain. 

Similar stress ratio 𝐾𝑎  were calculated using 𝜎ℎ𝑎
 as the in-situ horizontal stress from tests 

CS_T1 and CS_T2 (Table 3-2). The stress ratio measured in the two tests is higher than the 

commonly reported initial stress ratio at rest 𝐾0 for sand, which is typically around 0.5 (Jaky 

1948, Mayne & Kulhawy 1982). However,  reported 𝐾0 values in previous calibration chamber 

pressuremeter tests are also higher than commonly expected – ranging from  0.4 to 1.0 (Bellotti 

et al. 1989 and Cudmani & Osinov 2001). 

Unload-reload cycles conducted during the tests enabled estimation of the unload-reload shear 

modulus 𝐺𝑢𝑟 at different cavity stresses. Results from tests CS_T1 and CS_T2 show similar 

trends (Figure 3-12). For pressures less than 350 kPa, the unload-reload shear modulus 𝐺𝑢𝑟 

increases with pressure level, whereas for pressures above 350 kPa, the value of 𝐺𝑢𝑟 stabilizes 

to 40 ~ 42 MPa. The 𝐺𝑢𝑟  of the silica sand is similar to that of Ticino sand in calibration 

chamber tests at about 35 to 55 MPa reported by Bellotti et al. (1989). 
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Figure 3-12. Unload-reload shear modulus, 𝐺𝑢𝑟, as a function of stress level 

 

The creep strain, 휀𝑐𝑟𝑒𝑒𝑝, is plotted against ln(t) in Figure 3-13 and the creep coefficient, m, is 

estimated from the linear portion of the curve. The measured m values are plotted against the 

normalized pressure in Figure 3-14. The normalized pressure is the limit pressure, 𝑝𝑙𝑖𝑚, toward 

which the pressure-strain curve tends asymptotically at large strain and was estimated by 

extending the shape of the curve. 𝑝𝑙𝑖𝑚  for CS_T1 and CS_T2 is 600 kPa and 550 kPa, 

respectively. Figure 3-14 shows that the creep coefficient m increases by an order of magnitude 

as 𝑝/𝑝𝑙𝑖𝑚 increases from 0.3 to 0.8. The results can be approximated by the following equation: 

𝑚 = 0.0025 (
𝑝

𝑝lim

)
2

 3-7 

The creep strain-pressure plot of tests CS_T1 and CS_T2 is shown in Figure 3-15. In this plot, 

the total creep in a 4-minute hold increases with pressure level and seem to follow a linear 

pattern. The creep increase due to increasing pressure is smaller in CS_T1 than in CS_T2. The 

only difference in the test control is the ramp rate of air pressure (30 kPa/min in CS_T1 and 60 

kPa/min in CS_T2). It is supposed that the slower ramp rate in CS_T1 allowed the creep to be 

partially settled initially and led to a smaller total creep magnitude during the pressure hold 

period. 
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Figure 3-13. Creep response during pressure hold: (a), (b) coarse silica sand, (c) LP carbonate sand 

and (d) carbonate sand 

 

 

Figure 3-14. Relationship between creep coefficient and mobilised stress ratio of coarse silica sand 
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Figure 3-15. Total creep strain before unload-reload process of coarse silica sand 

Figure 3-16 shows the log p : log 휀𝑐 curves plotted with three different strain origins, from 

which the slope, s, can be measured in order to estimate the peak friction and dilation angles. 

The subset of data yielding the longest linear portion is chosen to estimate the slope s and 

corresponds to the in-situ stress correction for CS_T1 (Figure 3-16(a)) and the membrane 

collapse correction for CS_T2 (Figure 3-16(b)). The angle 𝜙𝑐𝑣
′  of coarse silica sand was 

measured as 33°. The peak friction angle 𝜙′ and dilation angle 𝜓 are estimated as 39° and 8° 

respectively from CS_T1, and 37° and 6° respectively from CS_T2. This agrees well with the 

dilatancy expression proposed by Bolton (1986) for silica sands: 

𝜙′ = 𝜙𝑐𝑣
′ + 0.8𝜓 3-8 
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Figure 3-16. Measurement of slope s: coarse silica sand tests CS_T1 (a) and CS_T2 (b), and Ledge 

Point carbonate sand tests LP_T1 (c) and LP_T2 (d): A. original curve; B. In-situ stress corrected 

curve; C. membrane collapse corrected curve 

3.7.3. Results and interpretation for Ledge Point (LP) and Legendre (LGD) 

carbonate sands 

Pressuremeter test data in Ledge Point carbonate sand (LP) enabled measurements of most of 

the parameters outlined in the paper (Figure 3-11(a)). However, the test in Legendre carbonate 

sand (LGD) doesn’t provide much useful data, especially in the beginning of the test           

(Figure 3-11(b)). For the LGD_T1 test, abnormal strain measurement was recorded starting 

from 0.4% cavity strain, and the trend only recovered at 1% cavity strain. Given that the 

maximum strain achieved was 4.5%, it is expected that derived parameters from this test would 

be unreliable due to the abnormal strain behaviour. The reasons for the limited testing quality 

are discussed later in this paper. 



Chapter 3. In-situ stiffness measurement in a centrifuge environment 

 

- 69 - 

 

In LP_T1, abnormal stress-strain behavior was observed at pressures less than 100 kPa in both 

the initial loading and final unloading process. Therefore, the in-situ horizontal stress 𝜎ℎ𝑎
 could 

not be estimated, and 𝐺𝑖 was measured from the first linear portion starting from 1.1% cavity 

strain. Since no abnormal response was observed in LP_T2, it is suspected that the angular 

particle shape may lead to slight spatial variability in the soil, which could cause the anomalous 

soil behaviour under relatively low pressure. However, it appears that the calculated shear 

modulus 𝐺𝑢𝑟 is similar to in-situ pressuremeter tests of carbonate sands with similar origin 

(Lehane et al. 2012, Randolph et al. 1988). The values of initial shear modulus 𝐺𝑖 estimated 

from LP_T1 and LP_T2 are very close at 4.92 MPa and 5.28 MPa, respectively. This is 

consistent with the samples having similar relative densities. As the particle size of LP sand is 

much smaller than CS sand, the particle size impact on initial shear modulus measurement is 

expected to be minimal. The measured 𝐺𝑢𝑟 increases with pressure as shown in Figure 3-12. 

In Legendre Sand, only the third unload-reload loop allowed measurement of 𝐺𝑢𝑟 (58.32 MPa) 

at 400 kPa, whereas the first two unload-reload loops were affected by the abnormal behaviour 

in the beginning of the test. 

The creep response in Ledge Point and Legendre sand is shown in Figure 3-13(c) and (d), 

respectively. More data points are needed to investigate further into the creep behavior of the 

two carbonate sands, especially at higher stress level.  

The pressuremeter tests results in LP sand and LGD sand indicate that the carbonate sands 

exhibit a higher shear resistance compared to coarse silica sand. The cavity strain in LP and 

LGD sand was 4.5% and 1.5% at 400 kPa respectively, while 8% strain was reached in coarse 

silica sand at the same pressure (Figure 3-10 and Figure 3-11). For measurement of slope s 

from the LP carbonate sand tests data, in-situ stress correction is optimal for both LP_T1 and 

LP_T2 (Figure 3-16(c) and (d)). The friction angle for constant volume shearing of LP sand is 

35°.  The peak friction angle 𝜙′ and dilation angle 𝜓 are estimated as 49° and 18°, respectively, 

from LP_T1, and 47° and 16°, respectively, from LP_T2. This also agrees well with Bolton’s 

equation for strength and dilatancy (Equation 3-8). For LGD_T1, the slope s cannot be 

measured well due to insufficient total strain being achieved in the test. Therefore peak friction 

angle 𝜙′ and dilation angle 𝜓 cannot be estimated for this sand from this set of test data. 
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3.7.4. Comparison of strength parameters estimated from pressuremeter tests 

and cone penetration tests 

A miniature cone penetrometer, developed in-house at UWA (Stewart & Randolph 1991), with 

a diameter of 10 mm and a 60° cone, was used in the three sands. This cone penetrometer 

measures the cone tip resistance in a centrifuge environment, but not the sleeve friction. Cone 

tip resistance 𝑞𝑡 and penetration depth z were recorded (Figure 3-17). Some comparisons of 

miniature CPT tests performed in a calibration chambers and their relation to full scale CPT 

tests can be found in Monfared & Sadrekarimi (2015). However, since our measurements were 

performed in a geotechnical centrifuge, thus maintaining stress-similitude, we have assumed 

that the interpretation methodologies developed for full-scale cone penetrometer tests are valid 

for use in interpreting the results from lab-scale CPTs. Peak friction angle 𝜙′ in a dry sand 

sample can be deduced using the following empirical methods: 

(i) Robertson and Campanella 1983: 

tan 𝜙′ =
1 

2.68
[log (

𝑞𝑡

𝜎𝑣0

) + 0.29] 3-9 

(ii) Kulhawy and Mayne 1990: 

𝜙′ = 17.6° + 11 log 𝑞𝑡1 3-10 

𝑞𝑡1 =
𝑞𝑡 

√𝜎𝑎𝑡𝑚 · 𝜎𝑣0

 
3-11 

(iii) Uzielli et al. 2013 

𝜙′ = 25° 𝑞𝑡1
0.1 3-12 

The angle of dilation is estimated using the method proposed by Bolton (1986): 

𝜓 =
 (𝜙′ − 𝜙𝑐𝑣

′ )

0.8
 3-13 
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Estimation of relative density for silica sand using the UWA centrifuge-scale cone 

penetrometer is introduced by Schneider & Lehane (2006): 

𝐷𝑟 = √
𝑞𝑡 

  250 · 𝜎𝑣0  
 3-14 

The penetration depth for interpretation was chosen as equivalent to the burial depth of the 

pressuremeter for comparison. The penetration depth in LGD_CPT was smaller than the burial 

depth of the pressuremeter because the cone tip resistance reached the limit of the load cell. 

The cone tip resistance in LGD sand sample at the pressuremeter burial depth was estimated 

using a linear extension from the LGD_CPT testing curve (Figure 3-17). Table 3-3 summarizes 

the calculated peak friction angles using the three different methods (i – iii outlined above) and 

the relative density calculated from Equation 3-14. The cone penetrometer tests in CS sand, LP 

sand and LGD sand were carried out in the same samples as the pressuremeter tests CS_T1, 

LP_T1 and LGD_T1, respectively. 

 

Figure 3-17. Lab-scale cone penetration tests in three sand samples: coarse silica sand, Ledge Point 

(LP) carbonate sand and Legendre (LGD) carbonate sand 

The estimated peak friction angles 𝜙′ using the three empirical methods are consistent and fall 

within ±5 % of the average value. The average peak friction angle 𝜙′ and dilation angle 𝜓 from 

the cone penetrometer test in the silica sand (CS) is similar to that estimated from the cylindrical 

cavity expansion solution applied to the pressuremeter tests in coarse silica sand. However, the 

average 𝜙′  and 𝜓 from CPT in LP sand are both lower than 𝜙′  and 𝜓 estimated from the 
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cylindrical cavity expansion solution applied to pressuremeter tests in LP sand. Most existing 

interpretation methods for cone penetration and pressuremeter tests were developed mainly for 

quartz and silica sands and the results presented in this study seem to indicate that they are 

potentially less valid for carbonate sands. The estimated relative density 𝐷𝑟 of coarse silica 

sand is 63.25% from Equation 3-13, which is close to the measured value (by mass and volume) 

of 68%. The CPT based prediction of relative density did not provide good agreement with the 

measured relative density in the carbonate sands in centrifuge environment, indicating that the 

correlations used are likely not valid for carbonate sands. 

 

Table 3-3. Measurement and calculation of cone penetrometer tests and comparable measurements 

in pressuremeter tests 

Cone penetrometer tests 

 CS_CPT LP_CPT LGD_CPT 

Penetration depth 

z (mm) 
64 66 65 

Initial vertical stress 

𝜎𝑣0
 (kPa) 

55 46 53 

Cone tip resistance 

𝑞𝑡 (MPa) 
5.50 9.50 22.00 

Normalized resistance         

𝑞𝑡1 (kPa) 
77 139 299 

Peak friction angle 

(i)  𝜙′ (°) 
40.7 44.4 47.6 

Peak friction angle 

(ii)  𝜙′ (°) 
38.1 41.2 44.8 

Peak friction angle 

(iii)  𝜙′ (°) 
38.4 40.9 44.2 

Angle of dilation 

𝜓 (°) 

using peak friction (ii) 

6.7 7.7 10.4 

Relative Density 

𝐷𝑟 (%) 

using Equation 14 

63.25 90.60 128.59 

Pressuremeter tests  

 CS_T1 CS_T2 LP_T1 LP_T2 LGD 

Peak friction angle for 

cylindrical expansion 

𝜙𝑐
′  (°) 

39 37 49 47 N/A 

Angle of dilation 

𝜓 (°) 
8 6 18 16 N/A 
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3.8. Guidance for use of the miniature pressuremeter 

In the reported miniature pressuremeter tests, three factors are likely to affect the quality of the 

measurements: (1) grain size, (2) grain shape and (3) shearing resistance. However, further 

evidence is needed to prove and quantify the impact. These factors are discussed below: 

(1)  Grain size: The poor miniature pressuremeter test conducted in LGD sand (Figure 3-11(b)) 

may be attributed to the grain size. This sample has a 𝐷50 greater than 1 mm, which is 1/20 

of the pressuremeter length l. However, testing quality in coarse silica sand and LP sand is 

relatively better, with 𝐷50 of 0.51 mm (1/40 l) and 0.21 mm (1/100 l), respectively. The 

results seem to indicate that the measurement quality is affected by the grain size, with 

measurement errors being introduced when relatively large grains and large voids are 

present near the feeler arms. It is recommended to use the miniature pressuremeter to test 

samples with 𝐷50/𝑙 ≤ 1/40. 

(2)  Grain shape: The effect of irregular particle shapes, prevalent in many carbonate deposits, 

is not negligible in miniature pressuremeter tests. LP_T1 (Figure 3-11(a)) is an example 

where the grain shape and spatial variation (as seen in Figure 3-7(b)) are suspected to be 

responsible for the anomalous pressure-strain response, particularly at the start of the test. 

Although sieving irregular grains and organic remains from the samples would alter the 

nature of the deposit if aiming to replicate a field site – potentially altering its mechanical 

response – it remains a pragmatic option for generalized studies. The Legendre carbonate 

sand has more regular particle shape (Figure 3-7(c)) but resulted in poor quality 

pressuremeter test data. It is thought that this was due to the particle size (see 1) and high 

shearing resistance (see 3). 

(3)  Shearing resistance: Due to the maximum air pressure achievable in a centrifuge 

environment with a regular air supply (~ 700 kPa), the miniature pressuremeter is not 

recommended to be tested in soils with very high shearing resistance. The Legendre sand 

reported is an example. The maximum cavity strain achieved in LGD_T1 was 1.5% (Figure 

3-11(b)), equivalent to 0.3 mm displacement. Considering the membrane collapse during 

centrifuge ramp-up, which requires some of the air pressure range to restore the membrane 

at the in situ stress state at target g level, the effective measuring range was very limited. 

An onboard compressed air cylinder could be used to provide higher pressures (~ 15 MPa) 

in stronger sediments, however this facility was unavailable at the time of testing. 
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However, overall it has been shown that the lab-scale pressuremeter can be tested successfully 

in a geotechnical centrifuge environment, providing valuable in situ stiffness data, provided 

the conditions given above are minimized. 

3.9. Conclusions 

A pre-buried miniature pressuremeter has been tested in the centrifuge environment. The pre-

buried pressuremeter provides in situ stiffness parameters with minimal disturbance associated 

with initial set-up. The system setup and operating procedure have been described in detail in 

this paper. Hardware and software configuration for the miniature pressuremeter setup in the 

UWA beam centrifuge have been presented. Pre-testing processes and testing performance 

have been assessed through a series of pressuremeter tests on three different sands, one silica 

sand and two carbonate sands. Interpretation methods of pressuremeter tests have been 

reviewed and integrated into the new lab-scale pressuremeter test analysis. A range of soil 

properties have been estimated, including initial shear modulus 𝐺𝑖 , unload-reload shear 

modulus 𝐺𝑢𝑟, in-situ horizontal stress 𝜎ℎ0
, creep strain ε𝑐𝑟𝑒𝑒𝑝, creep coefficient m, peak friction 

angle 𝜙′ and dilation angle 𝜓. 𝜙′ and 𝜓 of soil samples were also determined from lab-scale 

cone penetrometer tests. These results agree well with the predictions from the miniature 

pressuremeter test for silica sand, but not for carbonate sand. This points out to the limitation 

of the available methods for interpreting in situ strength measurements in calcareous sand. To 

ensure testing quality of the miniature pressuremeter, it is recommended to avoid using the 

apparatus in sample with large grain size or with irregular grain shape, and to provide 

sufficiently high air pressure when testing soil with high shearing resistance. 
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Chapter 4. Analysis of failure mechanisms in silica and 

carbonate sands beneath a strip foundation under 

vertical loading 

4.1. Abstract 

This paper reports the deformation behaviour of silica and carbonate sands under a strip 

foundation subjected to uniaxial vertical load. Small-scale physical modelling tests of a strip 

surface foundation under vertical load were conducted in a geotechnical centrifuge and Particle 

Image Velocimetry/Digital Image Correlation (PIV/DIC) was used to analyse images of an 

exposed plane of the model beneath the foundation to visualise the failure mechanisms. The 

observed mechanisms are interpreted in conjunction with load-settlement response and cone 

penetrometer resistance profiles. The failure mechanisms are illustrated through normalised 

vertical and horizontal displacement fields and shear and volumetric strain fields derived from 

the PIV analysis. Different soil deformation mechanisms and load-settlement responses were 

observed in the different sands. Soil resistance profiles measured using a miniature cone 

penetrometer do not correlate with the measured foundation bearing resistance and an 

interpretation of particle shape effect is introduced to explain the differing behaviours. The 

results presented improve understanding of the different responses in carbonate sands and silica 

sand beneath a shallow foundation under vertical load. 

4.2. Notation 

B width of foundation model  

𝐶𝑢 coefficient of uniformity of soil sample  

𝐷𝑟 mean particle size of soil sample  

𝐷50      relative density of soil sample  

𝑒𝑚𝑎𝑥 maximum void ratio of soil sample  

𝑒𝑚𝑖𝑛 minimum void ratio of soil sample  

L length of foundation model  

𝑞 bearing resistance of foundation  

𝑞𝑐 cone tip resistance of cone penetrometer  
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R average roundness of particles  

S average sphericity of particles  

w foundation displacement of foundation  

x horizontal position of foundation  

z penetration depth of cone penetrometer  

4.3. Introduction 

Conventional bearing capacity theory for shallow foundations is based on analytical solutions 

of a general shear failure mechanism (Terzaghi 1943), which is very commonly seen in silica 

sands. Different failure mechanisms in carbonate sands may lead to discrepancies in soil 

property interpretation and foundation bearing capacity analysis. Differences in 

compressibility of a range of carbonate sands, compared to siliceous materials have been 

reported (Coop 1990); differences in load-settlement response of shallow foundations on 

carbonate sands compared to silica sands have been reported (Finnie & Randolph 1994); and 

different kinematic failure mechanisms in carbonate sands compared to silica sands have been 

indicated by finite element analysis (Yamamoto et al. 2008) and observed experimentally 

(Dijkstra et al. 2013). Different deformation mechanisms or failure modes in sands may result 

in very different foundation load-displacement response. Experimental observations of the 

kinematic mechanisms in carbonate sands beneath shallow foundations under vertical load are 

sparse in the literature. The study presented in this paper contributes data to reduce this 

knowledge gap.  

This paper presents observations from centrifuge model tests, i.e. at prototype stress levels, of 

shallow foundation response in a silica and two carbonate sands under vertical loading. The 

samples are characterised by their relative density and through miniature cone penetrometer 

tests (CPT). Load-settlement response of the foundations is reported along with observations 

of the failure mechanisms using a Particle Image Velocimetry/ Digital Image Correlation 

(PIV/DIC) technique (Stanier et al. 2015). 
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4.4. Experimental details 

4.4.1. Methodology 

Physical modelling tests using Particle Image Velocimetry/Digital Image Correlation 

(PIV/DIC) have been conducted in the 1.8 m radius beam centrifuge at the University of 

Western Australia (UWA). All tests were carried out at 50 g with the reference point for the 

effective radius at the soil surface. 

Figure 4-1 shows a schematic of PIV test set-up. A strip mat foundation (model size: B × L: 50 

mm × 100 mm; prototype size: 2.5 m × 5 m) was placed in the centre of a strongbox with an 

acrylic window on one face. The foundation was loaded centrically and vertically at a constant 

vertical displacement rate of 0.05mm/s until the foundation bearing resistance reached the 

capacity of the load cell. Cone penetrometer tests (CPT) were conducted to characterise the 

shear strength sample. 

 

Figure 4-1. Schematic of centrifuge PIV test set-up. 
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4.4.2. Hardware 

The hardware used in the testing programme included: 

 Centrifuge strongbox – a 650 × 390 × 325 mm steel box housing the camera, lighting and 

PIV strongbox. 

 PIV strongbox – a 340 × 100 × 300 mm steel box housing the sand sample for testing, fitted 

with a transparent acrylic window to enable image recording of the sand face. 

 Camera – mounted to capture the whole exposed cross-section of the model. A 5-megapixel 

camera allowing a maximum frame rate of 15 frame/s at full resolution was used (Allied 

Vision Tech. Prosilica GC2450C). 

 LED panels (CCS Industries Ltd. LDL2-266X30SW-WD) – used to achieve bright and 

even lighting on the testing section. 

 Control unit – to drive and control the camera and LED panels. Frame rate and exposure 

time of the camera, and light intensity of LED panels are controllable. 

 Model strip foundation – fabricated from anodized aluminium with smooth surface. The 

foundation extends the full width of the PIV strongbox to replicate an infinitely long strip 

foundation. 

 Load cell – an in-house column load cell with load capacity of 8 kN. Used to measure the 

axial load applied to the foundation. Mounted between the foundation and the actuator. 

The PIV hardware and interpretation methods have previously been described in detail in White 

et al. (2003) and Stanier et al. (2013). The foundation displacement is controlled by an in-house 

motion control system (De Catania et al., 2010). Data acquisition of loads and displacements 

was achieved using an in-house data acquisition system (Gaudin et al., 2009). 

A MATLAB based PIV/DIC software package, GeoPIV-RG (Stanier et al., 2015) is used. 

GeoPIV-RG – incorporating a first-order subset shape function, bi-quintic b-spline image 

intensity interpolation and IC-GN subset deformation parameter optimization – was used to 

achieve high measurement precision. The software can be freely downloaded from the 

GeoPIV-RG website (http://www. geopivrg.com). 
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4.5. Soil sample and soil properties 

A coarse silica sand (CS) and two carbonate sands, Ledge Point carbonate sand (LP) and 

Legendre carbonate sand (LGD), were tested in this investigation. The CS sand is a commercial 

silica sand with broadly uniform grain shape, manufactured by Sibelco Group, Australia. The 

LP carbonate sand was collected from a coastal location in Western Australia, and has very 

high calcium carbonate content, including organic remains, and angular particles. The LGD 

carbonate sand was recovered from the seabed at the Legendre field on the North West Shelf 

offshore Western Australia, and has a more rounded shape than the LP carbonate sand. Particle 

size distributions of the samples were obtained by sieving and are shown in Figure 4-2. The 

measured soil properties of the samples are listed in Table 4-1. The 𝐷50 of CS sand, LP sand 

and LGD sand are 0.51mm, 0.21mm and 1.05mm, respectively; and all samples are poorly 

graded with low coefficient of uniformity, 𝐶𝑢. Due to the difficulty of preparing samples of 

similar density for the silica and carbonate sands, the preferred choice was to prepare the 

samples with densities comparable to previous studies (Gui et al. 1998, Erbrich 2004, Lehane 

et al. 2012), relevant to the relative density encountered in reality. More details on sample 

preparation are presented in section 5.5. 

Scanning Electron Microscopy (SEM) was carried out to identify shape characteristics of the 

grains of each of the sands. The SEM images are shown in Figure 4-3 at two consistent scales 

for all three sands. Visually, each sand has clearly different particle characteristics. The 

carbonate sands (LP, LGD) are more angular and variable in shape compared to the coarse 

silica sand, which has uniform and rounded particles. Particle shape effect will be addressed 

later in this paper. 

Cone penetrometer tests were conducted to estimate the soil strength of the sand samples. 

Figure 4-4 presents the measured cone tip resistance for the three sands in free-field sites. The 

Legendre (LGD) carbonate sand generated the highest cone penetrometer resistance followed 

by Ledge Point (LP) carbonate sand, whilst the coarse silica (CS) sand yielded the lowest 

resistance. According to study of particle size effect by Bolton et al. (1993), the recommended 

ratio of diameter of penetrometer to average particle size is no less than 20. In this paper, CS 

sand and LP sand should have minimum scale effect as the diameter-size ratio is 20 and 50 

respectively. The lower diameter-size ratio of LGD sand at about 10 may increase the cone tip 

resistance slightly due to scale effect. Crushed aggregate on the tip of the cone was found only 
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in Ledge Point sand, but no relevant information can be picked out from the penetration 

response at shallow depth. 

 

Table 4-1. Material properties of sand samples 

Sand 
emax 

(-)    

emin 

(-) 

D𝑟      

(%) 

D50      

(mm) 

Cu 

(-)       

Coarse silica (CS) 0.69 0.54 70 0.51 1.38 

Ledge Point (LP) 

carbonate sand 
1.17 0.80 47 0.21 2.67 

Legendre (LGD) 

carbonate sand  
0.84 0.51 71 1.05 2.09 

 

 

Figure 4-2. Particle size distribution: (CS) coarse silica sand; (LP) Ledge Point carbonate sand;        

and (LGD) Legendre carbonate sand. 



Chapter 4. Analysis of failure mechanisms in silica and carbonate sands beneath a strip foundation 

 

- 84 - 

 

 

Figure 4-3. Scanning electron micrograph (SEM): (CS) coarse silica sand; (LP) Ledge Point 

carbonate sand; and (LGD) Legendre carbonate sand 

 

 

Figure 4-4. Cone penetrometer test: (CS) coarse silica sand; (LP) Ledge Point carbonate sand;       

and (LGD) Legendre carbonate sand 
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4.6. Foundation test results 

4.6.1. Load-displacement response 

Figure 4-5 shows the foundation bearing pressure profiles measured in the three sands. The 

Legendre carbonate sand (LGD) exhibits the highest bearing pressures, as in the cone 

penetration tests. However, contrary to the cone penetration tests the Ledge Point carbonate 

sand exhibits the lowest bearing pressures. Particle crushing was not visually observed during 

loading of the foundations for any of the sand samples. A sample beneath the foundation was 

taken by pressing an adhesive tape at the surface of the sample before and after the test and 

was examined it with an optical microscope. Additionally PSD of samples taken near the 

foundation had no appreciable variation to the original PSD. 

Differences in mobilised bearing pressure at a particular normalised penetration depth can be 

quite significant. For example, at a normalised displacement of 4% of the foundation width, 

the bearing pressure in the Legendre sand is double that recorded in the Ledge Point sand. 

Considering a constant bearing pressure, e.g. 200 kPa, the settlement ranges by a factor of two. 

The practical implication is that the same foundation, with a given operative vertical load, 

would settle significantly different amounts on different sediments. Understanding whether 

differing failure mechanism or soil properties cause this variation in load-settlement response, 

is important to developing reliable design guidance. Visualization of the failure mechanisms, 

through Particle Image Velocimetry (PIV), can contribute to this understanding. 

Due to the very high strength of dense sand, failure could not be achieved in the tests with the 

highest possible capacity of the facility. Foundations on sand would not in practice be governed 

by bearing failure. The intention of the tests was to identify as much of the load-displacement 

curve as possible, and the development of the soil deformation mechanism towards failure. 

Higher maximum displacement was achieved in the tests reported in Chapter 5 using a smaller 

rectangular foundation. 
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Figure 4-5. Bearing pressure measured in foundation tests: (CS) coarse silica sand; (LP) Ledge Point 

carbonate sand; (LGD) Legendre carbonate sand. 

4.6.2. PIV/DIC results 

Figure 4-6 compares displacement vector fields with normalised horizontal (LHS) and vertical 

(RHS) displacement contours (normalised by the foundation displacement) for each of the 

sands at a normalised displacement, w/B, of 4%. This visualization illustrates whether 

horizontal or vertical soil displacements dominate the mechanism mobilised for each of the 

sands. The displacement fields are clearly very different for the carbonate sands (LP, LGD) 

when compared to the silica sand (CS). There is significantly more lateral displacement in the 

silica sand (CS) than in either of the carbonate sands where vertical displacement (settlement) 

tends to dominate. This is indicative that a ‘punching shear’ type failure mechanism is 

dominant in carbonate sands. 

Strain fields, derived from the displacement fields, are plotted in Figure 4-7 to further explore 

the difference in failure mechanisms. Shear strain fields are shown on the left side of the figures 

with corresponding volumetric strain fields for the same region mirrored on the right side. Sign 

convention is compression-positive for the volumetric strain field. In the coarse silica sand a 

highly concentrated zone of shearing is seen at the corner of the foundation. For the carbonate 

sands the shear strain fields are more diffuse and of generally lower magnitude. In the 

volumetric strain fields, there appears to be a dilating zone immediately beneath the foundation 

in all tests, however there is significantly more volumetric compression beneath the foundation 

in the carbonate sand tests (LP, LGD) than the silica sand test (CS), which agrees well with the 

difference in mechanisms seen in Figure 4-6. 
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For the dense CS sand, the dilative behaviour will increase the foundation resistance while the 

compressibility of the medium dense LP sample will limit the resistance build-up. Dilation of 

CS sand occurs during cone penetration, but the dilative effect that increases the tip resistance 

may be reduced by surface soil heave when the penetration is at relatively shallow depth. 

 

Figure 4-6. Normalised horizontal displacement contour field (left) and mirrored corresponding vertical 

displacement contour field (right). Soil displacements normalised by applied foundation displacement. 
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4.7. Effect of Particle shape 

In this section, the effect of particle shape on the foundation failure mechanisms is considered. 

Two measures of particle characteristic, sphericity and roundness, have been estimated for each 

of the sands using the SEM images (shown in Figure 4-3): 

(1)  Sphericity S: The sphericity of a particle is the ratio of its largest inscribed sphere relative 

to the diameter of its smallest circumscribed sphere. Sphericity refers to the 3D global 

particle shape reflecting the similarity between the particle’s length, height and width. 

(2)  Roundness R: The roundness of a particle is measured using its maximum projected area, 

defined as the ratio of the average radius of the area relative to the maximum inscribed 

circle of the area. Roundness describes the 2D major surface features of the particle. 

A reference for visual estimation of sphericity and roundness is adapted from Krumbein & 

Sloss (1964) in Figure 4-8. 

The particle shape parameter estimates for the sands considered in this study are summarised 

in Table 4-2. The coarse silica (CS) sand is rounded and uniform with very high sphericity and 

roundness at ~ 0.9. The particle shapes of LP carbonate sand are mostly irregular and highly 

angular. The average sphericity and roundness of LP carbonate sand are all very low at ~ 0.3. 

The LGD carbonate sand is more rounded than the LP sand. Disk shape and blade shape 

particles are common in LGD sand. The sphericity and roundness of LGD sand are estimated 

as ~ 0.5 and ~ 0.7 respectively. 

The sphericity, S, and roundness, R, of the particles could explain the different trends of 

behaviour observed between the foundation and the cone penetrometer penetration resistance, 

i.e. that the Ledge Point sand exhibited a lower foundation penetration resistance but higher 

cone resistance than the coarse silica sand. 
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Figure 4-7. Normalised shear strain field (left) and mirrored corresponding volumetric strain field 

(right) – shear strain and volumetric strain expressed as percentage. 
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Figure 4-8. Chart for particle shape visual estimation: Sphericity (S) and roundness (R). (after 

Krumbein & Sloss, 1964) 

 

Table 4-2. Estimates of particle shape parameters 

Sand 
Sphericity 

S (-) 

Roundness 

R (-) 

coarse silica (CS) ~0.9 (high) ~0.9 (high) 

Ledge Point (LP) 

carbonate sand 
~0.3 (low) ~0.3 (low) 

Legendre (LGD) 

carbonate sand 
~0.5 (med) ~0.7 (high) 

 

Sphericity, S, is high in coarse silica sand (0.9), but is relatively low in LGD carbonate sand 

(0.5) and LP carbonate sand (0.3). It is found that coarse silica sand below the foundation corner 

has the largest lateral component (40%) of soil displacement under vertical load, followed by 

LGD sand (20%) and LP sand (10%); c.f. Figure 4-6 (a, b, c). The sphericity S, as defined 

previously in the paper, reflects the level of similarity between the particle and its 

circumscribed sphere. The load transfer between perfectly spherical particles will pass through 

the centre of each particle. Therefore vertical load can be transferred laterally if two spheres 

are not aligned vertically, and so the sphericity, S, is likely to influence the direction of load 

transfer within a volume of particles subjected to non-uniform loads (as in the foundation test). 

In contrast, for the Ledge Point and Legendre carbonate sand particles, which have lower 

sphericity, S, the pluviated deposition process adopted in creating the models (similar to natural 
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deposition) is likely to result in the particles being oriented horizontally, causing the load 

transfer to be predominantly vertical. 

The volumetric strain field comparisons (Figure 4-7) also show that coarse silica sand is the 

least compressible, followed by LGD carbonate sand and LP carbonate sand, which is the 

reverse order of the estimated sphericity, S. Cho et al. (2006) summarized a database studying 

the effect of particle shape on soil properties, which included sphericity, S, roundness, R, and 

maximum and minimum voids ratios, emax and emin. Table 4-3 is a reorganized version of the 

database, sorted with respect to reducing sphericity, S, as the primary target and roundness, R, 

as the secondary target. When the database is sorted in this way, it shows that most samples 

with high sphericity and roundness tend to have a smaller range between the maximum and 

minimum void ratios and therefore less capacity to rearrange under load generating 

compressive volumetric strains (prior to particle crushing). For the three sands tested in this 

paper, there is a small range between emax and emin in coarse silica (CS) sand, while the range 

is much greater in the two carbonate sands (LP, LGD). This observation goes some way to 

explaining the differences in deformation mechanism observed between the silica and 

carbonate sands. 

4.8. Further work 

A new synchronized multi-scale PIV methodology enabling analysis of high-resolution ‘micro’ 

scale images captured using a second camera and lens with greater magnification has recently 

been developed (Teng et al. 2016). This system allows the large displacements and strains 

occurring at the interface of the footing to be measured at a higher resolution, providing further 

insights into the differences in response of silica and carbonate sands in qualitative and 

quantitative ways. Work on the analysis of images captured with the higher resolution camera 

in a further suite of tests on rectangular foundations on silica and carbonate sands under vertical 

loading and horizontal cyclic loading is currently in progress at COFS. 
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Table 4-3. Database of particle shape information and void ratio (modified from Cho et al. 2006) 

Sand sample 
Sphericity  S 

(-) 

Roundness R 

(-) 

emax 

(-) 

emin 

(-) 

Glass beads 1.00 1.00 0.72 0.54 

Ottawa #20/30 0.90 0.90 0.72 0.50 

ASTM graded 0.90 0.80 0.82 0.50 

ASTM 20/30 0.90 0.80 0.69 — 

Michigan Dune 0.87 0.77 0.80 0.56 

Nevada 0.85 0.60 0.85 0.57 

Ponte Vedra 0.85 0.30 1.07 — 

Jekyll Island 0.85 0.30 1.04 — 

Ottawa #20/70 0.81 0.76 0.78 0.47 

Ticino 0.80 0.40 0.99 0.57 

Ottawa #60/80 0.78 0.65 0.85 0.55 

Margaret River 0.70 0.70 0.87 — 

Ottawa F110 0.70 0.70 0.85 0.54 

Daytona Beach 0.70 0.62 1.00 0.64 

Sandboil 0.70 0.55 0.79 0.51 

Ottawa #45 0.68 0.45 1.10 0.75 

Syncrude Tailings 0.62 0.47 1.14 0.59 

Ottawa #90 0.60 0.40 1.10 0.73 

Blasting 0.55 0.30 1.03 0.70 

Fraser River 0.50 0.25 1.13 0.78 

Granite powder 0.24 0.40 1.30 0.48 

 

4.9. Conclusions 

A set of centrifuge model tests have been conducted to investigate the deformation behavior of 

two carbonate sands and a silica sand beneath a surface strip foundation under monotonic 

vertical load. Digital images of a cross-section of the model captured continuously during the 

test were analysed using PIV, enabling the kinematic mechanisms to be visualised and 

scrutinised quantitatively in terms of vertical and horizontal components of displacement and 

shear and volumetric strains. Cone penetrometer tests were used to characterise the samples. 

Load-settlement responses were observed in the foundation tests that cannot be explained 

simply from the measured cone resistance. Particle shape is thought to have an impact on the 

form of deformation mechanisms occurring beneath the foundation – and hence load-settlement 

response of the foundation. The PIV analyses show a classical general shear mechanism in the 

silica sand and punching shear mechanism in the carbonate sands. The propensity for these 
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mechanisms to form is thought to be linked to the sphericity, S, and roundness, R of the sand 

particles. More rounded particles lead to balanced load spreading in the vertical and horizontal 

directions whereas the flatter carbonate particles lead to predominantly vertical mechanisms 

with more expansive zones of volumetric compression. The load-settlement response of the 

foundation may then be greater than anticipated from conventional interpretation of CPT data 

based on experience of silica sands. The results presented in this paper have highlighted the 

potentially complex nature of an apparently simple geotechnical boundary value problem, and 

provided insights to improve understanding of the load-settlement response of a surface strip 

foundation on sand under vertical loading. 
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Chapter 5. Mechanisms beneath a rectangular shallow 

foundation on sand: vertical loading 

5.1. Abstract 

This paper details analysis of deformation behaviour of silica and carbonate sands under a 

rectangular foundation subject to uniaxial vertical load based on results from a series of 

centrifuge model tests. A multiscale Particle Image Velocimetry/Digital Image Correlation 

(PIV/DIC) technique was used to record and analyse the foundation tests with high resolution 

and measurement precision. Cone penetrometer tests and pressuremeter tests provide in situ 

soil characterization of the tested sand sample in a centrifuge environment. The soil behaviour 

is analysed through foundation load-settlement response and visualized soil deformation 

measurements. Different soil deformation mechanisms and strain behaviours were observed in 

the silica and carbonate sands tested, and particle shape effect is considered, with data from 

scanning electron microscopy, to explain the differences. The results and analyses contribute 

towards better understanding of different soil behaviours under shallow foundations in silica 

sand and carbonate sand. 

5.2. Notation 

B Width of the model foundation or strongbox 

D Depth of the strongbox 

Dr relative density of soil sample 

D50      sieve size at which 50% weight of sample pass through 

𝑒𝑚𝑎𝑥 maximum void ratio of soil sample 

𝑒𝑚𝑖𝑛 minimum void ratio of soil sample 

휀𝑐 cavity strain of pressuremeter 

𝜙𝑐𝑟        critical state friction angle (or friction angle for constant volume 

shearing) 

G𝑠 Specific gravity of soil sample 

L Length of the model foundation or strongbox 

𝑁𝛾 , 𝑁𝑞 Bearing capacity factors 
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𝑝𝑐 Cavity stress of pressuremeter 

𝑞𝑐 Cone tip resistance of cone penetrometer 

𝑞𝑢 Bearing capacity of foundation 

𝑞𝑚 Bearing resistance of foundation 

R        Average roundness of the soil sample 

ρ Density of the soil sample 

S Average sphericity of the soil sample 

g Gravity level 

z Cone penetration depth 

 

5.3. Introduction 

Soil response in sands of different mineralogy is known to vary significantly. In particular, 

silica and carbonate sands, which are prevalent offshore in the continental margins, often 

exhibit contrasting behaviour in element tests with carbonate sands highly susceptible to large 

volumetric collapse (e.g. Frossard 1979; Coop et al. 2004; Cho et al. 2006). This is because 

natural carbonate sands are characterised by high variability in soil properties compared to 

silica sands, due to the biogenic origin of carbonate sands, high angularity of particles and 

variable particle strength leading to a tendency to crush. Attempts to capture some of these 

behaviours in constitutive models include the MIT-S1 model (Pestana, 1994) and SU model 

(Islam, 1999), however most soil models do not consider particle shape effects or crushability. 

Such models are not used routinely in the design of foundations on carbonate sands, with 

traditional bearing capacity theories still very much relied upon that are based on a general 

shear failure mechanism with the soil being treated as a homogenous continuum (Terzaghi 

1943, Meyerhof 1953 and Hansen 1970).  

For reliable and economic design, it is important to understand whether particle shape effects 

and crushability of carbonate sands impact the validity of traditional bearing capacity theory. 

Research into the impact of this varying mechanical behaviour on the deformation mechanisms 

that are mobilised in boundary value problems – such as shallow foundation performance – is 

sparse in the literature (e.g. Dijkstra et al. 2013, Teng et al., 2017a). Shallow foundation tests 

and soil characterization of sand in a centrifuge environment, in which the stresses are scaled 

appropriately, are reported in the literature (e.g. Bolton et al. 1999, Zhu et al., 2001, Govoni et 

al. 2011, Cocjin et al, 2013), yet most of the studies use well characterised ‘laboratory’ sands, 
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which are typically siliceous and commercially available in the reasonably large volumes 

required for centrifuge model studies. 

This paper details a series of shallow foundation tests on a commercially available siliceous 

and two natural carbonate sands in the centrifuge environment, using a multi-scale Particle 

Image Velocimetry/Digital Image Correlation (PIV/DIC) technique to record the evolving 

deformation mechanisms caused by the foundation load. Complementary cone penetrometer 

tests and pressuremeter tests were also carried out. The observations indicate that particle shape 

effect and crushability have a significant impact on shallow foundation response in sand of 

differing origin; a factor which should be carefully considered when designing shallow 

foundations that are to be founded on non-siliceous and perhaps poorly characterised 

sediments. 

5.4. Experimental details 

Two types of centrifuge tests (illustrated in Figure 5-1) were performed: (i) half-model 

PIV/DIC experiments in a reduced-sized PIV strongbox with a transparent acrylic window set 

into a standard full-size strongbox; and (ii) full-model tests performed in a full-size strongbox 

to verify the load measurements obtained in the PIV/DIC experiments and provide additional 

space for sample characterisation tests. All experiments were performed in the 1.8 m radius 

beam centrifuge at the University of Western Australia (Randolph et al. 1991) with an 

acceleration of 50g applied at the surface of the sample. The measurements were recorded with 

the LabVIEW based DigiDAQ software developed at UWA (Gaudin et al., 2009). 

 

Figure 5-1. Schematic of centrifuge test setup: (a) half model test; (b) full model test. 
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5.4.1. Half foundation model test for PIV/DIC 

The half-model rectangular foundation was fabricated with dimensions L × B: 100 × 25 mm 

from aluminum which was subsequently anodised. The base of the foundation was coated with 

coarse silica sand (D50 = 0.5 mm) using epoxy to increase foundation roughness. This 

foundation was placed with the long side parallel to the transparent acrylic window of a 330 × 

230 × 300 mm PIV/DIC strongbox that fits within the standard centrifuge strongbox. The 

PIV/DIC strongbox has a transparent acrylic window on one face to expose a plane of the soil 

sample (see Figure 5-1(a)). The thickness of the transparent window (50 mm) was sized 

following the recommendations in Haigh et al. (2014) that the deflected boundary will have 

minimal impact on soil disturbance, especially in situ stress ratio condition. The acrylic window 

is rigidly connected against the two side walls and the base plate such that the maximum 

deflection of the window at the free top end can be calculated using elastic mechanics. This 

was calculated as less than 0.2 mm (< 0.001 window height) for the current tests. Increasing 

the window stiffness also reduces distortion pollution and improves measurement precision of 

PIV/DIC analysis, and allows half foundation model tests to be conducted at higher stress level. 

During the tests the foundation was loaded vertically at a constant vertical displacement rate of 

0.01mm/s until the column type load cell (De Catania et al., 2010) reached its capacity of 8 

kN. 

An in-house developed synchronised multi-scale image capture system using two cameras was 

used to capture the deformation mechanisms in two series of images at ‘macro’ and ‘micro’ 

scales (Figure 5-2). A central camera records the full field of view (FoV) of the PIV/DIC test 

capturing the ‘macro’ deformation mechanism and the boundaries of the model. An adjacent 

slave camera simultaneously records a smaller ‘micro’ FoV near the foundation capturing 

deformations close to the foundation at higher definition. In brief, the hardware consists of: 

two 5-megapixel cameras (Allied Vision Technologies Prosilica GC2450); a pair of LED 

panels (CCS Industries Ltd, model number LDL2-266X30SW-WD) to provide lighting; and 

in-house control units that supply power and commands to the lighting and cameras, 

respectively.  

In-house software was developed to control the cameras and lighting and GeoPIV-RG (Stanier 

et al. 2015), which is freely available at www.geopivrg.com and incorporates a first-order subset 

shape function, bi-quintic b-spline image intensity interpolation and IC-GN subset deformation 
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parameters opimisation. See Teng et al. (2016) for more comprehensive details on the hardware 

and software for this multi-scale PIV/DIC system. 

 

Figure 5-2. 'Macro' FoV of master camera and 'micro' FoV of slave camera. 

5.4.2. Full foundation model test 

The full-model rectangular foundation was fabricated with dimensions L × B: 100 × 50 mm 

from aluminum which was subsequently anodised. The base of the foundation as coated with 

coarse silica sand using epoxy to increase foundation roughness – as for the half-model. The 

experiments were performed in a standard full-size strongbox (L × B × D: 650 × 390 × 325 

mm) under the same conditions as the half-model tests, including rate of loading. Due to the 

additional space available, it was possible to perform miniature cone penetrometer tests (CPT) 

and pre-buried pressuremeter tests (PMT; see Figure 5-3) in the full-size strongbox samples to 

provide measurements of strength and stiffness for each of the samples (Stewart & Randolph 

1991, Teng et al. 2017b). Placement of the instruments in the strongbox is shown in Figure 

5-1(b). Pressuremeter tests were conducted in the middle of the strong box before foundation 

tests. CPTs were conducted at the footprint and beside the footprint after the foundation tests. 

5.5. Soil sample 

A commercially available coarse silica sand and two natural carbonate sands were tested. A 

coarse silica (CS) sand with relatively uniform particle size and shape was sourced from a 

commercial supplier (Sibelco Group, Australia). One of the carbonate sands was from an 

onshore location at Ledge Point (LP) in Western Australia (Sharma & Ismail 2006) and has a 
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high calcium carbonate content and contains a significant volume of organic remains. A second 

carbonate sand, recovered from the Goodwyn (GW) field located offshore North Western 

Australia (Sharma & Ismail 2006), was considered as the third sand type for this study as 

although it has a similar particle size distribution to the Ledge Point carbonate sand, it is more 

crushable with the particles breaking between fingers. 

 

Figure 5-3. Pre-buried pressuremeter on mount. 

Volumes of both the coarse silica sand and Ledge Point sand were dyed black and mixed with 

undyed sand in order to enhance the captured image contrast, such that the Artificial Seeding 

Ratio (ASR) was approximately 0.5, following the recommendations in Stanier et al. (2013). 

Trials of dying the Goodwyn sand to achieve optimal image contrast proved unsatisfactory, as 

dye was absorbed into intra-particle voids rather than coating the outer particle surfaces. The 

Goodywn sand is very uniform in colour, which makes for suboptimal PIV/DIC analyses due 

to the low image contrast causing poor correlations. As an alternative to dyeing, the Goodwyn 

sand was mixed in a 50/50 ratio with the Ledge Point sand, which has a highly contrasting 

particle colour. This created a second carbonate sample that had high spatial contrast on the 

exposed plane of the model and so was well-suited to PIV/DIC analysis. 

All samples (whether in PIV/DIC or full size strongboxes) were pluviated using a dry sand 

raining machine with the sand poured from a bar hopper with constant opening and fall height 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 101 - 

 

whilst the hopper moved back and forth along the strongbox at a constant rate. The same fall 

height and lateral travel rate were used for all samples tested. Sample density was determined 

by measuring total weight and total volume, relative density 𝐷𝑟  was determined by 

maximum/minimum index density and sample density. The relative density 𝐷𝑟 in the coarse 

silica sand was 84%, whereas for the carbonate sands the relative density was lower at 52% 

and 55% for the LP and GW/LP sands, respectively. This difference in sample density is 

thought to be caused by the angular shapes of the carbonate sand particles, which necessitated 

the use of a slightly larger bar hopper opening for fluent sample raining. The Goodwyn 

carbonate sand and Ledge Point carbonate sand in GW/LP carbonate sample was well mixed, 

but slight stratification of the two sands was unavoidable due the different unit weight of the 

two constituent sands and the dry pluviation process. 

From previous experience of offshore site investigation, subrounded to subangular offshore 

silica sand are often found in a dense to very dense condition (Mitchell & Lunne 1978, Jardine 

et al. 1998, Andersen et al. 2008). The range of index minimum and maximum void ratio of 

carbonate sands can be highly variable (Golightly & Hyde 1988, Hull et al. 1988) and so a 

general state for is unrealistic due to the variable nature of carbonate sands.. Sampling trials 

were conducted to compare the achievable relative density of the different sands. By using a 

dry pluviation method, the maximum relative density achieved in the rounded CS sand was 

almost 100%, while only medium density could be achieved with the angular LP and GW/LP 

carbonate sands. It is believed that the high organic content and high angularity limited the 

maximum density achievable by the pluviation. Due to the difficulty of comparing density 

directly between silica and carbonate sands in a straightforward way, preparing samples to the 

density with similar strength or stiffness to previous studies or available information from 

offshore investigations became our preferred choice. Trial CPTs and PMTs have been 

conducted in all samples to ensure that they are comparable to previous references (Randolph 

et al. 1988, Gui et al. 1998, Erbrich 2004 & 2005, Lehane et al. 2012). Moreover, the selected 

densities were achieved by using the same pluviation sampling procedure, as a way to indicate 

that different soil conditions were achieved in different samples, in spite of the same 

sedimentary process being employed across all samples. 

The critical state angle of friction, 'cr, was determined by the Cornforth method (Cornforth 

1973), indicating similar values for all three sands, although slightly higher for the carbonate 

sands.  
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The particle size distribution of the three sand samples are shown in Figure 5-4 and Table 5-1. 

Key geotechnical characteristics of the sands used in the centrifuge models presents values of 

key geotechnical characteristics for each of the samples. All samples are poorly graded (𝐶𝑢 < 

6) with the median particle size 𝐷50 of CS, LP and the GW/LP sands is 0.51 mm, 0.21 mm and 

0.24 mm, respectively. Scanning Electron Microscopy (SEM) was used to observe the particle 

shape of the different samples (Figure 5-5). The coarse silica sand particles are mostly rounded 

with a smooth surface. The LP carbonate sand and the GW/LP sand have a high portion of 

highly angular particles, many of which are hollow and highly crushable organic remains. 

 

Figure 5-4. Particle size distribution of sand samples: (CS) coarse silica sand, (LP) Ledge Point sand 

and (GW/LP) Goodwyn/Ledge Point sand 

Table 5-1. Key geotechnical characteristics of the sands used in the centrifuge models 

Sand 

Sample  

density  

𝜌 
(kg/m³) 

Specific 

gravity       

𝐺𝑠      
(kg/m³) 

Maximum  

void ratio 

𝑒𝑚𝑎𝑥      
(-) 

Minimum 

void ratio 

𝑒𝑚𝑖𝑛 
 (-) 

Relative 

density 

𝐷𝑟 
(%) 

𝐷50      
(mm) 

𝐶𝑢      
(-) 

 

'cr 

(°) 

Coarse silica sand 

(CS) 
1760 2650 0.69 0.47 84 0.51 1.38 

 

33.0 

Ledge Point 

carbonate sand 

(LP) 

1400 2760 1.17 0.80 52 0.21 2.67 

 

35.0 

Goodwyn/Ledge 

Point carbonate 

sand (GW/LP) 

1330 2740 1.28 0.88 55 0.24 3.11 

 

35.5 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 103 - 

 

 

Figure 5-5. Particle shape of samples under scanning electron microscope: (a) CS sand, (b) LP 

carbonate sand and (c) GW/LP carbonate sand. 

5.6. Miniature cone penetrometer and pressuremeter test data 

Figure 5-6(a) presents the cone penetrometer resistance profile with depth and Figure 5-6(b) 

the cavity stress-cavity strain response from the pressuremeter tests for each sand sample.  

Distinct variations in trend can be observed with the coarse silica sand mobilizing the lowest 

resistance in the penetration test and the highest resistance in cavity expansion.   Further the 

magnitude of penetration resistance of the two carbonate samples are similar to each other 

while the cavity expansion responses are quite different. Comparison of the trends observed in 

these characterization tests are discussed further with respect to the observed foundation load-

settlement response in the following section. 
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Figure 5-6. (a) Cone penetration test and (b) pressuremeter tests of the three tested sands. 

5.7. Shallow foundation bearing response 

Figure 5-7 presents a comparison of the load-displacement response from the half- and full-

model tests in each sand, illustrating that the load bearing response from the two types of test 

are similar (to within 14% of each other) up to a normalised settlement (s/B) of 10%. This 

provides confidence that the mechanisms observed in the half-model PIV/DIC tests is a realistic 

representation of the mechanisms generated under the full-model tests, alleviating concerns of 

boundary impacts caused by friction between the foundation, soil and transparent acrylic 

window. The full-model and half-model foundation load-displacement response in the three 

sands are compared in Figure 5-8.  

The foundation bearing resistance is highest in the coarse silica sample and lowest in the mixed 

Goodwyn and Ledge Point sample. Foundation bearing capacity is taken at a normalized 

foundation displacement s/B = 10% (5 mm model scale, 0.25 m prototype scale) to enable 

comparison. The ultimate bearing resistance in CS sand is then 950 kPa, followed by LP 

carbonate sand at 800 kPa and GW/LP carbonate sand at 600 kPa. It is interesting to note that 

the foundation bearing response trends are contrary to the CPT resistance trend, which implied 

that the carbonate sands had higher strength, yet in these results the carbonate sands exhibit 

lower foundation bearing resistance than the silica sand. In contrast, the trend in bearing 

capacity mobilised in the foundation tests mirrors the trend in the resistance observed in the 

miniature pressuremeter tests (PMT). This implies that the deformation mechanism generated 

by the PMT is more akin to that generated beneath a shallow foundation under vertical loading 

on carbonate sand. A summary of these trends is presented in Table 5-2. Comparison of trends 
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in soil response in different tests. and the observations are discussed further in the context of 

the observed deformation mechanisms within the soil mass in the following section. 

 

Figure 5-7. Comparison of full and half foundation model load-displacement response: (a) coarse 

silica sand, (b) Ledge Point sand and (c) Goodwyn/Ledge Point sand 

 

Figure 5-8. Comparison of foundation model load-displacement response on different sands: (a) full 

model tests and (b) half model tests. 

Table 5-2. Comparison of trends in soil response in different tests. 

Test Measure Result (high to low) 

Cone penetrometer test 
Cone tip resistance, 𝑞𝑐 

at given penetration depth 
LP ≈ GW/LP > CS 

Pressuremeter test 
Cavity stress, 𝑝𝑐 

at given cavity strain 
CS > LP > GW/LP 

Foundation test 
Bearing resistance, 𝑞𝑚 

at given displacement 
CS > LP > GW/LP 
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5.8. Soil deformation mechanisms 

Displacement and strain fields observed on the exposed plane of the half-model tests in the 

‘macro’ view, derived from the multi-scale synchronized PIV/DIC analysis, are plotted for 

each of the sand samples in Figure 5-9 and Figure 5-10, respectively, at normalised foundation 

displacement, (s/B) of 1%, 2.5%, 5% and 10%. Positive displacements indicate settlement 

whilst negative displacements indicate heave. 

Figure 5-9 indicates that the carbonate sands mobilise a mechanism that is quite different to 

the silica sand. Generally, for all settlement increments, the silica sand mechanism is relatively 

shallow with significant lateral displacement of soil at the corner of the foundation and 

significant heave adjacent to it. In contrast, for the carbonate sands the lateral displacements 

are smaller in magnitude, there is no heave adjacent to the foundation, and the mechanisms 

extend to a slightly greater depth into the soil mass. The GW/LP sand also generates a more 

vertically expanded mechanism, predominantly confined to the area beneath the foundation.  

Figure 5-10 presents the corresponding shear and volumetric strain fields at the same settlement 

increments shown for the displacement contours in Figure 5-9, which allow further scrutiny of 

the soil deformation mechanisms. In this figure, positive volumetric strain indicates 

compression. Initially, at 1% s/B, the mechanisms do not look overly dissimilar (c.f. Figure 

5-10 a1-b1-c1) and referring to Figure 5-8, the difference in bearing capacity between the three 

sands is modest. As the settlements increase, from 1% to 10% s/B (c.f. Figure 5-10 a2-b2-c2; 

a3-b3-c3; a4-b4-c4), the contrast between the mechanisms becomes more marked – mirrored 

in the observed foundation load-settlement responses (Figure 5-8). The carbonate sands 

undergo significant volumetric compression immediately beneath the foundation, with the 

mechanisms also extending to greater depth. This volumetric compression is particularly 

evident for the GW/LP sand, which contained a large fraction of the highly crushable Goodwyn 

sand particles. 

Based on the well-established descriptions of potential failure mechanisms for shallow 

foundations subjected to vertical loading (Vesic1974), the mechanism in the coarse silica sand 

is close to what is described as the ‘general shear failure mode’, while the ‘punching shear 

failure mode’ is closest to the mechanisms observed in the LP carbonate sand and GW/LP 

carbonate sand tests. The more readily crushable Goodwyn sand grains in the GW/LP soil 

amplified the difference in mechanisms by generating more volumetric compression beneath 
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the foundation than in the LP soil, which leads to even smaller lateral components of 

displacement in the mechanism resulting in a ‘punching shear failure’ mode. The particle 

crushing also led to a lower bearing capacity being generated in the GW/LP sand compared to 

the LP sand, even though both materials have very similar critical state friction angles. 

The strain fields of coarse silica sand show that it is the least compressible of the three sands 

tested, which is partially due to the higher relative density 𝐷𝑟  at 84 %, but mostly due to 

absence of particle crushing occurring beneath the foundation. Figure 5-11 shows the 

volumetric strain measurements at 10% s/B in all three sands, as measured by the ‘micro’ view 

camera. This camera captures a reduced FoV at ~20 times the resolution of the ‘macro’ view 

camera. The coarse silica sand (see Figure 5-11(a)) exhibits small pockets of volumetric 

compression and expansion that are masked in the lower resolution ‘macro’ view images. 

These pockets of volumetric strain are consistent with local changes in density that are 

generated as the sand is sheared from its initial (pluviated) void ratio, towards the critical state 

void ratio for the apparent stresses at that location in the mechanism. Around the corner of the 

foundation, where the contact stresses will tend to be smallest, a modest amount of localised 

dilation is also evident. 

In contrast, the Ledge Point sand (Figure 5-11(b)) exhibits significant volumetric compression 

immediately beneath the foundation. This can potentially be attributed to: (i) rearrangement of 

particles into a denser packing structure; and (ii) crushing of hollow particles. The LP sand 

does not exhibit a significant tendency to crush under the magnitude of stresses applied to the 

shallow foundation in the model tests, hence most of the volumetric strains are thought to be 

caused by particle rearrangement, which is encouraged by the proliferation of flat particles in 

the soil particle assembly (see Figure 5-5(b)). 

The GW/LP mix has a higher tendency for particle crushing to occur due to the highly crushable 

nature of the Goodwyn sand particles. The slight sample stratification – mentioned earlier – 

highlights the impact of the presence of the highly crushable Goodwyn sand particles in the 

soil particle assembly: Figure 5-11(c) shows that the layers predominantly comprised of 

Goodwyn sand generate more volumetric compression than the layers predominantly 

comprised of Ledge Point sand particles. 
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Figure 5-9. Velocity vectors and normalized displacement contour fields at (1)0.01 s/B, (2)0.025 s/B, 

(3)0.05 s/B and (4) 0.1 s/B: (a) coarse silica sand; (b) Ledge Point sand; (c) Goodwyn/Ledge Point 

sand – Macro FoV 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 109 - 

 

 

Figure 5-10 Shear strain fields and volumetric strain fields at (1)0.01 s/B, (2)0.025 s/B, (3)0.05 s/B 

and (4) 0.1 s/B: (a) coarse silica sand; (b) Ledge Point sand; (c) Goodwyn/Ledge Point sand – Macro 

FoV. 
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Figure 5-11. Volumetric strain field measurement at 10% s/B using ‘micro view’ image: (a) Ledge 

Point carbonate sand (b) Goodwyn/Ledge Point carbonate sand. 

For both of the carbonate sands (Figure 5-11 (b) and (c)), a large volume of soil experiences 

dilation at the corner of the foundation. This is consistent with lower stresses being generated 

in the soil in these zones, which is caused by the reduced confinement which results from the 

mechanism not extending laterally outwards from the corner of the foundation. In other words, 

for the carbonate sands, it is easier for the foundation to mobilise the soil beneath rather than 

adjacent to the foundation.  



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 111 - 

 

The PIV/DIC analysis illustrated that there are different deformation mechanisms occurring in 

each of the different sand samples. The strain field measurements indicate that the behaviour 

of each of the sands is quite different, with silica sands undergoing modest volumetric changes 

due to localised particle rearrangement and the carbonate sands undergoing more significant 

volumetric compression due to particle rearrangement (LP) and particle crushing (GW/LP). 

This is evidence that sands do not behave as a perfect continuum, hence particle shape effects 

and inter-particle behaviour should be considered, especially at regions near the geo-structures 

where these effects will be magnified. 

5.9. Potential particle shape effect 

Particle shape is a key factor in estimating particle and inter-particle behavior and is explored 

here to explain the differences observed in the different sands tested in this study.  

Two measures of particle characteristic, namely Sphericity (S) and Roundness (R), are used to 

describe the shape or geometric form of particles (Krumbein & Sloss 1964). Sphericity S 

describes the ratio of the largest inscribed sphere to the smallest circumscribed sphere of a 

particle and is a scalar reflection of the similarity between the particle’s length, height and 

width. Roundness R is a measurement of particle boundary features using the maximum 

projected area of a particle, expressed as the ratio of the average radius of the corners and the 

edges to the radius of the maximum inscribed circle of the projected area of the particle from a 

given viewpoint. 

A reference for visual estimation of sphericity and roundness are given in Figure 5-12 (after 

Krumbein & Sloss 1964). The SEM images of the three sand samples (Figure 5-5) provide 

appropriate detail for estimations of S and R, which are summarised in Table 5-3. Particle shape 

parameters and soil behaviour comparisons. Since sphericity and roundness can have a wide 

measurement range in carbonate sands, our estimated values are averaged values for ~100 

particles in the SEM images for each of the sand samples. 

Sphericity and roundness are very high in coarse silica sand, but much lower in LP carbonate 

sand and GW/LP carbonate sand. Low roundness can result in high values of maximum and 

minimum void ratios (Youd, 1973), supported by a particle shape database summarised by Cho 

et al. (2006) shown in Table 5-4. Database of soil properties of sand samples (after Cho et al. 

2006).. Our measurements of maximum and minimum void ratio, presented in Table 5-1. Key 
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geotechnical characteristics of the sands used in the centrifuge models, follow this trend and 

the observed compressibility of the sands as measured in the volumetric strain fields in Figure 

5-10 and Figure 5-11 clearly increases with reducing roundness and sphericity. In contrast, the 

critical friction angle  𝜙𝑐𝑟  does not have very strong correlation with either sphericity or 

roundness, nor – at least in this investigation – with the bearing capacity of the sand. A few 

previous studies have shown that the high friction angle of carbonate sands did not result in 

commensurate increases in loading capacity of piles, in particular sleeve friction. This effect is 

so significant that retrospective foundation modifications have regularly had to be conducted 

to increase the capacity (Airey et al. 1988, Raines et al. 1988, Haggerty et al. 1988). 

Santamarina and Cho (2004) suggested a reference linear correlation between critical state 

friction angle and particle roundness by comparing many granular samples, but the scatter of 

data points is not negligible, i.e. a typical friction angle of 33° can be found in sample with 

roundness ranging from 0.2 to 0.7. 

 

Figure 5-12. Visual reference for estimation of sphericity and roundness 

The distribution of lateral and vertical components in displacement fields that govern the type 

of bearing capacity mechanism formed, can also potentially be attributed to particle shape 

effects. Since the foundation load was vertical in these tests, any lateral displacement in the 

soil mass must arise from foundation load being transferred laterally through the inter-particle 

contacts. The magnitude of the lateral component of displacement in the deformation 

mechanism also increases with increasing sphericity and roundness. The pluviation sampling 

process of sand, which is similar to a natural deposition process, is likely to result in particles 

being mainly oriented horizontally, especially for medium dense to dense samples as tested in 

this investigation. Figure 5-13 illustrates the probable load transfer directions between idealised 
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assemblages of horizontally oriented particles with different roundness R (and technically, as 

a result, sphericity S) showing that a higher proportion of load is transferred horizontally when 

the particles are more rounded. For the carbonate sand, the highly angular particle shape 

resulted in low sphericity and roundness, causing the load to be predominantly transferred 

vertically. Due to the higher initial void ratio and reduced lateral load transfer, the LP and 

GW/LP carbonate sands would be predicted to be more likely to generate a punching shear 

failure mechanism under vertical foundation load, as was observed. The more rounded coarse 

silica sand likely experiences increased lateral load transfer, leading to soil heave adjacent to 

the foundation (see Figure 5-9(a)). Data from tests of a strip foundation on another carbonate 

sand, a Legendre sand (Teng et al. 2017a), also supports the observations of the influence of 

particle shape on sand response beneath a vertically loaded surface foundation as presented in 

this paper. A comparison of particle shape characteristics and component of lateral load transfer 

observed in the bearing capacity mechanism is presented in Table 5-3. 

 

Figure 5-13. Schematic of load transfer between idealized particles with different Roundness. 

 

Table 5-3. Particle shape parameters and soil behaviour comparisons 

Sand 
Sphericity 

S (-) 

Roundness 

R (-) 
Compressibility Crushability 

Ratio of lateral 

component in 

total displacement 

Coarse silica sand 

(CS) 
~0.9 (high) ~0.9 (high) lowest low highest 

Legendre carbonate 

sand (LGD) 
~0.5 (med) ~0.7 (high) low low med 

Ledge Point sand (LP) ~0.3 (low) ~0.3 (low) high low low 

Goodwyn/ Ledge 

Point sand (GW/LP) 
~0.3 (low) ~0.3 (low) highest high lowest 
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Table 5-4. Database of soil properties of sand samples (after Cho et al. 2006). 

Sand sample 
Sphericity  

S (-) 

Roundnes

s R (-) 

emax       

(-) 

emin        

(-) 

Critical 

friction 

angle 

𝜙𝑐𝑟 

(°) 

Glass beads 1.00 1.00 0.72 0.54 21 

Coarse silica1 0.90 0.90 0.85 0.51 33 

Ottawa #20/30 0.90 0.90 0.72 0.50 27 

ASTM graded 0.90 0.80 0.82 0.50 30 

ASTM 20/30 0.90 0.80 0.69 — 32 

Michigan Dune 0.87 0.77 0.80 0.56 29 

Nevada 0.85 0.60 0.85 0.57 31 

Ponte Vedra 0.85 0.30 1.07 — 39 

Jekyll Island 0.85 0.30 1.04 — 40 

Ottawa #20/70 0.81 0.76 0.78 0.47 28 

Ticino 0.80 0.40 0.99 0.57 37 

Ottawa #60/80 0.78 0.65 0.85 0.55 30 

Margaret River 0.70 0.70 0.87 — 33 

Ottawa F110 0.70 0.70 0.85 0.54 31 

Daytona Beach 0.70 0.62 1.00 0.64 32 

Sandboil 0.70 0.55 0.79 0.51 33 

Ottawa #45 0.68 0.45 1.10 0.75 33 

Syncrude Tailings 0.62 0.47 1.14 0.59 31 

Ottawa #90 0.60 0.40 1.10 0.73 32 

Blasting 0.55 0.30 1.03 0.70 34 

Legendre2 0.50 0.70 0.84 0.51 36.5 

Fraser River 0.50 0.25 1.13 0.78 35 

Ledge Point1 0.30 0.30 1.17 0.8 35 

Goodwyn/Ledge Point1 0.30 0.30 1.28 0.88 35.5 

Granite powder 0.24 0.40 1.30 0.48 34 

      

                            1 This study; 2 Teng et al. (2017)  
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5.10. Conclusions 

Shallow foundation response under vertical loading in silica and carbonate sands has been 

investigated through a program of centrifuge model tests. Full-model and half-model tests 

provided data on foundation load-settlement response and soil deformation mechanisms in 

micro and macro fields of view that enabled scrutiny of the vertical and horizontal components 

and shear and volumetric components of the failure mechanisms. Miniature cone penetrometer 

tests and pressuremeter tests enabled assessment of the applicability of cone resistance and 

pressuremeter cavity expansion to capture the governing soil response under the foundation. 

Scanning electron microscopy images enabled the influence of particle shape on the observed 

soil response to be considered. The primary conclusions of this work can be summarised as 

follows: 

1. The trend in the magnitude of the net CPT resistance was different to that of the foundation 

resistance for the silica and carbonate sands. The carbonate sands, which have a slightly higher 

friction angle than the silica sand, generated the highest net CPT resistance while in contrast, 

mobilized the lowest foundation bearing resistance. 

2. The trend in the magnitude of the PMT stress-strain response agreed more closely with the 

trend of the bearing response in the foundation tests, with the silica sand mobilising the highest 

resistance, followed closely by the Ledge Point carbonate sand, with the Goodwyn/Ledge Point 

carbonate sand mixture mobilising the lowest resistance. The carbonate sands generated the 

lowest cavity stress and bearing capacity in spite of having a slightly higher critical state 

friction angle than the silica sand.  

3. The propensity for carbonate particles to crush under load can have a significant effect on 

the bearing resistance mobilised by a shallow foundation. Adding highly crushable Goodwyn 

carbonate sand to the Ledge Point carbonate sand resulted in a significant reduction in bearing 

resistance, in spite of the friction angle and relative density being approximately the same in 

the two sands. 

4. Particle shape effects have been proposed to contribute to the different deformation 

mechanisms observed beneath the shallow foundations. Particle shape parameters, sphericity 

and roundness, are determined from SEM images and fit well with the existing database linking 

the magnitudes of the maximum and minimum void ratios of a particle assembly, and 
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potentially the load transfer directions between particles. Low sphericity and particle roundness 

appear to promote punching shear failure modes over general shear failure modes that involve 

more significant lateral mobilisation of soil at failure. 

These findings of this study provide insights into shallow foundation response on silica and 

carbonate sand through synthesis of results from centrifuge model testing, synchronized multi-

scale PIV/DIC analysis and scanning electron microscopy. The results highlight the 

significance of particle shape on the load transfer mechanism and subsequent global failure 

mechanism and show that pressuremeter tests, as opposed to more conventional cone 

penetrometer tests, may provide a more representative load path for determining an appropriate 

input parameter for a predictive model for bearing response. The results provide insights and 

cautions to inform geotechnical design of shallow foundations on carbonate sands and provide 

a valuable high quality data set to contribute to the development of a theoretical or constitutive 

model to better represent the geotechnical response of carbonate soils. 

5.11. References 

Airey, D.W., Randolph, M.F. and Hyden, A.M., 1988. The strength and stiffness of two 

calcareous sands. Engineering for Carbonate Sediments Volume 1, Balkema, 

Rotterdam, pp.43-50. 

Andersen, K.H., Jostad, H.P. and Dyvik, R., (2008). Penetration resistance of offshore skirted 

foundations and anchors in dense sand. Journal of geotechnical and geoenvironmental 

engineering, 134(1), pp.106-116. 

Bolton, M. D., Gui, M. W., Garnier, J., Corte, J. F., Bagge, G., Laue, J. & Renzi, R. (1999) 

Centrifuge cone penetration tests in sand. Géotechnique 49(4):543-552. 

Cho, G.-C., Dodds, J. & Santamarina, J. C. (2006) Particle shape effects on packing density, 

stiffness, and strength: natural and crushed sands. Journal of Geotechnical and 

Geoenvironmental Engineering 132(5):591-602. 

Cocjin, M. & Kusakabe, O. (2013) Centrifuge observations on combined loading of a strip 

footing on dense sand. Géotechnique 63(5):427. 

Coop, M., Sorensen, K., Bodas Freitas, T. & Georgoutsos, G. (2004) Particle breakage during 

shearing of a carbonate sand. Géotechnique 54(3):157-163. 

Cornforth, D. H. (1973) Prediction of drained strength of sands from relative density 

measurements. In Evaluation of relative density and its role in geotechnical projects 

involving cohesionless soils.)  ASTM International. 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 117 - 

 

De Catania, S., Breen, J., Gaudin, C. & White, D. J. (2010) Development of a multiple axis 

actuator control system. In Proceedings of the Seventh International Conference on 

Physical Modelling in Geotechnics.), vol. 1, pp. 325-330. 

Dijkstra, J., Gaudin, C. & White, D. J. (2013) Comparison of failure modes below footings on 

carbonate and silica sands. International Journal of Physical Modelling in Geotechnics, 

13 (1), 2013. 

Dingle, H. R. C., White, D. J. & Gaudin, C. (2008) Mechanisms of pipe embedment and lateral 

breakout on soft clay. Canadian Geotechnical Journal 45(5):636-652. 

Erbrich, C.T., 2004, A new method for the design of laterally loaded anchor piles in soft rock. 

Proceedings of Offshore Technology Conference, Houston, OTC 16441. 

Erbrich, C.T., 2005, Australian Frontiers – Spudcan on the Edge. Proceedings of International 

Symposium on Frontiers in Offshore Geotechnics (ISFOG), Perth. 

Frossard, E. (1979) Effect of sand grain shape on interparticle friction; indirect measurements 

by Rowe's stress dilatancy theory. Géotechnique 29(3):341-350. 

Gaudin, C., White, D. J., Boylan, N., Breen, J., Brown, T., De Catania, S. & Hortin, P. (2009) 

A wireless high-speed data acquisition system for geotechnical centrifuge model 

testing. Measurement science and technology 20(9):095709. 

Golightly C.R. and Hyde A.F.L., 1988. Some fundamental properties of carbonate sands. 

Engineering for Carbonate Sediments Volume 1, Balkema, Rotterdam, pp.69-78. 

Govoni, L., Gourvenec, S. & Gottardi, G. (2011) A centrifuge study on the effect of embedment 

on the drained response of shallow foundations under combined loading. Géotechnique 

61(12):1055-1068. 

Gui, M.W., Bolton, M.D., Garnier, J., Corte, J.F., Bagge, G., Laue, J. and Renzi, R., 1998, 

September. Guidelines for cone penetration tests in sand. Centrifuge (Vol. 98, pp. 155-

160). 

Haggerty, B.C. and Ripley, I., 1988. Modifications to North Rankin 'A' platform. Engineering 

for Carbonate Sediments Volume 2, Balkema, Rotterdam, pp.747-760. 

Haigh, S. & Madabhushi, G. (2014) Discussion of “Performance of a transparent flexible shear 

beam container for geotechnical centrifuge modelling of dynamic problems by 

Ghayoomi, Dashti and McCartney”. Soil Dynamics and Earthquake Engineering 

67:359-362. 

Hansen, J. B. (1970) A revised and extended formula for bearing capacity. Danish 

Geotechnical Institute Bulletin No. 28, pp. 5-11. 

Hull, T.S., Poulos, H.G. and Alehossein, H., 1988. The static behaviour of various calcareous 

sediments. Engineering for Carbonate Sediments Volume 1, Balkema, Rotterdam, 

pp.87-96. 

Islam, M. K. (1999) Constitutive models for carbonate sand and their application to footing 

problems. PhD thesis, University of Sydney. 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 118 - 

 

Jardine, R.J., Overy, R.F. and Chow, F.C., (1998). Axial capacity of offshore piles in dense 

North Sea sands. Journal of Geotechnical and Geoenvironmental Engineering, 124(2), 

pp.171-178. 

Krumbein, W. C. & Sloss, L. L. (1964) Stratigraphy and sedimentation.)  JSTOR. 

Lehane, B.M., Schneider, J.A., Lim, J.K. and Mortara, G., 2012. Shaft friction from 

instrumented displacement piles in an uncemented calcareous sand. Journal of 

Geotechnical and Geoenvironmental Engineering, 138(11), pp.1357-1368. 

Meyerhof, G. G. (1951) The ultimate bearing capacity of foudations. Géotechnique 2(4):301-

332. 

Mitchell, J.K. and Lunne, T.A., (1978). Cone resistance as measure of sand strength. Journal 

of Geotechnical and Geoenvironmental Engineering, 104(ASCE 13901 Proceeding). 

Pestana, J. M. (1994) A unified constitutive model for clays and sands. ScD thesis, 

Massachusetts Institute of Technology, Cambridge, Mass. 

Raines, R.D., Siciliano, R.J. and Hyden, A.M., 1988. Pile driving experience in Bass Strait 

calcareous soils. Engineering for Carbonate Sediments Volume 1, Balkema, 

Rotterdam, pp.173-184. 

Randolph, M.F., Poulos, H.G. and Jewell, R.J., 1988. Evaluation of pile lateral load 

performance. Engineering for Carbonate Sediments Volume 2, Balkema, Rotterdam, 

pp.639-646. 

Randolph, M. F., Jewell, R. J., Stone, K. J. L. & Brown, T. A. (1991) Establishing a new 

centrifuge facility. In Proceedings of the international conference on centrifuge 

modelling, Centrifuge' 91.), Boulder, Colorado, pp. 3-9. 

Sharma, S. S. & Ismail, M. A. (2006) Monotonic and cyclic behavior of two calcareous soils 

of different origins. Journal of Geotechnical and Geoenvironmental Engineering 

132(12):1581-1591. 

Stanier, S. A. & White, D. J. (2013) Improved image-based deformation measurement in the 

centrifuge environment. Geotechnical Testing Journal 36(6):1-14. 

Stewart, D. P. & Randolph, M. F. (1991) A new site investigation tool for the centrifuge. In 

Proc. Int. Conf. Centrifuge.), vol. 91, pp. 531-538. 

Teng, Y., Stanier, S. & Gourvenec, S. (2017a) Analysis of Failure Mechanisms in Silica and 

Carbonate Sands Beneath a Strip Foundation Under Vertical Loading. In ASME 2017 

36th International Conference on Ocean, Offshore and Arctic Engineering.)  American 

Society of Mechanical Engineers, pp. V009T10A016-V009T10A016. 

Teng, Y., Boukpeti, N., Gourvenec, S. M., Stanier, S. A. (2017b) In-situ stiffness measurement 

in a centrifuge environment. Submitted to International Journal of Physical Modelling 

in Geotechnics. 

Teng, Y., Stanier, S. A. & Gourvenec, S. M. (2016) Synchronised multi-scale image analysis 

of soil deformations. International Journal of Physical Modelling in Geotechnics:1-19. 



Chapter 5. Mechanisms beneath a rectangular shallow foundation on sand: vertical loading 

 

- 119 - 

 

Terzaghi, K. (1943) Theoretical soil mechanics. Chapman And Hali, Limited John Wiler And 

Sons, Inc; New York 

Vesic, A. S. (1974) Analysis of ultimate loads of shallow foundations: Closure of discussion 

of original paper J. Soil Mech. Found. Div. Jan. 1973. 1F, 6R. J. GEOTECH. ENGNG. 

DIV. V100, N. GT8, 1974, P949–951. In International Journal of Rock Mechanics and 

Mining Sciences & Geomechanics Abstracts.)  Pergamon, vol. 11, pp. A230. 

Youd, T. L. (1973) Factors controlling maximum and minimum densities of sands. In 

Evaluation of relative density and its role in geotechnical projects involving 

cohesionless soils.)  ASTM International. 

Zhu, F., Clark, J. I. & Phillips, R. (2001) Scale effect of strip and circular footings resting on 

dense sand. Journal of Geotechnical and Geoenvironmental Engineering 127(7):613-

621. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

- 120 - 

 

Chapter 6. Shallow foundation and soil response in silica and 

carbonate sands under horizontal cyclic loading 

6.1. Abstract 

This paper presents analysis of a rectangular surface foundation and soil response in silica and 

carbonate sands under drained horizontal cyclic loading. The study provides insights into the 

accumulation of foundation settlements due to periodic horizontal loading, as experienced by 

subsea shallow foundations supporting pipelines or pipeline structures. Poor prediction of 

foundation settlement can lead to overstressing pipelines or connections between subsea 

structures and pipelines. Horizontal cyclic loading may be imparted to a subsea shallow 

foundation in the field due to installation activities (for example during laying of a pipe around 

a buckle initiator) or operational activities (for example thermal expansion and contraction of 

pipelines or jumpers during start up and shut down cycles of operation of wells associated with 

an offshore hydrocarbon development). A hinged and fixed connection at the load application 

point are considered to investigate the bounds of the degree of fixity expected in the field 

between a shallow subsea foundation and an attached pipeline. Results from a series of 

centrifuge tests are presented in terms of load-displacement response and kinematic 

mechanisms derived from synchronized multi-scale particle image velocimetry. Significant 

differences in foundation settlement are observed depending on the fixity condition and the 

type of sand. A simple method is proposed to compare and explain the differences in foundation 

performance and soil behaviour. 

6.2. Notation 

B width of the foundation  

Dr relative density of soil sample 

D50      sieve size at which 50% weight of sample pass through 

𝜑𝑐 critical friction angle 

𝛾 sample density 

𝐺𝑠 specific gravity 

R  average roundness of soil sample 
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S average sphericity of soil sample 

s vertical displacement of foundation 

 

6.3. Introduction 

Offshore hydrocarbon developments increasingly involve some aspect of subsea infrastructure, 

which is commonly supported on shallow foundations. Subsea structures are connected to 

pipelines and in some cases also ‘jumpers’ that transport the extracted hydrocarbons from the 

wells to a processing facility. Installation and operational loading from the pipelines lead to 

horizontal cyclic loading on the shallow foundations that support the pipeline or pipeline 

structure. The horizontal cyclic loading can lead to accumulation of foundation displacements 

as the seabed is repeatedly sheared and sand particles rearrange, and in the case of carbonate 

sands potentially crush. Unforeseen displacement of a subsea foundation can lead to over 

stressing connections, failure of which – in extremis – could lead to loss of containment of the 

transported fluid or gas. It is therefore clearly important to be able to accurately predict the 

settlement of a subsea foundation subject to horizontal cyclic loading, but it is a problem that 

is not currently well understood.  

Although element tests have been conducted and summarised to help understand cyclic 

behavior of sands for drained condition (Tasuoka & Ishihara 1974, Chang & Whitman 1988, 

Wichtmann et al. 2005), modelling of shallow foundation under cyclic axial loading or 

combined loadings and studies on foundation-soil response and global soil behaviour are scarce 

in the literature and mostly limited to silica sands (Negro et al. 2000, Byrne et al. 2002). 

Dijkstra et al. (2013) and Teng et al. (2018) have investigated the differences in mechanisms 

generated beneath shallow foundations on silica and carbonate sands under monotonic loading, 

but mechanisms under cyclic loadings are yet to be discussed. In these previous studies a ‘fixed’ 

connection between the foundation and applied loads was modelled that likely over-predicted 

the stiffness of the system, the transfer of moment into the soil and the subsequent magnitude 

of settlement and rotation. To our knowledge, the impact of the degree of connection fixity is 

yet to be explored. 

This paper provides high-quality physical modelling test data of shallow foundations on silica 

and carbonate sands under horizontal cyclic loading. Insights into the effects of foundation 

fixity and sand type on the foundation settlement response are presented that may help to design 
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subsea foundations and connection architecture so as to reduce the risk of unexpected 

foundation displacement that may lead to overstressing of connections between pipelines or 

jumpers and a subsea structure. Scanning electron microscopy and synchronized multi-scale 

Particle Image Velocimetry (Teng et al. 2016) is used to provide quantitative and visual 

evidence to support the observed foundation settlement responses. 

6.4. Testing apparatus and procedures 

Centrifuge tests were carried out in the UWA 1.8 m radius beam centrifuge (Randolph et al. 

1991) at an acceleration of 100g. A 650 × 390 × 325 mm centrifuge strongbox was used to 

house all testing apparatus and samples (Figure 6-1). Two model foundation were 

manufactured and scaled to represent a 10 m × 5 m prototype size mat foundation using a 100 

mm × 50 mm ‘full-model’ foundation and a 100 mm × 25 mm ‘half-model’ foundation. The 

half-model tests were carried out against an acrylic window to enable Particle Image 

Velocimetry/Digital Image Correlation (PIV/DIC) analysis to be applied in order to visualise 

the soil deformation mechanisms and quantify soil velocity components, volumetric and shear 

strains (Figure 6-1(b)). Full-model foundation tests were conducted in the centre of a centrifuge 

strongbox to avoid any boundary effects to verify that the half-model tests were not unduly 

affected by friction at the interface with the acrylic window and accurately modelled the soil 

response under foundation loading. The surface of the foundation was modelled with both 

smooth and rough interfaces, with the rough interface achieved by gluing silica sand to the base 

of the machined foundation model. Complementary small-scale cone penetrometer tests 

(Stewart & Randolph 1991) were conducted in the centrifuge strongbox for in-situ 

characterization (Figure 6-1(a)). 

The model foundations were attached to a fixed or a hinged loading arm to model the extremes 

of the expected fixity in the field. The model setup is illustrated in Figure 6-2. The ‘fixed’ 

foundation had a quasi-rigid connection with the loading shaft and transmitted moment to the 

soil (Figure 6-3(a)) while the ‘hinged’ foundation was provided with a hinge connection at the 

top of the foundation such that no moment was transmitted to the foundation (Figure 6-3(b)). 

A bending arm developed in-house at UWA measured the horizontal load applied, and an S-

shape load cell was used for vertical axial load measurement. A compensation unit was used 

to calibrate and derive moment cross coupling in conjunction with the axial load cell. A two-

axis actuator was utilized to perform the testing, driven by an in-house motion control system, 
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PACS (De Catania et al., 2010). Data was recorded and saved through an in-house high speed 

data acquisition system, DigiDAQ, based on LabVIEW software (Gaudin et al., 2009).  PACS 

and DigiDAQ can work synchronously with a feedback loop to achieve load control for 

centrifuge testing using a proportional-integral-derivative (PID) controller built in PACS. 

 

Figure 6-1. Schematic of test setup: (a) full model and soil characterisation tests; (b) half model test. 

 

Figure 6-2. Model foundation and loading shaft: a) fixed foundation; b) hinged foundation. 
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Horizontal cycling was carried out under a constant vertical stress of 20 kPa, replicating typical 

field conditions. In all foundation tests, the vertical load was first applied and kept constant for 

four minutes to allow the dry sample stabilise. Displacement-controlled cyclic tests were 

carried out with the fixed foundation while load-control was used for the hinged foundation. 

Bending of the quasi-rigid loading arm during horizontal loading led to changing vertical 

resistance and poor load-control performance. The hinged arm did not suffer from this issue 

since arm bending was negligible and as such load-control, which is considered more realistic, 

was used.  Horizontal cyclic displacement and horizontal cyclic load were carried out at a rate 

of 0.1Hz, except for the full model hinged test in CS and LP sand, which were tested at 0.5Hz 

to identify any potential rate effect in dry sand tests, which is generally assumed to be minimal. 

The amplitude of horizontal displacement in the fixed arm tests was set at ± 0.04B (± 2 mm in 

model scale) with a triangular wave pattern. The amplitude of horizontal load was set at ±50N 

for full model tests and ±25N for half model tests (which is similar to the initial resistance 

recorded in the fixed arm tests) and with sinusoidal wave pattern. Rough and smooth 

foundation-soil interfaces were investigated with the fixed arm on silica silica sand. Details of 

each test is shown in Table 6-1. 

 

Figure 6-3. Mode of loading shaft deformation of a) hinged foundation and b) fixed foundation 

A synchronised multi-scale PIV/DIC system was used in the half-model foundation tests with 

two cameras working synchronously (Figure 6-1(b)). A master camera recorded the full field 

of view (FoV) including the foundation, soil sample and the boundaries, while a slave camera 

recorded a smaller area of interest with much higher image resolution for detailed observation 

and measurement (see Teng et al. 2016 for further details). All PIV/DIC analyses were 

performed using GeoPIV-RG, which is an Inverse Compositional Gauss-Newton based 

algorithm with bi-quintic b-spline sub-pixel intensity interpolation (see Stanier et al. 2015; 

freely available for download at www.geopivrg.com). All pixel based measurements were 
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corrected for lens and camera movement induced errors and converted to SI units (e.g. mm) 

using a photogrammetric correction protocol described in Teng et al. (2016), which is based 

on a prior version by White et al (2003), only requiring fewer static control points so as to 

obscure as little of the model as possible. 

Table 6-1. Details of modelling tests in the centrifuge 

Sand Fixity Model Cyclic control Frequency Surface 

CS 

fixed 

full 

±2 mm 

0.1 smooth 

full 0.1 

rough 

half 0.1 

hinged 
full ±50 N 0.5 

half ±25 N 0.1 

LP 

fixed 
full 

±2 mm 
0.1 

half 0.1 

hinged 
full ±50 N 0.5 

half ±25 N 0.1 

GW/LP 

fixed 
full 

±2 mm 
0.1 

half 0.1 

hinged 
full ±50 N 0.1 

half ±25 N 0.1 

 

6.5. Soil samples 

One silica sand and two carbonate sands were used in the test programme, with the same 

foundation and characterization tests being carried out for each sand. Particle size distribution 

of the three different sands (Figure 6-4) and images from scanning electron microscopy (SEM) 

(Figure 6-5) indicate the physical characteristics of the sands and some basic soil properties of 

the sand samples are shown in Table 6-2. 

The coarse silica sand is a manufactured sand (commercially available from the Sibelco Group, 

Australia) with an average particle size D50 of 0.51 mm, relatively uniform particle size and 

rounded particle shape. The Ledge Point (LP) carbonate sand is a natural sand from a coastal 

onshore area in Western Australia, with a high percentage of biogenic content, visible in the 

SEM images. The Goodwyn (GW) carbonate sand is from a site offshore Western Australia, 

known for its high crushability and high carbonate content (Sharma & Ismail 2006) (Figure 

6-5(c)). 
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Figure 6-4. PSD of the sands used in the study, coarse silica (CS), Ledge Point carbonate sand (LP) 

and a mixture of Goodwyn and Ledge Point carbonate sands (GW/LP). 

 

Figure 6-5. SEM of three sands: a) coarse silica sand; b) LP carbonate sand; c) GW/LP carbonate 

sand.  

The coarse silica sand and Ledge Point sands were partially dyed in order to create an optimal 

soil texture for PIV/DIC observation and analysis (following the procedure described in Stanier 

& White, 2013). The natural texture of Goodwyn carbonate is not ideal for PIV/DIC analysis, 

and the hollow particles can absorb dyeing ink and aggregate as clusters. Hence, a third sample 

was created by mixing dyed Ledge Point carbonate sand with natural Goodwyn carbonate sand 

(GW/LP) in a 50/50 proportion, so as to provide improved contrast for PIV/DIC analysis whilst 
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still having a tendency to crush. The particle size distribution of Goodwyn/Ledge Point 

(GW/LP) sand mix was similar to Ledge Point (LP) sand. The average particle size D50 of LP 

carbonate sand and GW/LP carbonate sand being 0.21mm and 0.24 mm respectively (Table 

6-2). The carbonate sands have higher minimum and maximum void ratio compared to the 

coarse silica sand, which is believed to be caused by the highly angular particle shape. The 

critical friction angle of the carbonate sands measured using the Cornforth method (Cornforth 

1973) are also higher than the coarse silica sand (Table 6-2). 

A bar hopper sand rainer was used to pluviate the sand sample into the strongbox used to 

perform the testing. The hopper had a line opening with adjustable width, and could travel with 

constant speed from constant falling height to layer the sand sample into a centrifuge or 

PIV/DIC strongbox. In order to reduce the impact of sample disturbance after sampling due to 

strongbox transportation, centrifuge strongbox setup and centrifuge ramp-up, a high relative 

density Dr was targeted in all three sand samples. The achieved Dr in coarse silica was 84 %, 

but lower in LP and GW/LP carbonate samples at 52 % and 55 % (Table 6-2) as the irregular 

particle shape of the carbonate content required relatively wider hopper opening for fluent 

sampling. 

In situ cone penetrometer tests (CPTs) were carried in the same sand samples as full foundation 

model tests (Figure 6-6). The results showed that coarse silica sand has the lowest cone tip 

resistance, followed by Goodwyn/Ledge Point sand and Ledge Point sand. A method of 

measuring the particle shape (Krumbein and Sloss 1964, Youd 1973, Cho et al. 2006), using 

two parameters Sphericity S and Roundness R (Table 6-2), has been used to estimate the 

particle shape effect of different sands discussed in Teng et al. 2017 (OMAE). 

Table 6-2. Results from min/max density tests and particle size distribution tests 

Sand 

Specific 

gravity       

𝐺𝑠      
(kg/m³) 

Sample  

density  

γ 
(kg/m³) 

Relative 

density 

D𝑟 
(%) 

D50      
(mm) 

Sphericity 

S (-) 

Roundness       

R (-) 

Critical state 

friction angle 

𝜑𝑐       
(mm) 

Coarse silica sand 

(CS) 
2650 1760 84 0.51 ~0.9 ~0.9 33 

Ledge Point 

carbonate sand 

(LP) 

2760 1400 52 0.21 ~0.3 ~0.3 35 

Goodwyn/ Ledge 

Point carbonate 

sand (GW/LP) 

2740 1330 55 0.24 ~0.3 ~0.3 35.5 

 

 



Chapter 6. Shallow foundation and soil response in silica and carbonate sands under horizontal cyclic loading 

 

- 128 - 

 

 

Figure 6-6. Cone penetrometer tests in three sand samples: a) coarse silica sand; b) LP carbonate 

sand; c) GW/LP carbonate sand. 

6.6. Fixed foundation test results 

6.6.1. Load-displacement response 

Figure 6-7 shows settlement in response to the horizontal cyclic loading of the half and full-

model fixed foundation tests in all three sands. The half-model and full-model tests exhibited 

similar settlement for the first 100 or so cycles after which the half-model foundation tests 

exhibited slightly higher settlements. Despite the divergence of results at higher number of 

cycles, the results indicate that the half-model tests are representative of the actual load-

displacement response of the foundation and provide confidence that the soil deformation 

mechanisms observed on the acrylic window of the half-model tests are representative of those 

of the full-model test.  

Figure 6-8 shows the measured horizontal load increase under constant applied horizontal 

displacement with increasing number of cycles of loading, and hence increasing vertical 

displacement. The half-model foundation has slightly higher unit horizontal load than the 

equivalent full-model in all samples, which is consistent with the half-model foundation 

exhibiting slightly higher displacement. However, the load increase pattern is the same for both 

half-model and full-model tests. The horizontal load increased slowly for the initial portion of 

displacement, 0 to 0.08 s/B, after which the load increase rate became higher. The horizontal 

load resistance built up quicker in carbonate sands than in the coarse silica sand. The change 

in rate of horizontal resistance is linked to development of a berm at the edges of the foundation, 

evidenced and discussed in the following section. 
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Figure 6-7. Vertical displacement of the fixed foundation tests: a) coarse silica sand; b) LP carbonate 

sand; c) GW/LP carbonate sand. 

 

Figure 6-8. Horizontal load – vertical displacement response in full model fixed foundation tests: : a) 

coarse silica sand; b) LP carbonate sand; c) GW/LP carbonate sand. 

6.6.2. Sand berm during cyclic loading 

The high resolution image series recorded by the slave camera in half-model PIV/DIC tests 

shows the process of formation and deformation of sand berms beside the fixed foundation 

(Figure 6-9). From the video footage recorded during the tests, the sand particles just below 

the foundation can be seen to be driven aside joining the sand berm after cyclic loading. Such 

sand particle migration is a key contributor to the foundation embedding deeper into the soil as 

the deformation mechanism beneath the foundation was extremely shallow (a few particles in 

width). This and the constant recirculation of sand within the adjacent berm made it practically 

impossible to measure the migration of sand using PIV/DIC methods. As the vertical 

displacement of the foundation increased, the sand berm increased in volume and the sand 
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particle migration under the foundation slowed down. The same process was observed in all 

three sand samples, but the deformation of sand berms was different in different sands. In the 

coarse silica sand, an arc-shaped area mobilised next to the foundation, which increased in size 

as the foundation embedded. A similar mobilised area next to the foundation was also observed 

in the carbonate sands, but the volume was smaller in LP carbonate sand and the smallest in 

GW/LP carbonate sand. Another difference of sand berm deformation under horizontal cyclic 

loading between carbonate sand and silica sand is mobilisation of a shear band in the carbonate 

sands emanating from the edge of the foundation. The shear band appeared in LP carbonate 

sand at about 200 horizontal loading cycles, while it appeared earlier in GW/LP carbonate sand, 

at about 100 cycles. There was clear visual evidence that the berm peak shifted horizontally 

away from the foundation as the shear band formed. 

An approach to estimate to the vertical load transfer directions between sand particles under 

monotonic vertical loading has previously been proposed (Teng et al. 2018). The approach is 

based on particle shape effects such that the original load direction is more likely to be 

transferred to a perpendicular direction with higher sphericity and roundness (Figure 6-10(a)). 

A similar approach is applied to assess load transfer direction under cyclic horizontal loading 

(Figure 6-10(b)). The horizontal load applied to the sand berm in coarse silica sand can be 

partially transferred vertically upwards, due to the more rounded particle shape, reaching the 

free surface and eventually forming a localised zone of sand recirculation near to the edge of 

the foundation (Figure 6-9(a)). In contrast, in LP and GW/LP carbonate sands a shear band still 

develops horizontally beneath the sand berm, resulting in the sand berm moving further away 

from the foundation on a cycle-by-cycle basis. This process also generated slightly more 

resistance than the more localised mechanism observed in coarse silica sand (c.f. Figure 6-8 a, 

b, c), which suggests that the dominant horizontal load transfer – due to the flatter and more 

angular particle shapes – encourages lateral spreading of the loads applied laterally to the 

foundation, eventually forming a shear band beneath the berm and a smaller localised zone of 

material recirculation adjacent to the foundation. 
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Figure 6-9. Sand berm formation and deformation in fixed foundation tests: a) coarse silica sand; b) 

LP carbonate sand; c) GW/LP carbonate sand. 

 

Figure 6-10. Load transfer pattern with reference to Roundness (R): a) vertical load; b) vertical and 

horizontal load. 
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6.6.3. Displacement and strain fields 

Figure 6-11 shows displacement and strain contours in each sand type resulting from the fixed 

foundation tests between 0 to 400 cycles of horizontal loading. Horizontal and vertical 

components of displacement are decoupled as are shear and volumetric strains. The 

displacement contour values are normalized by foundation displacement for direct comparison 

among different sands. The sand particle migration under the foundation and within the berms 

made PIV/DIC analysis practically impossible in those zones such that they are excluded from 

PIV/DIC analysis presented in Figure 6-11. In the coarse silica (CS) sand, both displacement 

contours and strain contours are limited to an area smaller than 0.4B in depth below the 

underside of the foundation. The displacement and strain contour field in the Ledge Point (LP) 

carbonate sand developed deeper to ~0.8B depth. The magnitude of shearing and volumetric 

compression of soil underneath the foundation is also much higher than in the coarse silica 

sand. The displacement contour field in GW/LP sand is the largest with vertical displacement 

contours developed to 1.0B in depth coupled with significant volumetric compression. The 

different soil deformations in the three different sands did not have a significant impact on 

foundation load-displacement response, shown in Figure 6-7 and Figure 6-8. 

An additional test on coarse silica sand was carried out with the fixed loading arm with a 

foundation with a smooth interface. The smooth surface did not generate sufficient friction to 

resist the horizontal displacement (Figure 6-8(a)), and the foundation initially simply slid over 

the sand surface driven by the actuator. With increasing cycles of loading, some vertical 

settlement was observed although significantly less than with rough foundation-soil interface. 
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Figure 6-11. Displacement contour fields of fixed foundation tests normalised by foundation vertical 

displacement: (a) coarse silica sand, s/B=0.21, (b) LP carbonate sand, s/B=0.18 and (c) GW/LP 

carbonate sand, s/B=0.15; and strain fields of fixed foundation tests: (d) coarse silica sand, (e) LP 

carbonate sand and (f) GW/LP carbonate sand. The displacement contour magnitudes are given as a 

percentage of the maximum settlement of the foundation. 

6.7. Hinged foundation test results 

6.7.1. Load-displacement response 

Based on the initial horizontal load of the fixed foundation tests in response to the applied 

horizontal displacement (Figure 6-8), the horizontal cyclic loading on the full-model 

foundation with the hinged arm was prescribed at ± 50 N in a sinusoidal wave form generating 

a maximum of 10 kPa horizontal stress. Full-model foundation tests and half-model PIV/DIC 

test were conducted with a rough based foundation in the three different sands.  

Figure 6-12 shows that all hinged foundation tests had very small settlements after 500 loading 

cycles, less than 0.015 s/B in all tests, an order of magnitude smaller than with the fixed loading 

arm (Figure 6-13). The difference in displacement response between full- and half-model tests 

on the same sand was minimal at less than one coarse silica sand particle size in model scale 
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(< 0.5 mm). The half-model PIV/DIC tests recorded high resolution videos that show almost 

no horizontal foundation displacement during the hinged arm tests, indicating that the applied 

horizontal load can be completely resisted by the soil surface under the prescribed vertical load. 

The actuator measured ±1.1~1.4 mm horizontal displacement during cyclic loading in hinged 

foundation tests, but the foundation has no horizontal displacement in horizontal direction in 

PIV/DIC measurement. Thus it is evident that the moment load and bending of the loading 

shaft is cleared at the hinge point. Reduced fixity between the foundation and the load 

application point – a pipeline or jumper in practice – has the potential to significantly relieve 

moment transmission to the soil and reduce rotation and settlement of the foundation. 

The test trend in different sand samples each at different relative density are very similar in 

both fixed and hinged foundation tests, despite the slight difference in the first few starting 

cycles. Potentially the results can be used as a boundary reference to a greater variety of sands 

under similar load conditions. The trend line of vertical displacement after 10 cycles of the 

fixed foundation in all sands is linear with similar slope at 0.13. Similarly, the trend line after 

10 cycles of the hinged foundation in all sands is linear at 0.76, i.e. 5 times higher than for the 

hinged foundation. These two cases provide upper and lower boundaries to the range of vertical 

settlement under cyclic loading. The fixed foundation with smooth surface showed a decrease 

in vertical displacement by a factor of 6 to 10 from N=10 to N=200, as well as a decrease in 

the vertical displacement incremental rate after cyclic loading. The fixed foundation with fully 

rough surface and smooth surface provide another set of upper and lower boundaries to assess 

the impact of roughness on foundation response. 
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Figure 6-12. Vertical displacement of hinged foundation after cyclic loading: a) coarse silica sand;      

b) LP carbonate sand; c) GW/LP carbonate sand. 

 

Figure 6-13. Comparison of normalised vertical displacement after cyclic loading between hinged and 

fixed foundations. 

 

6.7.2. Displacement and strain fields 

The hinged foundation test with load control showed a very stable foundation response with 

minimal vertical and horizontal displacement. Displacement and strain fields of the hinged 

foundation tests are plotted in the same way as those of fixed foundation tests in Figure 6-14. 

Given that the total displacement of hinged foundation is about an order of magnitude smaller, 

the smallest normalized displacement contour value in Figure 6-14 (a), (b) and (c) is chosen at 

10% to for easy comparison with the 1% contour line in the counterpart fixed foundation test. 

The impact zone in the coarse silica (CS) sand is the shallowest of the three sands with very 
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small shear and volumetric strain evident at less than 0.3B in depth. The displacement and 

strain measurements of Ledge Point (LP) carbonate sand and Goodwyn/Ledge Point (GW/LP) 

carbonate sand are fairly similar under cyclic loading of hinged foundation, with significant 

volumetric compression immediately beneath the foundation to a depth of 0.3B. 

 

Figure 6-14 Displacement contour fields of hinged foundation tests: (a) coarse silica sand, (b) LP 

carbonate sand and (c) GW/LP carbonate sand; and strain fields of hinged foundation tests: (d) 

coarse silica sand, (e) LP carbonate sand and (f) GW/LP carbonate sand. The displacement contour 

magnitudes are given as a percentage of the maximum settlement of the foundation. 

The similarities of LP and GW/LP sand in hinged foundation test indicates that the crushability 

of GW/LP sand has a fairly minimal impact on the overall response of the foundation when the 

soil is not mobilised in shear (as in the fixed foundation tests). By reducing moment load and 

rotation, the disadvantage of low soil strength due to high crushability may be at least partially 

alleviated. 
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6.8. Conclusions 

This paper has presented detailed results from horizontal cyclic loading tests of rectangular 

shallow foundations on silica and carbonate sands carried out in a centrifuge environment to 

accurately represent field scale stresses. The effect of foundation fixity has been addressed 

through considering quasi-rigid and hinged foundation connections.  

The results have shown that a fixed foundation connection transmits significant horizontal load 

and moment to the soil bed resulting in significantly higher foundation displacements 

compared with a hinged connection that relieves the moment component of loading. The fixed 

foundation connection led to the development of berms either side of the foundation leading to 

increased horizontal resistance with increased number of cycles of loading and increasing 

settlement. Synchronised PIV/DIC measurement and analysis compare silica and carbonate 

responses under cyclic loading from fixed and hinged foundation, in terms of soil displacement 

and strain behaviour. The formation and deformation of the berms for the fixed foundation 

connection was markedly different between carbonate sands and silica sands and a simple 

approach based on particle shape was proposed to explain the differences. 

The tests investigated the extremes of potential foundation-pipeline (or jumper) fixity of quasi-

rigid (fixed) and hinged. The fixed foundation transmitted significant loading to the soil bed 

resulting in larger foundation settlements, which in the field would lead to larger stresses on 

the pipeline and jumper connections. In contrast the hinged foundation generated smaller 

foundation settlements, minimal berms and would consequently generate lower stresses on a 

pipeline or jumper connection in reality. The tests presented extremes of fixity and a situation 

somewhere in between is likely in practice. The purpose of the tests was to demonstrate the 

potential differences in foundation response as a function of foundation fixity, highlighting the 

benefits of scrutinizing this behaviour in design rather than just assuming full fixity. The 

difference in total vertical displacement of the hinged foundation and fixed foundation after 

cyclic loading was shown to be significant. 
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Chapter 7. Conclusions 

7.1. Introduction 

This study has investigated the response of shallow foundations under monotonic and cyclic 

loading in silica and carbonate sands. The research outcomes have met the aims of the three 

specific research activities that were set out in the introduction chapter: 

Completion of Activity 1: A new PIV/DIC system for high-quality synchronised multi-

scale image recording and analysis has been developed for physical modelling tests; a 

miniature pressuremeter has been modified for in-situ characterisation of stiffness and 

strength in the centrifuge environment. 

Completion of Activity 2: Three sets of centrifuge tests have been carried out, creating 

a database on the response of foundations of different geometry, under different load 

paths, and in different sands. The tests involved foundation loading tests, PIV/DIC tests, 

cone penetrometer tests and pressuremeter tests. 

Completion of Activity 3: Systematic analysis and comparisons of the foundation 

response and soil behaviour under different loading conditions in different kinds of 

sands has been carried out. 

The study has advanced the understanding of the differences in deformation mechanisms in 

silica and carbonate sands and the soil-structure response under cyclic loading. The results and 

interpretations presented in the thesis provide a valuable reference for subsea shallow 

foundation design providing insights into carbonate seabed response under various loading 

conditions. 
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7.2. Contribution and findings 

7.2.1. Image analysis technique for synchronised multi-scale soil deformation 

measurements 

Chapter 2 reported the development and application of a new PIV/DIC system that enables 

scrutiny of soil displacements at different scales.  The synchronised multi-scale image analysis 

technique uses two cameras – a master camera to record the 'macro' displacement mechanism, 

and a slave camera to capture displacement localisation of a smaller area of interest with much 

greater image resolution to reveal additional detailed information about soil displacement. User 

guidance has been provided with rigorous methods for parameter optimisation. A modified 

photogrammetric correction procedure has been proposed for the slave camera to transfer 

image space coordinates to actual model space coordinates using as few as four static control 

points. The procedure has been validated through centrifuge tests, and shows a minimal loss of 

calibration precision. 

7.2.2. A pressuremeter for soil characterisation in centrifuge environment 

Chapter 3 presented the application of a miniature pre-buried pressuremeter modified for use 

in the centrifuge environment. The pre-buried pressuremeter was selected over driving or 

jacking to minimize soil disturbance. A detailed introduction of the system setup and the 

operating procedure was given that would enable replication of the tests in another facility. It 

was shown that the miniature pressuremeter tests can provide reliable in-situ strength and 

stiffness measurements during centrifuge tests. The test results also showed that the 

performance of the miniature pressuremeter was dependent on the nature of the sand tested. 

Guidance was provided on grain size to pressuremeter size ratio to ensure stable test data. 

7.2.3. Deformation mechanisms in silica and carbonate sands beneath a plane 

strain foundation under vertical loading 

The first set of centrifuge tests investigated soil response under a vertically loaded plane strain 

foundation in silica and carbonate sands (Chapter 4). The soil resistance of silica and carbonate 

sands sorted from high to low was shown to be quite different in the foundation tests and in the 

cone penetrometer tests. The silica sand was shown to have the highest foundation bearing 
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resistance, but generated much smaller cone tip resistance than carbonate sands, while the 

reverse was true in the carbonate sand. 

The kinematic deformation mechanisms of the silica and carbonate sand samples were 

visualised and scrutinised through PIV/DIC. Measurements of soil displacement fields showed 

that the silica sand was mobilised in both horizontal and vertical directions as the foundation 

vertically embedded into the sample, while the displacement mechanism in carbonate sands 

mainly developed vertically. The particle shape of the sand samples, measured as sphericity S 

and roundness R, identified from scanning electron microscopic images, is proposed as the 

cause of the different mechanisms. More rounded particles lead to balanced load spreading in 

both horizontal and vertical directions, and highly angular samples result in the vertical 

foundation load transferred predominantly vertically. Moreover, for the sands with similar 

mechanisms in both horizontal and vertical displacement field measurements, the shear and 

volumetric strain behaviour may still diverge. The first set of centrifuge tests revealed the 

complex nature of the response of different sands for even a simple boundary value problem. 

7.2.4. Deformation mechanisms in silica and carbonate sands beneath a 

rectangular foundation under vertical loading 

The second set of centrifuge tests considered a three-dimensional geometry under a rectangular 

foundation and contributed to better understanding of kinematic deformation mechanisms in 

silica and carbonate sands, using the newly developed synchronised multiscale PIV/DIC 

method. Miniature pressuremeter tests (PMT) were also carried out as an alternative 

characterisation of the sands (Chapter 2 and Chapter 3). As observed in the initial centrifuge 

tests, the foundation bearing resistance was higher in silica sand than in the carbonate sands, 

but the cone tip resistance was lower. The trend in the magnitude of the PMT stress-strain 

response was shown to agree with the trend in foundation bearing response indicating that the 

cavity expansion of a pressuremeter cell is more applicable to the stress and strain paths below 

a vertically loading foundation than the displacement mechanism of a cone penetrometer.  

Evidence from multi-scale PIV/DIC analysis further supported the proposal that differences in 

the kinematic mechanisms in silica and carbonate sands derive from particle shape of the sand 

and the resulting load transfer pattern. The high angularity of the carbonate sands resulted in 

higher index void ratios with higher compressibility, evidenced through greater observed 

volumetric strain distinguishable from the high resolution micro field of view in the 
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synchronised PIV/DIC. The vertical loading mobilised a large area of compression under the 

foundation, and was transferred mainly vertically with very limited horizontal expansion, 

which promoted a punching shear failure mechanism. 

The crushability of the carbonate sand further increased the compressibility and reduced the 

foundation bearing resistance. The cone tip resistance in the crushable sand samples was only 

slightly decreased, while the cavity expansion resistance in the pressuremeter tests was less 

than half of that in uncrushable sand samples. Cavity expansion resistance was mainly derived 

from the shearing resistance of the surrounding soil, while the crushability of the soil causes a 

large portion of the total cavity strain without generating more resistance and thus limited the 

mobilisation of shear strength.  

7.2.5. Foundation response and soil behaviour under cyclic loading on silica and 

carbonate sands. 

The third and final set of centrifuge tests investigated the response of a rectangular shallow 

foundation on silica and carbonate sands to horizontal cyclic loading (Chapter 5). Two types 

of foundation fixity were studied that transmitted loads to the foundation differently: 1) a fixed 

foundation connection transmitted both directional loads and moment to the foundation and 

underlying sand; while 2) a hinged foundation connection only transmitted directional loads to 

the foundation. The two types of foundation fixity were selected to bound the fixity experienced 

in the field, and showed significantly different soil-structure response. 

The fixed foundation transmitted moment and resulted in a very small rotation under cyclic 

loading (< 1º), due only to the elastic deformation of the loading shaft. The fixed foundation 

embedded into the sample with each cycle, gradually forming a sand berm near the edges of 

the foundation footprint. The load-displacement response in the different sands were 

surprisingly similar. PIV/DIC displacement and strain measurement showed that different 

deformation mechanisms govern response in silica and carbonate sands, but the depth of the 

affected soil areas under cyclic loading was limited - to a depth equal to approximately one 

times the foundation width. The similar soil responses were likely a result of relatively low 

stress level and limited affected soil areas, which is insufficient to differentiate characteristics 

of sands. The slave camera in the micro field of view also captured the rough foundation base 

transporting particles from below the foundation to the sand berms due to the small lateral 

movement and rotation angle during cyclic loading. The formation and deformation of the sand 
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berms in silica sand and carbonate sands observed by the slave camera were different, which 

provided additional evidence that particle shape affects the direction of load transfer. 

The hinged foundation that allowed no moment transfer to the underlying sand was stable on 

the sand surface and led to vertical displacement after cyclic loading of an order of magnitude 

smaller than that in the fixed foundation tests. The load-displacement response in the different 

sands still showed similarities and PIV/DIC measurements show that while silica sand and 

carbonate sands have different deformation mechanism, the affected soil areas are still limited 

to a depth equivalent to one times the foundation width. 

This part of the research showed different soil-structure response under cyclic loading due to 

different types of foundation fixity rather than different sand characteristics – as was shown to 

be the driver under vertical punch. The gradual lateral transport of sand particles from beneath 

the foundation to the edges was shown to be the main source of the foundation embedment. 

The results from the study highlight the importance of selecting realistic design loads for 

serviceability analysis of geo-structures, as well as the importance of ‘micro’ soil-structure 

responses of critical areas near the geo-structures. 

7.3. Future directions 

The work presented in this thesis has provided a detailed database of experimental evidence 

regarding the response of silica and carbonate sands to shallow foundation loading. Future 

work could usefully calibrate and/or validate existing constitutive models against this 

experimental database. Should it be shown that existing models cannot adequately capture the 

complex soil and soil-structure interaction behaviour observed, then a new model, or extension 

to an existing model, based on the experimental database would be beneficial. 

 




