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Abstract                           

 

The development of transparent synthetic soil has enabled non-intrusive measurement of 

internal soil displacement and detection of pre-failure strains using laser aided imaging and 

Particle Image Velocimetry. The work described in this paper applies this novel methodology to 

evaluate the deformation and failure behaviour of stone column foundations in reduced scale 

physical models. The overall accuracy and precision of the test system were optimised to 53 μm 

and 0-4.3μm respectively through the implementation of newly developed image enhancement 

and photogrammetric correction techniques. This represented a considerable improvement 

compared to the previous state of the art in transparent soil modeling. 

 

A total of 7 isolated column tests and 6 column strip footing tests were carried out in repeatable 

transparent clay beds. Visualisation of real-time internal displacement has indicated that isolated 

stone columns fail in an axisymmetric manner through a combination of compression and 

bulging with only a small amount of column base penetration, indicating a critical column 

length of 4d. Consequently, increasing column length from 4d to 6d and 8d lead to only 

moderate increases of 8.5% and 13% in bearing capacity respectively  In contrast to the isolated 

columns, local shear failure, bulging, bending, punching and block failure were all observed for 

column strip foundations, depending on the geometrical configurations employed. Column 

length played a particularly important role in optimising the bearing capacity of column strip 

foundations. Increasing column length from 4d to 6d and 8d was shown to improve the load 

capacity of the composite foundation by 29% and 67%. It was concluded that the critical length 

in terms of optimising the bearing capacity of a vibro strip foundation is 8d. However, 

increasing foundation size rather than column length was found to be more effective in 

increasing the load capacity in both cases. Increasing footing size and correspondingly 

increasing Ar from 3 to 4 and 5 was seen to protect the upper column from bulging and increase 

its radial zone of influence of the column in the surrounding soil, resulting in increases in load 

capacity of 28% and 51% for isolated columns and 22% and 29% for strip foundations 

respectively. It was concluded that provision of a footing overhang of over 0.4d should prevent 

shear failure in vibro strip foundations. A new design approach has been proposed which 

accounts for the size of the footing. The performance of each isolated column foundation was 

predicted to within 6% of the measured load capacity for all area ratios tested, while the load 

capacities of the strip foundations were predicted to within 14%. Thus although the new method 

does not model the ‘group effect’, it offers an improvement on cavity expansion based design 

methods, as column structure interaction is accounted for. Overall, the nature of the 

configuration of vibro strip foundations and their limited size in practice limit the bearing 

capacity of stone columns within a strip configuration to values only slightly over that of a 

single column, if at all.  
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1.0 Introduction 

1.1 Background 

 

The vibrated stone column technique is a ground improvement process used to enhance the load 

bearing capacity and settlement characteristics of soft compressible soils. The traditional 

application of stone columns is to support widespread loading using a large infinite column 

group; however, in recent years the technique has been extended to stabilise isolated pad and 

strip footings using smaller group configurations. Current design practice is based on the unit 

cell concept whereby it is proposed that each column in the group acts independently (Priebe, 

1995). Previous investigations (Hu, 1995; McKelvey, 2002; Black, 2007 and Black et al., 2007) 

have shown that group columns exhibit complex behaviour and the overall stability is dependent 

on soil, column and foundation interactions, each of which are not fully understood. 

 

Many fundamental concepts associated with stone column behaviour have originated from 

understanding gained through reduced scale physical model experiments. Pioneering work by 

Hughes and Withers (1974) on isolated stone columns determined that bulge and end bearing 

failure modes occurred dependant on column length to diameter (L/d). The authors also reported 

that for increasing column length beyond the L/d = 4 no improvement in load capacity was 

observed.  Recent investigations by Hu (1995) and McKelvey (2002) evaluated the bearing 

capacity behaviour of large and small group configurations respectively. In both studies L/d = 6 

was stated as the optimum bearing capacity based on post failure observations obtained by 

exhuming the columns after failure. Furthermore, Hu (1995) also showed that in addition to 

axisymmetric bulging, columns in close proximity within group configurations were susceptible 

to ‘buckling and bending’ which instigated shear failure.  

 

Black (2007) investigated the aspect of settlement performance of isolated and group columns 

using a large triaxial cell equipped with dual load functionality to test samples 300mm in 

diameter. An L/d ratio of 8 was reported to be optimal for settlement serviceability criteria. This 

work also identified the presence of a “block failure mechanism” in small column groups 

whereby the columns and confined central clay region acted as a single entity punching into the 

weaker soil below.  

 

Column behaviour is highly dependent on design criteria such as column spacing (s), area 

replacement ratio (Ar); column aspect ratio (L/d) and group configuration (i.e. strip, pad etc.). 

The uncertainty surrounding how these factors influence column performance further exacerbate 

limitations of the current design protocol and make confident predictions of group performance 
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problematic. Prior to evaluating more complex column groups there is clear need for improved 

understanding of isolated column behaviour as this would be valuable in examining and 

quantifying effects that govern the behaviour of multi-column configurations. This thesis 

describes a dual experimental programme using the novel experimental method known as 

transparent soil modelling to enable ‘real time’ observations of column-soil, column-structure 

and column-column interactions for both isolated and group configurations during vertical 

foundation loading. The development of soil displacements were captured at pre failure strains 

using laser aided imaging in conjunction with Particle Image Velocimetry (PIV). 

1.1.1  Transparent Soil Development  

Recent developments in transparent synthetic soil (Iskander et al., 1994, 2002; Gill, 1999; Sadek 

et al., 2002 and McKelvey, 2002) has enabled the development of non-intrusive geotechnical 

modelling techniques. Transparent soil consists of silica aggregate mixed with mineral oils of 

matched refractive index to produce a transparent medium. Early work utilised amorphous silica 

as aggregate for transparent soil due to its hygroscopic properties, whereby it absorbs pore 

pressure and displaces air, leading to excellent transparency (Iskander et al. 1994). Magued et 

al. (2002) conducted a series of triaxial compression, consolidation and permeability 

classification tests on a range of amorphous silica mixes, where it was observed that the 

properties measured were consistent with those of naturally occurring clay.  

 

A key aspect of transparent soils is their visual clarity. Optical properties of amorphous silica 

based soil degrade significantly with increasing soil depth which restricts the size of physical 

models that can be produced. Gill (1999) developed a mixture based on fumed silica aggregate 

blended with 70:30 crystal light liquid paraffin and mineral spirits. This material has increased 

optical clarity over its amorphous silica predecessors, which has enabled greater viewing depths 

and consequently larger soil models to be achieved.    

1.1.2  Soil Displacement Measurement 

Hughes and Withers (1974) used a radiographic technique where lead shot markers were 

inserted into the soil during mixing and installation. On loading, X-rays were fired at the 

sample, locating the positions of the markers at regular intervals. This enabled the tracking of 

the markers and therefore general soil deformations to be determined in the vicinity of the 

deforming column. Despite its general success this technique has not been repeated in 

subsequent studies due to its reliance on expensive radiography equipment and health risks 

associated with using X-rays. Another drawback of this method is the reliance on lead shot 

embedded within the soil. This can produce compliance errors in soil stresses and may even 

produce a reinforcing effect of the soil. Gill (1999) utilised a similar methodology of visually 
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tracking the position of discrete plastic target beads suspended within transparent soil to 

determine soil disturbance during pile and penetrometer installation. Although this method 

mitigated the need for expensive X-ray facilities, the measurement resolution was low and 

detailed strain information around the pile was limited due to the small number of target beads.  

 

Ongoing work at the University of Sheffield has focused on enhancing the optical quality of 

transparent soil and also increasing the measurement density. This has been achieved by 

incorporating reflective seeding particles into the soil. A laser light sheet is used to illuminate 

the seeding particles on a plane of interest within the soil which produces a dense texture pattern 

that yields high measurement resolution capacity. An image sequence of the loading event is 

captured using a digital camera and soil displacement information is determined using Particle 

Image Velocimetry (PIV) techniques. This methodology has been successfully applied to 

investigate continuous flight auger piles (Hird et al. 2008) and helical screw piles (Stanier, 

2011). 

1.2 Aims and Objectives  

The ultimate aim of the proposed research was to provide an improved understanding of the 

interaction mechanisms that govern the performance of vibrated stone column foundations and 

develop revised design protocol so that optimum foundation systems and sustainable 

engineering practices may be achieved. 

 

The principal objectives of the project that were required to meet this overarching aim are: 

 

 Address the limitations of the current state of the art in transparent soil modelling by 

optimising precision and accuracy of the technique 

 Extend the applicability of the technique by developing innovative test protocol whereby 

geotechnical structures exhibiting non axisymmetric behaviour can be modelled, as up to 

now the technique had only used to evaluate axisymmetric conditions 

 To design and fabricate suitable test/consolidation chambers, a high capacity and part 

automated sample preparation system and a XYZ table (load frame) capable of providing 

movement in three axes using multiple linear actuators. 

 Determine the radial extent of column influence in the surrounding soil and examine the 

effect of the geometrical parameters (i) column aspect ratio (L/d) and (ii) area replacement 

ratio (Ar) on soil structure interaction and load capacity performance, through isolated 

column tests. 

 Investigate the development of group interactions with respect to geometrical parameters 

(i) (L/d), (ii) Ar (iii) Column Spacing and (iv) Foundation Overhang, and evaluate the 



Chapter 1. Introduction 
 

4 

impact of foundation performance. 

 To understand and develop a revised design protocol accounting for interaction behaviour 

to enable enhanced predictions of foundation load capacity. 

 

1.2 Thesis Structure 

 

Chapter 2 provides background information on stone column foundations, examines current 

design methods and reviews the most relevant previous research work to the current study. 

Links are drawn between the complex and contradictory deformation observations and the 

applicability of the unit cell design concept for large and small column groups is discussed. 

Then a description of the development of the proposed displacement measurement system using 

PIV in conjunction with close range photogrammetry is presented. The chapter concludes with a 

brief summary of the development of the transparent soil used in this research work. 

 

Chapter 3 presents the methodology for the physical modelling of stone column foundations. 

This includes a description of the materials employed, an overview of the existing experimental 

system, and the design and fabrication of a new state of the art system with new test chambers, a 

three degree of freedom computer controlled test rig, a fully automated consolidation system 

and other components. An overview of the control software and measurement devices employed 

is presented, followed by an explanation of the soil model preparation, column installation and 

testing procedures, with an emphasis on quality and repeatability. 

 

Chapter 4 concerns the development of a new image enhancement technique for improving the 

precision of PIV tracking in geotechnical physical modelling. The optimisation, validation and 

applicability of the technique are described and the resulting performance is compared to the 

recommended upper bound precision limit for a range of laboratory soils. The overall PIV 

precision and accuracy achieved in the experimental tests is then presented, followed by a 

description of the implementation and validation of a split RGB channel lighting system, 

photogrammetric corrections developed for scale, refraction, and camera movement, and an 

evaluation of the effect of the optimised patch size and leapfrog parameters on performance. 

 

Chapter 5 presents the results of the isolated column tests examining the effect of the 

geometrical design parameters L/d and Ar on soil structure interaction and performance. L/d 

ratios of 4, 6 and 8 are analysed, corresponding to the critical lengths postulated by Hughes and 

Withers (1974), McKelvey (2002) and Black (2007) respectively, while the Ar ratios 

investigated were 1, 2.5, 3.33 and 5. The minimum Ar of 1 employed in test 6, was included to 

simulate a typical plate load test using a 600mm diameter plate, on a 600mm diameter column. 
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The test also served to contextualise the early physical modelling tests of Hughes and Withers 

(1978) on which current design practice is often based. Load displacement plots are presented 

alongside test images, velocity vector, displacement contour and shear strain contour fields and 

comparative plots generated by collating the data matrices for each test and determining soil 

movement at specific locations. The chapter concludes with sections evaluating the implications 

of the findings of the isolated column tests on current design practice and on the current state of 

research respectively. 

 

Chapter 6 presents the results of the column strip foundation tests, examining the effect of the 

geometrical design parameters L/d, Ar and spacing on the soil structure interaction, group 

mechanics and performance. Geometrical parameters were matched with the isolated column 

tests as far as possible, allowing comparison of performance of single columns and column 

groups. Thus, L/d ratios of 4,6 and 8 were again analysed, the Ar ratios investigated were  2, 3 

and 4, while spacing’s of 1.55d and 1.95 were assessed.  Load displacement plots are presented 

alongside test image, velocity vector, displacement contour and shear strain contour fields. The 

chapter concludes with sections evaluating the implications of the findings of this of the strip 

column tests on current design practice and on the current state of research respectively. 

 

Chapter 7 contains a summary of the findings of this investigation before recommending areas 

that require further research. 
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2.0 Literature Review 

The first section of this chapter, section 2.1 concerns the vibro stone column ground treatment 

technique itself. The applications, installation methods and principles stone columns are 

introduced, followed by a review of current design practice and of previous physical modelling 

research into their performance and behaviour. As Hu (1995), McKelvey (2002) and Black 

(2007)  all reviewed the various design approaches in great detail, the main focus of this section 

is to critically assess the physical modelling work performed to date in relation to the critical 

design parameters. 

 

Section 2.2 concerns the experimental displacement measurement technique of using PIV and 

photogrammetry, to measure deformation behaviour to a very high resolution, with low 

precision errors for plane strain and axisymmetric problems. 

 

Section 2.3 briefly describes the development of transparent soil materials allowing 

visualization inside the soil model, thus enabling real time continuous displacement tracking 

and the quantification of pre failure strains.  

 

2.1 Vibrated Stone Column Foundations 

2.1.1 Vibroflotation 

Ground treatment using vibration is frequently adopted to densify in situ material in order to 

increase its bearing capacity and stiffness. The top layer of subsoil may be treated using a 

vibrating roller, or if greater depths of treatment are necessary a vibrating poker is used that 

penetrates deep into the soil (Black 2007). .Vibro flotation is the collective term used to 

describe the two forms of deep treatment performed by a vibrating poker; vibro compaction and 

vibro replacement.  

2.1.1.1 Vibro Compaction 

Vibro compaction is used in soils with a granular content of greater than 90% (Figure 2.1). The 

poker imparts vibrations to the ground that are mainly horizontal in nature and overcome the 

effective stresses between soil particles, thus rearranging them into a state of greater relative 

density. This will also cause a reduction in porosity and void ratio and an increase in the angle 

of shearing resistance (Black, 2007). The process became a popular in Germany in the 1930s, 

for treating river borne granular soils, and up to now has been used to compact loose sands to 

depths of 30m (McCabe et al., 2007). 
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2.1.1.2 Vibro replacement 

 

Vibro replacement is employed in soils where vibrations have minimal effect. This refers to 

soils with fines content greater than 20% (Figure 2.1). Densification achieved through vibration 

reduces with increasing fines content. In this case, the penetration of the vibroflot (poker) is 

followed by backfilling with granular material in stages up to ground level, forming a ‘stone 

column’. Inert crushed stone or granular material with a high friction angle is used to construct 

the column such that the composite soil mass as a whole will have greater average strength and 

better settlement characteristics than the untreated ground (McCabe et al 2007). A lower limit to 

the undrained shear strength of 15kPa for the ground to be treated is frequently quoted (McCabe 

et al., 2007; McKelvey, 2002), as weaker soils may not provide sufficient lateral resistance to 

prevent column bulging. Bachus and Barksdale 1983 have stated that the technique is most 

effective in cohesive soils with strengths between 15kPa and 50kPa. 10% of 35% of the in situ 

soil area on plan is usually replaced with stone (Black 2007). The percentage of area 

replacement on plan is also commonly represented as the dimensionless area ratio, Ar (1 / % 

area replacement). Typical column diameters ranging 0.6m to 1m are employed with column 

lengths reaching 3m to 15m (Black 2007) 

2.1.2 Application of Stone Columns 

 

The reinforcing and compacting action of the stone columns serves to significantly improve the 

load bearing and settlement characteristics of the weak ground enabling it to withstand moderate 

bearing pressures. Columns also help homogenise the variable soil properties, thereby acting to 

prevent differential settlement (McCabe et al., 2007) 

Stone columns also have a secondary role of acting as vertical drains thus speeding up the rate 

of consolidation (Hughes and Withers, 1974). McCabe et al (2009) reviewed various field tests 

and found a consistently large enhancement in drainage performance compared to untreated 

ground, with up to a six fold increase in consolidation rates. The pore pressures upon loading 

were measured in two particular case studies and the maximum pore pressures observed were 

significantly below the applied footing load (40-50% in one case) showing some immediate 

dissipation. Comparison of the rate of dissipation in stone columns and displacement piles 

(Figure 2.2) ascertained that post installation consolidation is complete much quicker for stone 

columns foundations than for piled ones, thereby giving a further indication of the drainage 

benefits of stone columns. The acceleration of drainage associated with stone column 

construction, is also beneficial in that it allows the foundation or floor slab to be brought into 

service at an earlier stage (McCabe et al., 2007). 
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Economically the technique offers savings per metre length over pile construction, while the 

“soft” column heads allow the use of ground bearing slabs, whereas ground beams and 

suspended slabs are necessary in piled solutions (McCabe et al., 2007). This represents further 

savings. 

Both vibro replacement and vibro compaction are also effectively used in liquefaction 

prevention schemes (Ellouze et al 2010, Black 2007). Further review of this specialist 

application, is beyond the scope of this thesis. 

2.1.3 Construction Methods and Installation Effects 

 

The main available methods for stone columns construction are: Dry top feed; Wet top feed; 

Dry bottom feed and wet bottom feed. Where “bottom feed” and “top feed” describe the method 

of stone supply and “dry” or “wet” describe the jetting medium (McCabe et al 2009).  

 

The dry top feed method can only be used in coarse or more competent fine deposits, where the 

hole formed by the initial penetration of the vibrator remains stable during column construction 

(McCabe et al., 2009). In the construction of the columns a vibrator is used to penetrate the 

weak soil using vibrations and ‘compressed air’ and forms a hole usually to a competent bearing 

stratum. After being held at depth for a short time, the vibrator is withdrawn and a charge of 

stone (40 -75mm) is placed into the hole. The vibrator is then reintroduced into the hole to 

compact the stone and force it outwards forming a tight interlock with the surrounding ground. 

Successive charges of stone are added and compacted in stages and a column of very compact 

stone is built up to ground level (Figure 2.3). This method is rarely suitable for soft cohesive 

soils, with the recommendation being that the method is only employed for soils with an 

undrained shear strength greater than 30 kPa or when the ground water table lies beneath the 

depth of treatment (Black, 2007). 

 

In the wet top feed method a circulating flow is used during construction to maintain the 

stability of the cylindrical void and remove any arising’s (Watts et al 2000). This is necessary to 

minimise the disturbance of the in situ soils. The wet top feed method is used to install columns 

below the water table or for the treatment of soft cohesive soils with undrained shear strength 

less than 30kpa (Black et al., 2007). From an environmental viewpoint however, the resulting 

effluent from the flushing process has in recent years become increasingly unacceptable (Black, 

2007) 
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The dry bottom feed method is that most commonly used in the UK and Ireland. Many columns 

are installed with a 600mm vibrator, giving a 600mm column diameter but larger column 

diameters are also used.  It is the most advanced column installation method, with its main 

attribute being that the vibrator remains in the ground throughout the whole installation process 

providing constant support to the void (Black, 2007). The stone is fed through a rig mounted 

hopper and  a permanent delivery tube along the side of the vibrator which bends inwards 

allowing the stone to be introduced to the hole through the nose of the vibrator (McCabe et al 

2007). A smaller grade of stone (15-45mm) is required for this process. A schematic illustration 

of the process is shown in Figure 2.4. The method can be employed in water bearing or soft 

cohesive deposits, and undrained shear strengths as low as 5kPa have been treated (McCabe et 

al., 2009). Overall, it is an extremely effective technique without need for soil removal, water 

supply or disposal of unwanted waste (Black, 2007). McCabe et al (2009) have presented 

considerable evidence that that this method performs better than the other methods presented 

here in terms of settlement reduction. The authors developed a database with settlement 

information from a total of 20 case histories and compared these measured values with the 

corresponding predictions of the Priebe (1995) settlement prediction method. As can be seen on 

Figure 2.5, the higher settlement reduction values tend to relate to bottom feed projects rather 

than the other two methods.A possible explanation for the superior performance of the bottom 

feed method can be found in the work of Watts et al. (2000) who obtained lateral stress 

measurements during column installation as well as performing dynamic probing tests to 

measure radial densification after pore water pressure dissipation in the fill immediately 

surrounding the stone columns. Although, total stress increases were not sustained after pore 

water pressure dissipation, the authors believe that some effective stress increase and hence 

some lateral stress increase (densification) of the soil would result. The dynamic probe test 

results showed that columns constructed using the bottom feed method cause significant 

densification of the surrounding soil while no change in lateral resistance was recorded around 

columns constructed using the wet top feed method. Hence, the radial densification caused by 

the bottom feed method improves performance, whereas the wet top feed is designed to 

minimise installation effects (disturbance of the surrounding soil) and radial densification does 

not occur. The authors also state that it is not desirable to operate installation equipment to the 

limit of its capacity, as this can cause strength reduction in cohesive soils while in granular 

material columns may result with higher load carrying capacity than required. To examine the 

effect of overworking, a column was installed to the maximum capability of the poker, resulting 

in very large increases in the density of the granular fill after pore water pressure dissipation. 

Overall the authors concluded that the degree to which lateral densification of the soil takes 

place during column installation is dependent on the method of construction,  the nature of the 

material (particle grading, initial soil density) and the level of compaction.  
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McCabe et al. (2009) also presented an example of overworking. In a previous trial by Watts et 

al. (2001) on a large group of 25 floating columns in Bothkennar clay, in Scotland, significant 

heave was reported at the surface of the treated ground. This occurred with high pore water 

pressures and long dissipation periods. The authors attribute the ground disturbance to excessive 

air flushing used during the construction of non-standard enlarged column bases. It is also stated 

that stone columns can be detrimental to settlement performance if they are installed in a firm 

clay crust, due to overworking of the naturally stiff layer. 

 

Kirsch et al. (2006) have also conducted field tests evaluating installation effects.  These tests 

were conducted on a large column group under widespread loading, with earth and pore water 

pressure cells as well as Menard presuremeters installed to obtain stress and stiffness 

measurements. Increases in effective horizontal stresses were observed at radial distances of 4d 

to 8d from the column, with maximum increases of up to 60% observed at a critical distance of 

4d to 5d. At closer proximities however, the installation effects are detrimental to lateral stress 

levels and they are decreased. The author accredits the stress reduction to remoulding and 

dynamic excitation. When examining the associated stiffness changes in the clay, a similar 

pattern was found with the maximum stiffness reaching 2.5 times the initial stiffness. Again at 

proximities less than 4d a loss of stiffness even below the initial level is observed, and the 

authors believe that this shows potential liquefaction of the soil, due to the aforementioned 

dynamic excitation 

 

It can be concluded from the work of both Kirsch et al (2006) and Watts et al (2000) that radial 

densification occurs in both granular and cohesive materials at the shallower depths.  It is 

interesting to compare the radial zone of influence of the recorded installation effects. The 

former recorded stress increases within a distance 8-10d from the installed column in the silty 

clay, while in granular fill the latter only recorded radial densification within a distance of 2.5d 

from the installed column 

2.1.4 Stone Column Principles 

 

In cohesive soils, when a rigid pile is loaded it will settle and develop end bearing and frictional 

shaft resistance. The same is true of stone columns but unlike piles, stone columns will also 

bulge under loading if sufficient lateral resistance is not provided by the surrounding soil 

(Hughes and Withers 1974) (Figure 2.6)  
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It is believed that depending on the column length, some degree of loading will be transmitted 

to the soil through end bearing and along the column interface, but the predominant load 

transfer mechanism is bulging. At low length to diameter ratios (L/d) or aspect ratios the load is 

transferred via the frictional and end bearing modes and a column will fail by punching into the 

underlying clay (Hughes and Withers, 1974; Black, 2007). This occurs when a column fails in 

friction which causes it to rely on end bearing capacity to carry further load (Black 2007)). For 

longer columns, no load reaches the base of the column because friction is enhanced (Black 

2007) therefore punching will not occur. Instead footing displacement is absorbed by 

compression and lateral deformation in the upper part of the column (Muir Wood 2000) and the 

bearing capacity of the column is primarily governed by the maximum lateral resistance of the 

surrounding soil. The lateral resistance of soil increases with depth. This fact coupled with the 

application of the load from the top of the column means that bulging is most likely in the upper 

part of the column, although in the case of shorter columns (just above the transition length 

from punching to bulging failure) bulging may be observed over the entire length of the column. 

At higher L/d ratios (>13) columns are found to fail by buckling and bending as well as shearing 

(Hu 1995, Black 2007). 

2.1.5 Current Design Practice 

 

Stone column design consists of two stages, ultimate limit state or bearing capacity design and 

serviceability limit state or settlement design. Current practice is based on the unit cell concept 

whereby each cell consists of a single column and the attributable surrounding soil. Zero lateral 

strain at the cell boundaries is assumed meaning that the stone columns are assumed to act 

independently (Hughes and Withers, 1974; Priebe, 1995). Many fundamental concepts 

associated with vibro stone column behaviour have originated from understanding gained 

through reduced scale physical model experiments. Pioneering work by Hughes and Withers 

(1974) on isolated stone columns determined that the radial zone of influence of a single stone 

column under loading was contained within a cylinder of diameter 2.5d. Therefore the authors 

suggested that at column spacing greater than 2.5d, the columns of a stone column group could 

be assumed to act independently. However, physical modelling investigations since then (Hu, 

1995; McKelvey, 2002 and Black, 2007) have shown that the stone columns within a group do 

not act independently even when a greater spacing of 2.5d is adhered to. Instead the columns 

exhibit complex behaviour with the overall stability dependent on column-column, column-soil 

and column structure interactions. 
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By using a novel non-intrusive physical modelling technique of transparent soil in conjunction 

with Particle Image Velocimetry (PIV) to capture soil deformation patterns and development of 

pre-failure strains in real time, the author of this work aims to quantify group interaction effects, 

and then incorporate them into a new design protocol, as the current design methods clearly do 

not capture all the stress changes in the soil during loading. 

 

Section 2.1.5.1 and 2.1.5.2 outline the most common design methods for ultimate limit state and 

serviceability state design respectively. As this project is dealing with the behaviour and 

performance of small stone column groups, the impact of smaller group size on performance 

and the issue of how small column group design should differ from large column group design 

are discussed in section 2.1.5.3 

2.1.5.1 Bearing Capacity Prediction Methods 

 

Hughes and Withers (1974) performed stress controlled laboratory tests on isolated sand 

columns constructed in one dimensionally consolidated clay beds. Radiographic techniques 

were employed to determine the displacements of pre-placed lead shot in the clay and column at 

various levels. It was found that the ultimate load bearing capacity of a column is primarily 

governed by the lateral resistance of the soil to bulging. Idealising the bulge as cylindrical cavity 

expansion and treating the soil as an elasto-plastic material, the authors developed a straight 

forward method for estimating the ultimate bearing capacity of an isolated column. They 

proposed that the ultimate vertical stress   
 ) that a column can carry as it bulges is 

 

  
  

        
  

        
         )             Equation 2.1 

 

Where   
 and    are the friction angle and cohesion of the column sand and surrounding clay 

respectively and     is the total in situ lateral stress. This isolated column equation is the most 

commonly used bearing capacity calculation in industry today.  

 

Although better known for his settlement prediction method, Priebe (1995) also presented a 

bearing capacity design method for isolated stone columns and vibro strip foundations. 

Considering the treated ground as a homogeneous material, Priebe (1995) recommended that the 

load carrying capacity of an of a single column foundation or column strip footing could be 

predicted via normal bearing capacity methods, provided that average values for  friction angle 

      and       cohesion were adopted, as defined by the following equations  
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                                                                 ]                         Equation 2.2 

 

 

      (  
 

  
)                                                     Equation 2.3                        

 

Where m is the proportion of load carried by the stone column, calculated as a function of the 

area ratio and the friction angle of the column material, and    and    are the friction angles of 

the column sand and surrounding soil respectively. Although it seems obvious to determine a 

mean cohesion according to Ar, Priebe (1995) states that, calculation of        based on the area 

ratio, as in Equation 2.3, could be on the unsafe side because lateral displacement during the 

installation may disturb the structure of the soil. Thus it is recommended that the cohesion of the 

homogenised soil is derived using a stress based approach as in Equation 2.4 

 

                                                                                                                           Equation 2.4 

 

 

Just as the unit cell based design methods assumes that each column acts independently, this 

homogenised approach is another extreme type of idealisation for the complex composite 

foundation system, as the possibility of column bulging failure is not considered. But most 

importantly, the size of the footing is taken into account. 

2.1.5.2 Settlement Prediction Methods 

 

The preferred method of estimating settlement in Europe is that of Priebe (1995) which also 

adopts a unit cell approach where the columns are assumed not to interact (McCabe et al. 2007). 

Again this method is based on cylindrical expansion theory. This is a semi empirical design 

method for the simplified case of an unlimited load area on an unlimited column grid. Each unit 

cell is modelled with an area A, consisting of a single column of cross sectional area Ac and the 

attributable surrounding soil. Idealised conditions are assumed, and they are as follows:  

 

 The column is based on a rigid layer. 

 The column material is incompressible. 

 The bulk densities of the column and soil are neglected. 
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It is assumed that the column shears from the beginning, while the surrounding soil behaves 

elastically. As well as this, the soil is assumed to have displaced to such an extent during 

column installation that it is initially in a liquid state.  

 

The main geometric parameter considered by Priebe (1995) is the area ratio Ar or A/Ac as it is 

represented in this case.  Settlement reduction increases as the area ratio is increased. The 

authors well known design chart is shown in Figure 2.7. 

 

As stated in Section 2.1.3, McCabe et al (2009) developed a database with settlement 

information from a total of 20 case histories and compared these measured values with the 

corresponding predictions of the Priebe (1995) method. Their results have shown that the Priebe 

(1995) method provides a safe lower bound estimate of the settlement performance of a large 

column group constructed using the bottom feed method, even though it does not capture all the 

stresses in the soil during loading due its simplified and semi empirical nature (Figure 2.5) 

 

Another design method used in Europe is that of Baumann and Bauer (1974). Unlike Priebe 

(1995), the writers account the densification of a zone of ground around a stone column, leading 

to an increase in strength. This is done by employing a coefficient of earth pressure Ks which 

has a value between the at rest coefficient and the passive coefficient. Correspondingly the 

coefficient of lateral pressure in the column Kc has a value between the at rest pressure and the 

active pressure coefficient. The method is based on the following formula for calculating the 

stress concentration ratio 

 

  

  
 

    
  

  
    

 

  
 

  
  

  
    

 

  
 

 
             Equation 2.5 

 

 

Where    and    are the stresses on the column and clay respectively,    and    are the Youngs 

modulii of the materials and a and ro are equivalent radius of foundation area are per column 

and  the initial column radius respectively. The authors state that consolidation settlement is 

usually underpredicted when this method is used due to two reasons. Firstly, column load may 

be transferred down the column through friction, possibly leading to end bearing behaviour, 

while secondly group mechanics may cause an overlap of stresses from neighbouring columns, 

the effect of which is difficult to evaluate. The method therefore said to give poorer settlement 

predictions in cohesive soils (McCabe et al., 2007) 
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Watts et al. (2000) proposed a further modification to the above technique, in order to account 

for the densification of in situ soil due to installation effects. A zone of improved soil is defined 

around the installed stone column, with diameter di, where di = i x d. A typical value of i equal 

to 1.5 for design purposes has been stated in this paper. The benefit of this improved annulus of 

soil is that it will bear a greater stress than the untreated soil. As a result the original Baumann 

and Bauer (1974) formula for stress concentration ratio (Equation 2.5), has been modified to 

read as follows: 

 

  

  
 

   
  

  
    

 

  
 

  
  

  
    

 

  
 

 
             Equation 2.6 

 
 

Where    and    are stress on and the Youngs modulus of the improved zone respectively. 

2.1.5.3 Small Group Configurations 

 

The traditional application of stone columns is to support widespread loading using a large 

infinite column group, in which case the ability to meet absolute or differential settlement 

criteria is usually the governing factor for stone column design (McCabe et al 2009), with 

bearing capacity only becoming an issue at the edges of the footing (Hughes and Withers 1974). 

However, in recent years the technique has been extended to stabilise isolated pad and strip 

footings using smaller group configurations.  

 

It is generally believed small group configurations are less efficient in terms of settlement 

reduction than large groups. This is due to the fact that a greater proportion of the total number 

of columns can bulge in directions unrestrained by neighbouring columns, thus compromising 

column integrity and affecting performance. A good example can be seen in the work of 

McKelvey (2004), described in Section 2.1.6.1. As a result, Bachus and Barksdale (1983) 

concluded that the limited size of stone column groups in practice limit the load capacity of 

stone columns within a group to values only slightly over that of a single column, while Priebe 

(1995) presented a correction factor used for single or strip footings to account for this reduced 

efficiency,  

 

In the work of McCabe et al. (2009) mentioned earlier in section 2.1.5.2, it can be seen that the 

performance of these smaller columns is considerably different from traditional large groups. 

On Figure 2.5, it was shown that the Priebe (1995) method provides an accurate settlement 

prediction in large column groups.  However, in the case of small column groups, the method 
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was not quite so accurate, with pad foundations performing better than predicted while strip 

foundations performed worse than predicted even after the application of the Priebe (1995) 

correction factor for the reduced efficiency of small groups. However, the fact that the pad 

foundation was supported by buttressing columns may have been the reason for the foundation 

performing better than predicted.  

 

2.1.6 Previous Physical Modelling Research 

 

While, there is no doubt that a considerable amount of experimental work has been performed in 

the last 50 years, to date no one has contrasted and compared the tests in a quantitative manner, 

as McCabe (2009) did for the serviceability performance across a database of case studies and 

field tests. This is one the main aims of this section of the literature review. The findings of 

analytical design work and finite element analyses are also used in places for comparison 

purposes. 

 

The mechanisms that govern column behaviour and performance depend on the spacing, length 

and diameter of the columns, the footing size and the strengths of the in-situ and column 

material (McKelvey 2004). The influence of these factors has been evaluated through previous 

physical modelling work by focusing on the following dimensionless parameters: 

 L/d 

 Ar 

 Stress Concentration Ratio (SCR) 

2.1.6.1 L/d Parameter 

 

Hughes and Withers (1974) performed a laboratory test on a single stone column and concluded 

that at L/d values smaller than 4, end bearing failure will occur before bulging failure, while end 

bearing and bulging failure will occur simultaneously at an L/d equal to 4.1, making this the 

transition zone from punching failure to bulging. At depths greater than 4d no vertical or radial 

displacements occurred, suggesting that at failure only the top 4 diameters of the column was 

being strained. By plotting the distribution of vertical stress with depth (Figure 2.8), where the 

vertical stress at the top of the column is equal to the ultimate pressure in bulging failure, the 

authors also concluded that at a depth of 6d the vertical stress had decreased to zero, and 

therefore any increase in length beyond 6d would not improve the performance of the column.. 

Hughes and Withers (1974) also observed from the limit of 1% radial strain in the soil model, 
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that only clay within a cylinder with a diameter of about two and a half times that of the column 

is affected by the loading. 

 

More recently, investigations by Hu (1995) and McKelvey (2002) evaluated the behaviour of 

large and small group configurations respectively and both authors postulated a revised L/d = 6 

for the punching to bulging mechanism transition zone. Both authors also agreed that the 

optimum length in terms of stone column strength is somewhere between 6-10D (McKelvey) or 

5.7-9.1D (Hu) which are in close agreement.  

 

On loading a pad foundation supported on a four column group in kaolin, McKelvey (2002) 

observed that at an L/d ratio of 6 columns underwent punching, bending and bulging failure. 

Measurements showed that these columns punched into the clay by as much as 10mm, while 

bending and bulging occurred in the outward direction away from neighbouring columns over 

the entire length. When the column length was increased to 10d, punching did not occur, and 

deformation was concentrated in the upper region. Bending and bulging again occurred in the 

outward direction, while shear planes were clearly evident. The corresponding increase in 

ultimate bearing capacity at a footing displacement of 20mm, was only 5%. It was noted 

however that actual footing settlements at working load (taken as 50% of the failure load) for 

each of the four curves on the latter figure were calculated as 1.75 mm, 1.75mm, 3mm and 3.5 

mm for TS-11, TS-13,TS-14 and TS-12 respectively, representing an increase in undrained 

stiffness for the composite clay - sand material. It was therefore suggested that increasing the 

length beyond an L/d of 6 may be more significant in terms of settlement criteria than load 

carrying capacity. 

 

McKelvey also examined the load bearing capacity of a transparent clay bed (TCD Clay) 

reinforced by small groups of 3 columns under circular and strip footings. In the case of the 

circular footing, increasing the L/d ratio from 6 to 10 improved the bearing capacity, while 

column behaviour changed significantly too. The shorter columns bulged over their entire 

length and punched up to 5mm into the underlying clay. In contrast the longer columns showed 

no penetration and although the columns deformed significantly in the upper region, the lower 

region did not undergo any obvious deformation. For the strip footing it was interesting to note 

that no penetration occurred for either the shorter or longer columns, while the deformation of 

the central column was smaller in magnitude and more uniform than the edge columns where 

bulging and bending occurred in the unrestrained direction. Figures 2.9 and 2.10 illustrate the 

deformation behaviour of the shorter and longer vibro strip foundations respectively during 

loading. Overall there was good agreement between the TCD tests and the Kaolin ones in terms 

of the observed influence of the aspect ratio on load carrying capacity and failure mechanisms. 
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Hu (1995) tested large groups of columns in a square grid formation in Speswhite kaolin. The 

shortest column tests (L/d = 5.7) failed by punching into the clay below the column base in 

addition to developing local bulging. It was noted that the depth of penetration increased 

towards the centre of a large column group with columns near the edge shortening more (Figure 

2.11b).  

 

As L/d was increased from 5.7 to 9.1 there was a modest increase of 15% in load bearing 

capacity at the point that total footing settlement was equal to 0.25d (Figure 2.12). At an L/d of 

9.1, the central column deformed the least by bulging at a low level, the middle columns 

deformed more at a higher level, while the columns close to the edge deformed with a lot of 

bulging at before forming clear shear planes (Figure 2.11a). A conical failure mechanism was 

evident whereby there was a clear conical region immediately below the footing where no 

noticeable change of column diameter occurred. Contrary to what was expected by Hu, it was 

found that penetration still occurred at this aspect ratio, when a low L/D ratio of 1 was 

employed. In investigating the issue, the author performed separate tests at the 9.1 aspect ratio 

with all parameters identical except L/D. As seen on Figure 2.11a, b, c and d significant column 

penetration was observed at L/D ratios of 1 and 1.1, but when a ratio was increased to 1.6 and 

1.7 negligible penetration was seen. Hence the author concluded although the critical length for 

the bearing capacity of a large column group must be somewhere between 5.7d and 9d which is 

in agreement with McKelveys (2004) findings, it is controlled by L/D ratio and hence by the 

overall failure mechanism rather than by the aspect ratio. Hu (1995) proposed an effective 

column length of 1.5D-2.5D beyond which increasing the length would not be beneficial to the 

bearing capacity of the ground but may be useful for settlement reduction.  

 

When L/d was increased to 14.5, there was no noticeable increase in bearing capacity (Figure 

2.13). Again a conical deformation profile was observed, this time with middle columns failing 

in a buckling type manner with no significant bulging or shearing in the failed region (Figure 

2.11d). This behaviour can be compared to that in Black’s (2007) column group tests. 3 stone 

columns were employed in a triangular grid in each group at an array of 120°, with all columns 

in contact with the edge of the circular footing of 60mm diameter. Very high L/d ratios of 11.4, 

13.9, 18.2 and 22.2 were used and the author stated his belief that the overall instability of the 

column group may resulted from “buckling or bending” of the columns. 

 

Black (2007) also examined the performance of single columns with L/d ratios ranging from 3.3 

to 10.5. The columns were loaded in a stress controlled manner with full dissipation of pore 

pressures allowed. The tests were conducted in a unit cell which was believed to be big enough 
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to nullify boundary effects. At ratios of 2.5, 3.6 and 5.9 it was found that tip penetration 

represented 50%-90% of the total foundation displacement. While, at an L/d ratio of 

approximately 6.5, the author observed what he believed to be simultaneous failure of the 

column by friction and bulging. As a result, for fully drained analysis Black (2007) concluded 

that the transition between punching and bulging failures occurs at L/d = 6.5.  

 

In the same series of isolated tests, Black (2007) observed that only at an L/d ratio of 8 does 

penetration become negligible. It then diminished completely at an L/d ratio of 10, suggesting 

an optimum L/d of 8. This can be seen on Figure 2.14 . 

 

Following tests on single columns, Black (2007) suggests that unlike bearing capacity, where 

many authors have agreed that there is a threshold beyond which increasing length will not 

enhance bearing capacity (Hughes and Withers, 1974; McKelvey et al., (2004); Hu, 1995), there 

is no particular threshold L/d value for settlement control of an isolated column. The author 

states that the continued increase of L/d will reduce settlement. While, it should be noted that 

the longest columns at each area replacement ratio acted as end bearing columns, with a Hc 

/Hs=1 (where Hc is equal to height of column and Hs is equal to the height of the sample), it is 

still clear from the floating column data that the increase of L/d up to a value in the region of 8-

10, will increase settlement reduction. Lengths in this region were also observed in these tests to 

be necessary in avoiding end bearing failure. 

 

Killeen (2009) suggested from the results of finite element analysis on small column groups that 

increasing L/d will reduce settlement but only up to a value of 8, which suggests that this is the 

optimum value of L/d in terms of settlement control. The writer presented the results of finite 

element analysis of small groups of 4-9 floating stone columns at square grid formations in 

Bothkennar clay. The finite element programme used was Plaxis 3D. L/d ratios from 1.66 to 

13.33 were tested and Killeen concluded that settlement improvement ratio n increased with an 

increase in L/d, up to an L/d = 8. When this ratio was raised above 8, the rate of increase of n 

was very small. The results are presented in Figure 2.15. These results agree with the floating 

column data from Blacks (2007) unit cell tests. 

 

Hu (1995) observed from the same tests described above that in terms of settlement reduction, 

increasing L/d was more effective at low Ar values (high percentages of replacement). However, 

the author states elsewhere in the same report that analyses which assume that the stone 

columns are based on a rigid layer tend to predict greater settlement reduction. So although 

large settlement reduction was achieved when L/d was increased at low Ar ratios, it is possible 
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that this is due to the longer columns bearing on a rigid layer rather than having an increased 

length. As stated above the same can be said when analysing Black’s (2007) unit cell results. 

 

2.1.6.2 Ar Parameter 

 

Charles & Watts (1983) carried out large scale tests on a rigid raft supported by a large number 

of fully penetrating columns. Their results were compared with the predictions of the Balaam & 

Booker (1981) elastic analysis assuming a modular ratio Ec/Es of 10, equal poisons ratios vc and 

vs for the column and sand respectively and that there are smooth interfaces above and below the 

clay layer. The settlement reduction achieved is far less than that predicted by the Balaam & 

Booker (1981) elastic theory. The reasons presented for the large difference are as follows: At 

low replacement (0.2%, 12% and 21%) the columns do not behave elastically. They yield with a 

high principle stress (at or close to peak value) and dilation. At 21% replacement the column 

was deforming with almost no volume change, while at 33% replacement the column was 

behaving elastically and principle stress ratio was well below the peak value. Roughly 30% 

replacement was needed to achieve a settlement reduction of 33%, n=1.5. The authors believe 

that the relationship between n and Ar they have presented gives a better indication of field 

performance of the soils used than the predictions of Balaam & Booker (1981), but accept that 

because the columns were installed inside a thin steel cylinder which was then removed, high 

column densities may not have been achieved, which might have caused the constant volume 

deformation which occurred. 

 

Bachus & Barksdale (1985) carried out vertical load tests on stone columns in unit cells 

constructed of plexiglass. The unit cells were of diameter 108mm, height 305mm and thickness 

16mm. The diameter of the single end bearing column inside the chamber was varied to study 

the effects of varying Ar. The authors found that nearly 40% replacement was necessary to 

achieve a 50% reduction in settlement, while at typical replacement percentages used in the 

field of 20%-35% settlement would be reduced by about 30%-45%.  

 

Al Khafaji and Craig (2000) carried out centrifuge model tests, using a circular model tank of 

325mm diameter, supported on a limited circular foundation area with as many as 572 10mm 

diameter stone columns in a triangular grid. The tank was subjected to incremental fluid 

loadings typically to 160kPa, and foundation drainage was permitted. In the field, this setup was 

equivalent to a 34.4m circular tank with a potential fluid storage depth of 20m, meaning a 

uniform base loading approaching 200kPa. The storage volume in this case would be 

approximately 18,000m3. The authors compared their results to the predictions of the Priebe 

method (1995). This comparison showed that Priebe’s (1995) analysis for an infinitely 
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reinforced layer predicted a higher settlement reduction than what was achieved in the models 

(Figure 2.16). For example, in the model tests a reduction in settlement of about 56% was 

achieved at an Area ratio of 40%. As no direct measurement of sand density or friction angle 

was possible in the models, Al Khafaji and Craig (2000) suggested that an angle of friction of 

only 30° had been achieved for the densified columns and less for the loose columns, while it 

reasonable to assume that frictions angles for densified columns in practice would be 35°- 45°. 

This apparent lack of higher friction angles is according to the authors as a result of the 

considerable depth of the columns clay layer and relative to the tank diameter. It was concluded 

that lower levels of settlement reduction were observed due to the low friction angels achieved 

and the differences between Priebes (1995) case of an unlimited load area over an unlimited 

column grid and the specific tank and clay layer properties and dimensions of the models. Al 

Khafaji and Craig (2000) also suggest that that Priebes’ (1995) approach of only considering a 

single settlement or settlement ratio is somewhat simplistic. In these models tests, there was a 

large variation in the settlement of the flexible foundation between the centre and the edge of 

the tank.  

 

For an isolated column, Black (2007) found that the stiffness of stone column reinforced soil 

increased as the percentage replacement was increased, but there appeared to be an upper limit 

to the value of n that could be achieved. At 160kPa, the column lengths tested were 125mm, 

250mm and 400mm corresponding to Hc/Hs values of 0.31, 0.62 and 1 respectively. The 

maximum settlement improvement ratio reached was 7, corresponding to an optimum 28% 

replacement. The load settlement plots are presented in Figure 2.17. Increased replacement 

levels beyond this value actually resulted in less settlement reduction. Black (2007) explains that 

at moderate levels of replacement (25% - 30%) the clay surrounding the column is also 

subjected to foundation loading (due to foundation overhang) and hence the lateral resistance to 

bulging is increased, but when the percentage of replacement is increased beyond the optimum 

value (to 40% in this case), the surrounding clay is not being loaded sufficiently to develop the 

same enhanced lateral resistance to bulging that was being generated at 28% replacement.  At 

320kPa, 40% replacement was found to be optimum. However, the current author believed that 

such high pressures on stone columns in practice would be unlikely. 

 

Based on these observations Black proposed that at low to moderate bearing pressures, in order 

to optimise the reduction of settlements and the stiffness of composite material, over 30% of the 

soil should not be replaced. 

 

Black (2007) also examined the variation of the performance of column groups with Ar. 

Settlement reduction increased with increasing soil replacement. Black also observed that at 
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160kPa, increasing the percentage of soil replacement is more effective for end bearing columns 

than floating columns. 

 

Overall, the results of each author referenced above are in agreement that decreasing the area 

ratio Ar (increasing the % replacement) will improve the settlement reduction factor n. The 

settlement data from all of the above tests was collated for comparison purposes and is 

presented in Figure 2.18. The most trusted correlation between Ar and n, that of Priebe (1995) is 

also plotted. It is seen that the degrees of improvement recorded in the different physical 

modelling investigations vary significantly, which is unsurprising given the range of variables 

such as other geometrical parameters, material properties and the nature of experimental 

technique which would not correspond exactly between the tests.  

 

Blacks (2007) stress controlled tests where full dissipation of pore pressures was allowed, 

perform much better than the Priebe (1995) model or any other the results of any other physical 

modelling work. This is in spite of the fact that tests were performed with a relatively low 

modular ratio Es/Ec=7. The foundation performance compared well with elasticity based 

analytical method of Balaam and Booker (1981) incorporating high modular ratios in the region 

of 30 to 40 and better than Poorashasb and Meyerhof‘s (1997) analytical method also based on 

elastic theory.  

 

Anaylsis of the undrained load performance data of Hu (1995) reveals settlement reduction 

factors higher than the Priebe (1995) model. It should be noted however, that the speswhite 

kaolin clay used in these tests was lower in shear strength than that used in any of the other 

physical models studied, leading to a high modular ratio of 17. This could explain why the 

column group suggests better settlement reduction than the Priebe (1995) n0 curve, which does 

not consider the effect of the modular ratio. The performance is seen to be comparable to 

Balaam & Booker(1981) and Poorashasb and Meyerhof ‘s (1997)  analytical predictions at 

modular ratios of 20 and 9.5 respectively, while also showing similarity to the results of the 

elastic finite analysis of Balaam et al (1977) on end bearing columns with an L/d of 6.  

 

Al Khafaji and Craig (2000) and Charles and Watts (1983) observed lower settlement reduction 

than the Priebe (1995) prediction, and the respective authors present various reasons for this. 

Possible reasons have been discussed. 

 

Hu (1995) has also done considerable research on the effect of Ar on the failure mechanism of 

large column groups and concluded that increasing the percentage of soil replacement results in 
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 an increase in the extent of column interaction.  

 an increase in the degree of consolidation in the clay.  

 an increase in the ratio of stress share between column and surrounding clay.  

While the latter points indicate improved settlement reduction, with regards to the first point, 

McKelvey (2004) when examining the shape of her exhumed sand columns, suggested that this 

increased column interaction will result in a higher confining stress field in the upper portions of 

the columns which may move friction support to greater depths, thus increasing bearing 

capacity.  Hu (1995) was in agreement, concluding that the bearing capacity of a large group of 

columns under a circular footing increases with increasing percentage replacement. However, 

the authors model tests results showed that a significant improvement in bearing capacity was 

only achieved when over 25% of the soil was replacement. The reason for this is unclear. 

However, the author did observe that in the case of 10% replacement, the clay was only partly 

drained, but as the percentage replacement was increased the rate of consolidation increased 

rapidly.  The normalised load settlement curves at 10%, 24% and 30% replacement are shown 

in Figure 2.19. 

 

A homogenised numerical analysis which assumed drained behaviour by both the sand and the 

clay was conducted in Swansea in conjunction with Hu’s experiments. This predicted that 

higher bearing capacity improvements occurred when less 24% of the soil was replaced. But 

considering that the analysis did not take into consideration the actual drainage condition, the 

results would be expected to differ from the model tests.  The model tests did however agree 

well with Balaams (1978) unit cell analysis.  

2.1.6.1.2 Group Mechanics in Vibro Stone Column Foundations 

 

Column group failure modes are significantly different from the axisymmetric bulging failure 

observed for an isolated column by Hughes and Withers (1974), and it has been deduced from 

the tests of Black (2007) that column groups underperform in terms of settlement reduction 

compared to isolated columns (employing the same Ar and L/d) due to this group interaction. It 

is clear from the work of McKelvey (2004) (Figures 2.9 and 2.10) that the proximity of the 

columns within the each group contributed to non-uniform column distortions where more 

bulging took place in unrestrained directions away from neighbouring columns. The group 

mechanics of stone column foundations will therefore be strongly influenced the by column 

spacing and hence area ratio Ar.   
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Hu (1995) found that in a large column group, interaction between individual columns and 

between the columns and the clay caused a general deepening of the failure mechanism towards 

the centre of the footing. The author thus postulated a realistic “conical wedge failure 

mechanism” shown in Figure 2.20. 

 

Zone 1 Elastic Zone 

In this region, there is sufficient confinement offered by the surrounding clay to ensure that no 

column bulging takes place. The whole region atcs like “an elastic cone” that penetrates 

vertically downwards with footing displacement. The volume of the region is said to give an 

indication of the level of settlement reduction offered by the ground treatment. 

 

Zone 2 Plastic Zone 

This is the region where plastic deformation is developed in the columns, and most of the 

horizontal deformation occurs.  Axial compression in the columns also occurs in this region. 

This zone was found to occur with increasing depth towards the centre of the group. The three 

modes of deformation observed in this region were punching, bulging/shearing and bending or 

bucking as seen in Figure 2.11. 

 

Zone 3 – Retaining Zone 

This region is expected to provide the main lateral support to the actions taking place in zones 

1and 2.  As a result of the penetration of zone 1 and the various failure modes occurring in zone 

2, most of the lateral movement of the columns is observed in this region. This should not be 

confused with bulging, which does not occur. The horizontal stiffness of the region is therefore 

critically related to the overall settlement of the foundation. The author also states that it is 

beneficial to have columns installed in this region as this would increase the horizontal stiffness 

of the region, leading to an increase in settlement reduction. 

 

Zone 4 –Passive Zone 

This is a passive region, where the self-weight of the soil acts against the failure mechanism. 

 

Black 2007 examined column groups with higher L/d (13.9 and 22.2)and L/D ratios (3.42, 4.17, 

5.46 and 6.66). High stresses were observed in the clay at mid-column positions, due to the 

confinement offered by neighbouring columns. This led the author to consider “Block Failure” 

of the composite material. This describes when the block of composite material under the 

footing penetrates the soil layer below as a “single entity” (Figure 2.21). There was evidence of 

this group failure mechanism at L/D ratios of 3.42 and 4.17, where D is the footing diameter, 

but this type of failure was not evident at the higher L/D ratios of 5.46 and 6.66. The author 
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concluded that individual “bulging/end bearing failure” will occur at L/d values up to 4 

approximately, but if L/D is increased beyond this value “block failure” will not occur. 

 

This block failure mechanism had not been observed by McKelvey (2004) or Hu (1995) in their 

tests on partially penetrating columns. The author believes it may developed as a result of the 

lack of foundation overhang and higher strength material (30kPa) used in the tests  

 

2.1.6.4 Stress Concentration Ratio 

 

The stress field generated in stone column reinforced foundation depends on two factors: the 

geometrical parameters and stress concentration ratio (SCR). In the presence of a rigid footing, 

stress will be concentrated on the column due to its higher stiffness compared to the clay (Black 

2007). Ambily et al (2007) believe that the most critical design factor is the stiffness of the 

column and they attempted to develop a design procedure considering the load sharing 

behaviour between the column and the soil. Charles and Watts (1983) were in agreement, 

stating that the reduction in settlement in their model tests was almost directly proportional to 

the reduction in vertical stress in the clay. It is generally accepted that SCR increases with 

decreasing Ar (Black, 2007; McKelvey, 2004; Hu , 1995,  Ambily et al, 2007),  However, 

previous studies have also indicated that the parameter is dependent on stress levels, column 

length and material properties. 

 

Bachus & Barksdale (1985) carried out displacement controlled unit cell tests on a column of 

L/d equal to 12, at 7% and 25% replacement. They found that the stress concentration factor 

(SCR) varied between about 2.8 and 4.2 and it was reasonably constant with time and applied 

load. The authors carried out both displacement controlled and stress controlled tests on small 

stone column groups (1x3, 3x1 and 3x2). They found that in general n ranged from 1.5 to 5 at 

low stress levels but eventually converged to between around 2.5 and 4 when loaded to failure. 

In the stress controlled tests slightly higher values of n were observed at low stress levels. It was 

believed that this phenomenon was due to full consolidation at each load increment, adding to 

lateral confinement, resulting in a stiffer initial response from the stone columns. Hu (1995) and 

Baumann and Bauer (1974) also found that n ranged from 1.5 to 5. 

 

McKelvey et al (2004) found that SCR values in the kaolin tests varied from below 2 to above 4 

at low stress levels. The higher values were achieved in the longer columns with L/d of 10, 

while the smaller values were observed at an L/d of 6. The shorter columns provide less 

resistance to loading because they punch into the underlying clay, compared to the longer 

columns which deform by bulging.  Examining a possible operational bearing pressure region 
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below 85.2kPa, shown by the shaded region in Figure 2.22, the author concluded that the stress 

distributions of a small group are significantly different for short and longer columns and that 

this information could be important in design e.g. in determining the position and size of steel 

reinforcement in rigid concrete footings. At higher bearing pressures the stress concentration 

ratio seemed to reach a constant value of approximately 3, regardless of column length. These 

findings are in good agreement with those of Bachus & Barksdale (1985) and the field tests of 

Bell (1986) and Greenwood (1991).  Balaam and Booker (1991) explain the change of stress 

concentration ratio during loading of a large column group as follows. Initially the contact 

stresses on the clay are greater due to its undrained incompressible state, but contact pressures 

are redistributed as pore pressures dissipate. Moment and shear distributions develop in the raft 

leading to stress concentration on the column. The authors also state that stress concentration 

increases with increasing stiffness ratio Es/Ec. 

 

Black (2007) observed that stress concentration increased with length.  For a 125mm long 

column, the pressure increases in the column and clay were reasonably close, but in the case of 

250mm and 400mm (end bearing) long columns, the column carried a significantly higher 

proportion of load compared to the clay. The behaviour of column groups was different. For 

250mm long columns at 40% replacement there was only a modest increase in pressure on the 

column at the pressure cell position while high stress levels were generated in the confined 

region at the centre of the footing. This indicated that group failure may have occurred. 

 

Ambily et al (2007) observed that stress concentration increases with decreasing undrained 

shear strength Cu. It was also found that that stress concentration factors were comparable for 

the single column (with entire tank area loaded) and column group tests. Hence it was 

concluded that the unit cell concept is valid for the replacement percentages tested (6%-44%). 

The pressure settlement responses observed in the single column and column group tests were 

also comparable. Therefore, it was also concluded that the unit cell concept can simulate field 

behaviour for an interior column of a large group. 

 

2.2 Displacement Measurement 

2.2.1 Review of Previous Measurement Techniques 

 

White (2002) presented an overview of the displacement measurement techniques previously 

used in geotechnical modelling. The methods discussed were x-ray film measurement, 

photographic film measurement, video photography of target markers, and PIV.  
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Radiographs were able to measure lead shot positions to an accuracy of +-34 um, allowing 

strain contours to be plotted at intervals of 1% (Stanier, 2008). The main drawbacks of this 

method are that the apparatus is expensive and has many associated health and safety issues 

(Stanier, 2008), The need to change film between exposures also prevents its use in physical 

modelling (White 2000). 

 

The next logical step in displacement measurement was the use of photographic techniques.  

They do not require a source of radiation and can easily be incorporated in physical modelling 

systems. Butterfield, Harkness and Andrews (1970) developed stereo photogrammetry, which 

allowed the displacement of distinct features to be measured manually (Stanier, 2008). 

Originally the technique was stated as having the ability to measure displacement to an accuracy 

of 10 um. Further development led to the improvement in accuracy such that displacements as 

small as 5um could be accurately measured (White, 2002). 

 

The advent of digital video cameras meant that they replaced traditional film in photographic 

measurement techniques. Video photography led to the development of an improved technique, 

video extensometry. Gill (1999) used video extensometry to track target markers embedded in a 

soil model at a rate of 25 Hz. Real time averaging used between penetration increments was 

found to improve the resolution of the technique, such that its accuracy was quoted as 0.002% 

strain (Stanier 2008). This accuracy allows the user to produce strain contours of 0.005%, 

sufficient for the investigation of serviceability and pre failure strains (White 2002). The 

drawback of this method is that it relies on discrete target markers within the soil, generating the 

following problems (White 2002): The reinforcing effect of the target markers is unknown; 

Detail in areas of large strain gradient is insufficient; Measurement reliability is reduced if 

obscurement of targets occur and points of interest in the model must be chosen before its 

construction. 

 

These issues were the motivation for White et al. (2003) to combine the existing techniques of 

digital photography, Particle Image Velocimetry (PIV) and close range photogrammetry to 

develop a new displacement measurement system which is not reliant on discrete target markers 

within the soil and measures displacements with greater accuracy and precision than previously 

achieved (Stanier, 2008). The result was a MatlabTM program called GeoPIV. Section 2.2.2 

describes how soil displacement is measured through the implementation of PIV, while section 

2.2.3 describes how PIV measurements in pixel space are converted to real world measurements 

(mm) . 
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2.2.2 Particle Image Velocimetry 

2.2.2.1 PIV in Fluid Mechanics 

 

PIV is a velocity measuring technique that was originally developed in experimental fluid 

mechanics (Adrian 1991). Its application was to determine the velocity of fluid flows by 

capturing the movement of seeded particles illuminated by a laser sheet in digital images. If the 

seeding density was low, particles were tracked individually. This technique is known as 

Particle Tracking Velocimetry (PTV). If the seeding density was high the image was split up 

into small interrogation patches containing multiple particles, this was known as High Image 

Density PIV (Adrian, 1991). The image sequences were analysed using autocorrelation 

algorithms to track each patch or particle through successive images. The latter technique will 

be used in this research. 

2.2.2. PIV in Geotechnical Engineering 

 

Whereas experimental fluid mechanics is usually concerned with high flow velocities, soil 

deformation is a low velocity flow process. As a result high speed photography is not necessary 

in the application of PIV in geotechnical engineering.  In addition natural sand grains are 

naturally different colours giving sand its own texture. On the other hand, in clay, texture must 

be added by flocking the soil with coloured material (White, 2002). 

 

The size of the interrogation patches chosen is important as this determines the amount of 

measurement points within the plane of interest and also the accuracy of tracking. Larger 

patches contain more texture than smaller ones, meaning they are more identifiable in 

subsequent images due to the sharper resulting correlation peak (White, 2002). Images of soil 

contain a more consistent array of texture compared to images of seeded fluid where zones of 

the model may be empty. As a result the interrogation patch size can be greatly reduced, giving 

a greater number of measurement points (White, 2002). Another contrast between the use of 

PIV in both fields is that the aim of a PIV investigation in fluid mechanics is to determine an 

instantaneous velocity field, where two images is sufficient, while in geotechnical modelling the 

aim is to determine deformation behaviour at low levels of strain, and its development as 

loading progresses to failure, allowing the analysis of the development of the failure 

mechanism., A sequence of images is therefore needed (White 2002). 
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2.2.2.3 GeoPIV 

 

White et al. (2003) implemented PIV into GeoPIV, using a modified cross correlation 

algorithm. Whilst autocorrelation methods define only one interrogation patch, in cross 

correlation two interrogation patches are defined, Itest the search patch in the first image and 

Isearch the search patch in sequential images. If U is the location of the patch, and s is the 

displacement of the patch, the cross correlation estimator is defined as 
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Equation 2.7 

However, White (2002) thought that Equation 2.7 could result in the loss of tracking if the 

particles in the original patch move from within that zone. He accordingly enhanced the 

equation by normalising the estimator R(s). The normalised estimator Rn(s) is expressed as 

follows: 
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A diagram of the process is presented in Figure 2.23. White (2002) performed a series of 

validation tests to establish the precision of PIV. It was found that precision is a strong function 

of interrogation patch size and a weak function of object texture and can be predicted using the 

two equations below. Equation 2.9 represents an upper bound estimate of standard error in 

pixels, while Equation 2.10 represents an estimate of the standard error in object space, 

determined by introducing the field of view width in pixels Wpixels and millimeters Wmm into 

Equation 2.9. Figure 2.24 displays the relationship between precision, patch size and 

measurement point array size graphically. 
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2.2.3 Close Range Photogrammetry 

 

After displacement tracking in image space, the pixel coordinates of each soil patch must be 

converted into object space coordinates. In the past a single scale factor has been used for this 

conversion. This was reasonable given that the image scale displacement data was typically 

plotted to a strain precision of 1%, while image distortion which causes a spatial variation in 

image scale (rendering a linear scale factor conversion inaccurate) typically creates an apparent 

strain of less than 0.1% (White 2002). However, if the superior precision of GeoPIV in relation 

to the previous state of the art is to be exploited, PIV must be accompanied by some form of 

correction for image distortion. The process of correction for such distortions is called camera 

calibration and consists of determining the internal camera geometric and optical characteristics 

(intrinsic camera parameters) and/or the 3-D position and orientation of the camera frame 

relative to a predefined world coordinate frame (extrinsic camera parameters) (Heikilla and 

Silven 2007). Once these parameters are deduced, the transformation from pixel coordinates to 

world coordinates can be determined, incorporating corrections for the following sources of 

image distortion: Non coplanarity of the CCD and object planes; Radial/tangential lens 

distortion; CCD pixel non squareness and refraction. 

 

2.2.3.1 Non Coplanarity of the CCD and object planes 

 

If coplanarity between the CCD and object planes is to be achieved, the normals to both planes 

must be exactly parallel. Approximate coplanarity may be achieved on setting up the camera for 

testing, however a slight misalignment will cause a systematic variation in image scale across 

the resulting image (Figure 2.25). For example, White (2003) states that if a camera with a 20° 

wide field of view is misaligned by 1°, the distance between the camera and the object plane at 

the edge of the image will be reduced by 0.3%.  

2.2.3.2 Radial/Tangential Lens Distortion 

 

Radial lens distortion causes the actual image point to be displaced radially from the normal to 

the lens. It can be approximated by considering the distance of each actual image point from the 

point where the z axis crosses of the image space coordinate system intersects the image plane, 

the principal point (White, 2002). Distortion increases from a minimum at this point to a 

maximum at edge of the image. This distortion is known as "fish eye" (Figure 2.26). 
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As light rays pass through camera lenses, they are refracted. If the centres of curvature of the 

lens surfaces are not collinear, another type of decentering lens distortion with both radial and 

tangential components is introduced. This is known as tangential distortion and it leads to 

"image barrelling" (White, 2002). (Figure 2.27). 

 

Both radial and tangential distortions are non-linear effects. This is evident in Chapter 4. where 

the mathematical framework the lens distortion model employed in this work is described. 

2.2.3.3 CCD pixel Non Squareness 

 

Image scale variation also occurs if CCD pixels are not perfectly square. To account for this, the 

pixel aspect ratio is α, defined as the height a pixel divided by its width, is introduced. This is 

used as a linear scaling factor in the conversion from image space coordinates to object space 

(White, 2002). 

 

2.2.3.4 Refraction 

The presence of a viewing window will cause refraction of light rays being projected from the 

model. Refraction distortion can be corrected for using the procedure developed by White 

(2002). 

 

2.3 Transparent Synthetic Soil 

Transparent synthetic soils have been developed in recent years to allow the modelling of 

axisymmetric and three dimensional geotechnical problems. Transparent synthetic soil is a two 

phase continuum consisting of an aggregate component and a fluid component of matched 

refractive indices. The material can be used to model both granular and cohesive soils, 

depending on the type of aggregate. The fluid component typically consists of a blend of 

mineral oil. Air entrainment or the presence or water in the model will cause a loss of 

transparency since the refractive indices of air and water are lower than the matched refractive 

index of the aggregate and fluid component.   

2.3.1 Granular Transparent Synthetic Soil to Model Sand 

 

Crushed glass and silica gel have been used as aggregates to create granular transparent soil. 

Allersma (1982) used crushed borosilicate glass and mixed risella oil. However the soil proved 
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to be no more than translucent due to fact the RI’s of the aggregate and fluid components were 

not perfectly matched. By using a more optically sensitive type of glass and carefully matching 

the RI of the fluid Kongai et al. (1992) created a transparent soil capable of modelling a three 

dimensional geotechnical problem. However due to the fact that PIV techniques were not 

available to the authors at the time, the suitability of the soil for use in conjunction with PIV has 

not been established (Stanier, 2008).  

 

Silica gel based transparent soils on the other hand have been extensively researched and trialled 

(Sadek et al., 2002, Iskander et al., 2002a, Iskander et al., 2002b, Liu et al., 2002 and Iskander et 

al., 2003). The suitability of silica gel as an aggregate derives from its colloidal nature. The 

silica gel aggregates constitute an array of micro particles with size on the order 0.02µm 

(Stanier, 2008). When the aggregate is saturated in a matched RI fluid, a transparent medium is 

formed since the micro particles are smaller than the wavelength of light and the voids between 

them are hygroscopic and thus encourage saturation of the voids with fluid (Stanier 2008). 

Sadek et al. 2002 conducted triaxial compression and direct shear tests and found that the shear 

strength and stiffness of silica gel based soil is consistent with those of natural soils. However, 

peak strength occurred at higher strain than in natural soils due to the high compressibility of the 

silica particles. Both fine angular (0.5mm -1.5mm) particles and coarse rounded (2.0mm – 

5.0mm) particles were trialled. The former proved much more compressible, while the 

compressibility of the latter was in line with that of natural sands. Silica gel based material has 

been shown to produce a distinctive speckle pattern when intersected by a laser sheet, allowing 

PIV analysis to be carried out.  However, as stone columns are used in practice to treat soft 

cohesive soils, granular transparent synthetic soils will not be used in this research.  

 

2.3.2 Fine Grained Transparent Synthetic Soil to Model Clay 

2.3.2.1 Amorphous silica   

 

The first aggregate material used to model cohesive soil was amorphous silica. It was originally 

chosen because of its hygroscopic properties, whereby it absorbs pore pressure and displaces 

air, leading to excellent transparency, and its colloidal nature whereby the micro particles 

(<0.02µm) do not scatter visible light (Stanier 2008), and has been extensively researched 

(Iskander et al.,1994, Iskander et al., 2002, Sadek et al., 2002 and Liu et al., 2003). In addition it 

is relatively cheap and easily available. All the above studies used amorphous silica material 

sourced from PPG industries. A summary of the product names and physical properties is 

presented in Table 2.1 



Chapter 2: Literature Review 
 

33 

 

 

Table 2.1 Properties of Amorphous Silica Products from PPG Industries 

Material Median 

Aggregate 

Size (µm) 

Surface Area 

(m2/g) 

Oil 

Absorption 

(mL/100 g) 

Specific 

Gravity 

Bulk Density 

(kg/m3) 

Hi-Sil T600 

(HST600) 

1.4 150 150 2.1 56 

Flo-Gard FF 

(FGFF) 

10 180 210 2.0 128 

Flo-Gard SP 

(FGSP) 

25 220 260 2.0 144 

Hi-SIl SC-72 

(SC72) 

175 150 200-350 2.0 230 

 

 

Sadek et al. (2002) tested Flo Gard SP and Hi-Sil  T-600 based soils in direct shear, triaxial, 

consolidation and permeability tests finding that the consolidation, hydraulic conductivity and 

shear strength properties of the soil were representative of naturally occurring clays. Iskander et 

al. (2002) carried out a similar set of tests on a range of amorphous silica mixes, including 

triaxial compression, consolidation and permeability tests. It was observed that while the 

properties measured were fairly consistent with many naturally occurring types of clay they did 

not correspond to any one clay specifically. Hird et al (2008) showed that the optical properties 

of amorphous silica based soil degraded significantly with increasing soil depth, thus limiting 

the size of physical models. The author created soil models 100mm by 100mm in size on plan 

view and a depth of 200mm. An auger of stem diameter 8mm and in flight diameter 18mm was 

installed in the centre of the model, producing a viewing depth or minimum free boundary 

distance of 41mm or 4.5r. Larger models were planned initially but were not possible due to the 

imperfect transparency of the soil. 

 

2.3.2.2 Fumed Silica 

 

Gill (1999) developed a mixture based on fumed silica aggregate as opposed to amorphous 

silica, blended with 70:30 mineral spirits and crystal light liquid paraffin. The material was used 

to investigate the deformations and strains caused by the installation of a penetrometer in clay. 

The author consolidated from slurry in a chamber 160mm by 280mm in size on plan and 
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775mm deep, to produce a model depth of 400mm. A 12mm penetrometer installed in the centre 

of the chamber was then viewed through 74mm or 134mm (depending on the orientation of the 

test chamber) (Stanier 2008). This is a significantly larger viewing depth than achieved by Hird 

et al. (2008) in amorphous silica based soil. The material, also known as TCD clay was also 

used by McKelvey (2002) in an investigation into the performance of vibro stone reinforced 

columns in clays. The difference between fumed silica and amorphous silica is as follows 

(Stanier 2008): 

 

“Fumed silica forms at high temperatures and is created by condensing the gaseous silica to a 

fine powder state, whereas amorphous silica is precipitated in an aqueous solution as the silica 

particles coagulate allowing it to be recovered washed and dried” 

 

The type fumed silica used in the mixture is Whacker HDK-N20, physical properties of which 

are presented in Table 2.2. 

 

Table 2.2 Properties of Whacker HDK-N20 

Property Fumed Silica 

Bulk Density (kg/m3) 36.8 

Particle Density (kg/m3) 2200 

Refractive Index (RI) 1.46 

Particle Size (µm) 0.014 

Surface Area (m2/g) 200 ± 25 

 

 

Both Gill (1999) and McKelvey (2002) investigated the consolidation properties of the material. 

The former conducted testing in a 60mm square shear box prior to shearing, while the latter 

used a 150mm Rowe cell. Over the range 25 -250kPa, the results of both authors were similar. 

As a result, both determined the coefficient of consolidation cv to be the range 0.24-1.65 

m2/year, consistent with that of normally consolidated alluvial clays. The coefficient of 

compressibility mv meanwhile was found to be in the range 1.18-5.4 m2/MN, again consistent 

with those of very organic alluvial clays and peat (both > 1.5 m2/MN), and slightly larger than 

those of normally consolidated alluvial clays (0.3-1.5 m2/ MN). Gill (1999) determined the 

compression index Cc to be in the range 5.4-7.0. This would be considered very high for a 

natural clay. This is likely to be due to the high void ratio of the material and the large amount 

of fluid lost on consolidation of a slurry (Stanier 2008). Considering the overconsolidated 

behaviour of the material, Gill (1999) consolidated a sample to 200kPa, and later tested 25kPa, 
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giving an OCR of 8. The values determined for cv, mv and Cc were 0.93 m2/year 0.42 m2/MN and 

0.34 respectively, thus consistent with those of soft clays (Stanier 2008). 

 

The authors have also investigated the shear strength of fumed silica based transparent soil. Gill 

(1999) conducted direct shear, triaxial compression and hand vane tests, while McKelvey 

(2002) performed triaxial compression and Geonor cone penetration tests. 

 

Gills direct shear tests indicated that the material has an angle of friction of 37° at peak and 31° 

post rupture, consistent with a soft normally consolidated or lightly consolidated clay. An 

undrained direct shear test conducted on the sample described above with an OCR of 8, yielded 

a peak stress of 42.5kPa or an undrained strength of 23kPa after correction for OCR. Hand vane 

tests were performed at a range of depths within the consolidated model, yielding shear 

strengths from 19.5-30kPa, while the author also conducted undrained triaxial compression tests 

on samples taken 100mm from the top surface of the model after testing, undrained 

unconsolidated triaxial shear strengths in the range 38.1 – 44.5kPa, rather high at a 

consolidation pressure of 200kPa. Like in the work of Sadek (2002) on amorphous silica based 

soil, this was deemed to be as a result of the low plasticity of the silica particles. Figure 2.28 

displays the results of McKelvey (2002). The author conducted undrained unconsolidated 

triaxial compression tests and Grenor cone penetration tests on samples taken from the Rowe 

cell after consolidation to pressures in the range 75-150kPa. The results are plotted as undrained 

shear strength V consolidation pressure. It can be seen that the undrained shear strength 

increases with consolidation pressure in a more or less linear fashion. The consolidation 

pressure can therefore be used as an estimate for undrained shear. The plot also shows that the 

undrained shear strength of TCD is similar to kaolin in its response to consolidation pressure.  

 

As can be seen in Table 2.1, the size of fumed silica micro particles is smaller than that of 

amorphous silica. As a result the permeability of the TCD clay is less than that of amorphous 

silica based soils. In practical terms this will mean that a longer time period would be required 

to consolidate TCD clay to a given consolidation pressure, compared to amorphous silica based 

soil (Stanier 2008). 

 

Ongoing work at the University of Sheffield has enhanced the optical transparency of the base 

constituents of the material allowing increased sample geometry to be achieved. Currently 

modelling of straight sided, continuous flight auger, full displacement auger piles and helical 

screw piles has been performed successfully (Hird et al., 2008; Stanier, 2011) and this has 

provided a platform for the present work. The most novel aspect of this work was the use of 

laser aided imaging, whereby a laser light sheet was used to illuminate seeding particles on a 
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plane of interest within the model. An image sequence of the loading event was captured using a 

digital camera and soil displacement information determined using Particle Image Velocimetry 

(PIV) techniques 

 

2.4 Conclusions 

 

This review has highlighted a number of areas requiring further research. These can be 

summarised as follows: 

 

2.4.1 Assessment of Current State of Knowledge on Vibro Column Foundations 

 

The literature (Hughes and Withers 1974, Hu, 1995, McKelvey 2002 and Black 2007)) has 

demonstrated that L/d has an important role in governing the deformation behaviour and 

performance of isolated stone columns as well as column groups and can be optimised. 

However much of the findings were contradictory, and thus inconclusive. Consequently, the 

author aims to provide conclusive evidence in relation to the effect of the aspect ratio on the 

performance and failure mode of stone columns through this research work.  

 

Previous laboratory investigations into the effect of Ar on the performance of single stone 

column foundations were unit cell based tests assessing the increase in settlement reduction with 

Ar by increasing column diameter between tests (Black, 2007; Bachus and Barksdale, 1985).  

Hu (1995) and Black (2007) assessed the importance of the parameter in a similar manner, with 

regard to large groups and small groups supporting circular footings respectively. In contrast, 

chapters 5 and 6 of this thesis will focus on assessing the effect of Ar on the load bearing ability 

of stone columns within a soil model and the prevalent failure mechanisms, by increasing 

foundation size at fixed column diameter. It is believed that the findings will be more beneficial 

to vibro design teams in practice, as column diameters tend to be fixed to the standard sizes 

produced by construction equipment while foundation sizes need to be specified. The main 

reason why this has not been done is that to date, is that most of the experimental investigations 

on the area replacement ratio to date, were settlement based, requiring a single unreinforced 

reference test and thus a fixed foundation size for calculating the settlement improvement ratio n 

achieved in each subsequent test.  

 

While Ar remains an important geometrical parameter in governing the bearing capacity 

performance of column groups, the author believes the interaction of the geometry of a footing 

on plan with the geometry of individual columns in producing eventual deformation modes 

would be best summarized by individually investigating the roles of column spacing and 
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foundation overhang in each test. For this reason, Chapter 6 focuses on assessing the importance 

of these parameters as opposed to Ar. Neither parameter has been investigated individually 

through physical modelling tests before. 

 

As Hughes and Withers (1974) were the only authors to assess the zone of influence the zone of 

influence of a stone column and they only performed one test, the question was also raised 

whether footing size or column length would have any effect on the zone of influence of a stone 

column. This question is addressed in Chapters 5 and 6. 

 

With regard to bearing capacity design, none of the authors reviewed in this chapter assessed the 

suitability of either the unit cell or ‘homogenised’ design approaches in relation to their physical 

modelling data. This seems an important area requiring further research, given that the most 

commonly used design method, that of Hughes and Withers (1974) was validated by a physical 

modelling test. The accuracy of a number of bearing capacity prediction methods has been 

examined in relation to the results of the model tests. The findings are discussed in Sections 5.5 

and  6.4.  

 

This review has highlighted the fact that only one author has compared the performance of 

isolated stone columns and those within a column group (Black 2007). This was also considered 

an important area requiring further research, as it would seem that the most likely way of 

incorporating group interactions into a ULS design methods, would be by introducing a factor 

accounting for the underperformance or overperformance of column groups with respect to that 

a single stone column. Section 6.4 addresses this research question, both in relation to the 

current author’s tests and those of Bachus and Barksdale (1983), which was the only work 

reviewed to include tests on isolated columns and column groups of matched geometries and 

material properties. 

 

The author has conducted an appraisal of all the bearing capacity data available for physical 

modelling investigation, similar to that presented in Section 2.1.6.2 for the corresponding 

settlement data. As the tests detailed in this thesis were primarily concerned with assessing 

bearing capacity performance, the author presents this data in the context of the results 

discussions in Sections 5.6 and 6.5. 

 

However the most important conclusion is that the majority of the physical modelling work to 

date was conducted in Speswhite Kaolin Clay models. The material is often chosen for 

modelling fine grained soils as it is produced by the ceramics industry to a set specification, 

affording confidence in repeatability. The main drawback is that it is opaque meaning it is only 
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possible to model problems that are visually planar in nature or have a natural line of symmetry. 

Consequently, most of the findings on stone columns have been based on the post examination 

of exhumed columns after failure, meaning that the development of column-column, column-

soil and column-structure-interaction during loading was not fully understood. It was decided to 

investigate the deformation behaviour of vibro stone column foundations upon loading using the 

novel methodology of transparent soil with laser aided imaging , allowing visualization inside 

the soil model, and non-intrusive real time continuous displacement tracking.  

 

2.3.3 Assessment of Current State of the Art in Transparent Soil Modelling 

 

The work of Hird et al. (2008) and Stanier (2011) has been successful in implementing the 

transparent soil technique in axisymmetric conditions where the laser was introduced 

horizontally from the side of the model. A schematic illustration of the experimental setup is 

shown in Figure 2.29. 

 

The laser utilised was a class IV air cooled Argon laser, manufactured by Laser Physics UK Ltd. 

with a maximum power output of 1W and wavelength range of 457-514mm. The laser produced 

a coherent 0.95mm diameter beam  which was then scattered using an optical top hat beam 

shaper manufactured by Dantec Dynamics Ltd to produce a vertical sheet of light of 

approximately uniform intensity. This light sheet entered the transparent soil model through a 

side window in the test chamber and illuminated a vertical plane of soil within the model.  The 

laser aperture and beam-splitter were raised 150mm above the base plate of the apparatus on 

threaded bars and secured by aluminium crossbars. The optical lens of the beam splitter was 

positioned 630mm from the centreline of the pile driving rig in order to ensure that the laser 

sheet generated in the model was at least equal to the height of the soil bed, thus illuminating a 

full vertical plane within the model 

 

As loading occurred, soil deformation on the illuminated plane was captured through the front 

viewing window by a digital SLR camera. These images were then analysed using the image 

processing PIV algorithm, GeoPIV (White et al. 2003) to determine the soil displacements. 

Photogrammetric processing algorithms based on the pin-hole camera projection model were 

used to correct and minimise errors caused by lens distortion during the analysis process, via 

LED target tracking. A further advantage of the transparent soil methodology is that chamber 

boundary effects when viewing displacements against a rigid viewing window associated with 

plane strain modelling protocol are significantly reduced. The system has been described in 

more detail by Stanier (2011). 
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As the pioneering work of its kind at the University of Sheffield, the research of Hird et al. 

(2008) and Stanier (2011) was hindered by a low capacity sample preparation facilities, and 

long sample preparation times. Swelling times in particular seemed very long. Moreover, the 

technique had never been applied to non-axisymmetric structures like stone column groups, as it 

was not possible due to shadowing which would occur within a group using a horizontally 

projected laser. Consequently, one of the objectives of this project was to design and coordinate 

the fabrication of new experimental apparatus to increase the capacity and efficiency of the 

laboratory facilities. Even more important was the need to develop a new experimental system 

whereby the non-axisymmetric behaviour of columns within a stone column group could be 

investigated. Both these objectives were achieved and the work is described in Section 3.3. 

  

Staniers’ work (2011) also highlighted a number of critical imaging issues that needed to be 

addressed to ensure the successful application of the transparent soil technique in this project. 

Firstly, the LED control points used were problematic and resulted in issues regarding system 

accuracy. And secondly, it was observed in preliminary tests that the 5mm depth of seeded soil 

in front of the laser sheet was problematic as white light projected onto the sample to make the 

control points visible highlighted seeding particles in this region, causing erroneous tracking on 

the target plane. Consequently, a the new split RGB channel technique was developed to nullify 

this effect while preliminary tests were conducted to find the most suitable target markers for 

use in the system. This work is also presented in Section 3.3. Furthermore, the influence of the 

seeding particle content or the camera parameters on displacement measurement performance 

had not been investigated or calibrated. Material calibrations and PIV calibrations for this work 

are described in Sections 3.1.1 and 3.5 respectively. 

 

Staniers’ (2011) thesis showed that considerable post processing of the test results was needed 

to produce the final vector, contour displacement and contour strain plots. Stanier believed that 

the main source of these tracking errors was the non coplanarity of the control and target planes, 

but admitted that the individual influence of these errors and those arising from the imaging 

issues highlighted in the last paragraph as well as the nature of their interaction was not properly 

understood. A number of new imaging techniques have been developed to minimise the 

precision and accuracy errors associated with the experimental system. These are described in 

Chapter 4. 
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Figure 2.1 Particle Size Distribution Illustrating Applicability of Vibro-Compaction and Vibro-

Replacement (McCabe et al 2007) 
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Figure 2.2 The Rate of Pore Water Pressure Dissipation in Displacement Piles and Stone 

Columns (McCabe et al 2009) 

 

 

 

 

Figure 2.3 The Dry Top Feed Method  (Keller-Foundations 2009) 
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Figure 2.4 The Bottom Feed Process ( McCabe et al 2007) 

 

 

 

Figure 2.5 Predicted v Measured Settlement Improvement Ratio for both Widespread Loading 

and Small Column Groups (McCabe et al 2009) 
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Figure 2.6 Mechanisms of Stress Transfer for (a) a friction pile and (b) a stone column (McCabe 

et 2007) 

 

 

 

 

Figure 2.7 Design Chart for Vibro Replacement (Preibe 1995) 
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Figure 2.8 The Distribution of Vertical Stress in the Modelled Stone Column (Hughes and 

Withers 1974) 

 

 

Figure 2.9 Photographs of Model Columns Supporting a Strip Foundation During Loading: L/d 

= 6 (after Bell 2009) 
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Figure 2.10 Photographs of Model Columns Supporting a Strip Foundation During Loading: 

L/d=10 (after Bell 2009) 
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Figure 2.11 Photographs of Exhumed Sand of Columns after Failure: (a) L/d = 9.1, L/D =1; (b) 

L/d = 5.7, L/D =1; (c) L/d = 9.1, L/D =1.6; (d) L/d = 14.5, L/D =1.7 (Hu 1995) 
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Figure 2.12 Normalised Load Settlement Results Showing the Effect of Varying L/d from 5.7 to 

9.1 (Hu 1995) 

 

 

 

 

Figure 2.13 Normalised Load Settlement Results Showing the Effect Increasing L/d from 9.1 to 

13.6 and 14.5 (Hu 1995) 
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Figure 2.14 The Variation of Tip Penetration with L/d Ratio for Single Column Tests (Black 

2007) 

 

 

 

Figure 2.15 L/d v n (Killeen 2009) 
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Figure 2.16 Comparison of Settlement Improvement Ratios observed by Al Khafaji and Craig 

(2000) compared with the Priebe (1995) Solution (Al Khafaji and Craig 2000) 

 

Figure 2.17 Pressure Settlement Curves at various Ar ratios (Black 2007) 
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Figures 2.18 Comparison of Previous Physical Modelling Tests with the Priebe (1995) Design 

Curve 
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Figure 2.19 Normalised Load Settlement Results Showing the Effect Varying Ar between  

10%, 24% and 30% at a constant L/d ratio of 9.1(Hu 1995) 

 

 

 

 

Figure 2.20 The Conical Failure Mechanism Presented by Hu (1995) 
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Figure 2.21 The Block Failure Mechanism (Black 2007) 

 

 

 

 

Figure 2.22 Variation in the Stress Concentration Ratio as the Applied Foundation Load 

Increased (McKelvey 2004) 
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Figure 2.23 Tracking of Soil Patches Using GeoPIV (White 2002) 

 

 

 
Figure 2.24 GeoPIV precision v Measurement Point Array Size v Patch Size (White and Take 

2002) 
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Figure 2.25 Non Coplanarity Between CCD and Object planes (White 2002) 

 

  

Figure 2.26 Tangential Distortion (White 2002)    Figure 2.27 Radial Distortion (White 2002) 

 

 

 

Figure 2.28 Undrained Shear Strength v Consolidation Pressure for Triaxial Compression Tests, 

Grenor Cone Penetration Tests (TCD material and Skemptons Empirical Relationship (Kaolin) 

(McKelvey 2002)) 
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(a)                                                                           (b) 

Figure 2.29 Schematic Illustration of Current (2009) State of the Art in Transparent Soil 

Modelling (after Ballacchino 2011). (a) Experimental Technique, (b) Plan View of Dual Sample 
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3.0 Research Methodology 

This chapter presents the methodology for the physical modelling of stone column foundations. 

It describes the materials employed and provides an overview of the experimental apparatus, 

such as the test chambers, load actuator, and equipment used for sample preparation. 

Calibrations for all the laboratory equipment used in sample preparation and testing are 

presented, followed by detailed explanations of the testing procedures including, soil model 

preparation, column installation and foundation loading. Quality and repeatability of the 

experimental work in relation to sample preparation and load testing are then discussed. The key 

focus throughout is to address the limitations of the experimental technique identified in Section 

2.3.3. 

 

3.1 Materials 

The main difficulties in creating a precise laboratory model of a prototype stone column 

foundation are the complexity of the vibro installation process combined with the non-

homogeneity in natural ground conditions. It was decided that simplifying the model to a 1 

dimensionally consolidated bed of homogeneous transparent soil reinforced with sand columns, 

installed in a stress controlled manner via a replacement method, would be sufficient for 

identifying failure mechanisms, and assessing the influence of geometric design parameters. 

 

The transparent soil introduced in Section 1.1 and described in detail in Section 2.3, developed 

by Gill (1999) was used due to its superior optical properties compared to alterative transparent 

materials (Hird et al., 2008; McKelvey, 2002 and Stanier, 2011) and its physical properties 

which are widely reported in the literature (Gill, 1999; McKelvey, 2002 and Stanier, 2011). It is 

important to note again that while the material properties model those of a soft clay well due to 

the size of the silica particles, the material is granular in nature and thus its main limitation in 

terms of modelling a clay is the possibility of failure in tension due to a lack of plasticity. As a 

result, in the interest of correctness, the material will be referred to as transparent soil rather 

than transparent clay for the duration of this report. Further material calibration exercises have 

been performed, optimising the precision of non-intrusive PIV measurements and classifying 

material properties.  

 

Leighton Buzzard and Fontainebleu sands have been used  in physical modelling research for 

more than 50 years and many publications are available that contain studies of their properties 

(White, 2002a). However, this experimental system required that the column material used for 

modelling the stone columns was absorbent to laser light and stable in oil A lunar grey coloured 
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sand with suitable grading characteristics was chosen for these reasons, as explained Section 

3.1.2. Strength and classification tests were performed to validate its suitability for use. 

 

 

 

3.1.1 Transparent Soil Calibration 

 

3.1.1.1 Calibration of Optimum Seeding Particle Content 

 

The work of Hird et al. (2008) and Stanier (2011) pioneered the use of reflective Titanium 

Oxide or Timiron particles (<2µm) as seeding particles. It has been found that the use of these 

smaller seeding particles improves the accuracy of soil tracking by producing a sharper and 

denser texture pattern under laser light,  yielding higher measurement resolution capacity. 

 

Figure 3.1 compares the technique currently utilised at the University of Sheffield with that of 

Gill (1999) who visually tracked the position of discrete plastic target beads suspended within 

transparent soil to determine soil disturbance during pile and penetrometer installation (Figure 

1a). Although this method mitigated the need for expensive X-ray facilities, the measurement 

resolution was low and detailed strain information around the pile was limited due to the small 

number of target beads.  

 

In previous work by the Geotechnical Engineering Group it was shown that using a timiron 

seeding particle content of 0.02 percent by mass of fumed silica worked quite well in 

transparent soil, but the optimum timiron content in terms of producing the best texture for 

tracking, was not known. The author of this thesis has conducted tests to evaluate the impact of 

seeding density on the ability to track soil displacements at a range of patch sizes. This was 

achieved using the same methodology proposed by White et al. (2003) whereby a cropped 

image containing soil texture was translated manually by a known displacement of 10 pixels in 

the horizontal direction using MatlabTM. The GeoPIV algorithm was used to track the translated 

displacement of cropped images of transparent soil samples with a range of timiron percentages 

from 0.005% to 0.05% at patch sizes of between 10 and 50 pixels. The cropped initial and 

translated images at 0.03% are presented in Figure 3.2. The standard tracking errors were 

determined in both the horizontal and vertical directions and the vector sum error was plotted 

against patch size in Figure 3.3.  

 

 It is known that the precision of soil tracking decreases with increasing patch size, according to 

the equation 2.3 (White et al. 2003), thus the most accurate tracking was achieved using  the 

largest patch size of 50 pixels as these patches contained a greater degree of unique intensity 
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gradients. It is evident from the graph that the measured precision is also sensitive to timiron 

concentration. The best results occurred when the mass of timiron was 0.03%. The vector sum 

error ranged from 0.1 at patch size 10 to an optimum value of 0.01 pixels at a patch size 50 , 

meaning that errors were within the upper bound limit of the GeoPIV alogorithm suggested by 

White et al. (2003), when the largest patch size was used. Following this calibration, a timiron 

content 0.03% was chosen for the present study.  

 

3.1.1.2 Calibration of Increase in Viscosity with Aggregate Content 

 

On consolidation of slurrified transparent soil samples, the height of sample will depend on the 

silica (or aggregate) content. In terms of the size of the consolidation chamber necessary, 

sample consolidation times and cost, it is clearly beneficial to use a high silica content, as the 

higher the aggregate %, the smaller the reduction in sample depth during consolidation. 

However with increasing silica content the slurry becomes more viscous which leads clumping 

causing air entrainment on mixing, which is difficult to remove when the material is vacuumed. 

This entrained air is detrimental to the transparency of the model. A more slurrified soil is easier 

to pour and de-air, and would also produce a more uniformly consolidated soil bed. In previous 

work a fumed silica content of 6% by mass compared to the fluid is used to form the transparent 

soil which worked well in reducing air entrainment. Viscosity experiments have been conducted 

in order to quantify the increase in viscosity with silica content, by measuring slurry viscosities 

across a range of silica % (1-10%). 

 

Five soil mix samples were prepared with aggregate contents of 0, 2, 4, 6, 8 and 10% and the 

viscosity of each was measured using an LV8 Viscometer.  This instrument operates on the 

principle of rotating a metal spindle immersed in an 18mm sample of the material being 

evaluated and measuring the torque required to overcome the viscous resistance to the rotation. 

The device provides a direct readout of viscosity in Centipoise (cP), the standard unit of 

absolute viscosity. As viscosity decreases significantly with temperature, a thermostat was used 

to ensure that all samples were tested at 20 degrees Celsius. Glycerol, a material of known 

viscosity available in the lab was used to validate the accuracy of the viscometer readings. From 

the Handbook of Chemistry and Physics (1980), mixes of 72% glycerol (28% water), 90% 

glycerol (10% water) and 100% Glycerol were found to have viscosities of 28cP, 388cP and 

1759cP. These readings were confirmed using this system to an accuracy of 10%, thus 

confirming the accuracy of further readings, in this range.  

 

The viscosity of Risella oil alone was calculated as 23.8 cP, while that of the Paraffin was found 

be equal to 1.5cP. The resulting mixed oil exhibited a viscosity of 10.67cP. It can be seen from 

the resulting graph (Figure 3.4), that there was a very large variation in viscosity with silica 
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content, with viscosity increasing from 10.67cP for the mixed oils alone, to 18cP, 307.41cP, 

977.52cP, 2143.27cP and 5456.34cP at silica contents of 2%, 4%, 6%, 8% and 10% 

respectively. Trial pour tests of the above samples, showed that the 8% and 10% samples were 

almost impossible to pour. Moreover, corresponding de-airing tests showed that air removal was 

problematic for these samples, as it could not be achieved despite leaving them in the vacuum 

chamber for several hours. As a result it was concluded that the optimum silica content for use 

in soil model preparation is 6% by mass of the pore fluids. 

 

3.1.2 Sand 

The most critical issue in determining the sand to be used for modeling the columns was 

grading. McCabe et al (2007) stated that the grading of the stone used in stone column 

construction via the bottom feed method ranges from 15mm-45mm, while the majority of 

columns are installed to a diameter of 600mm, giving a dg /d ratio of 0.05. Hu (1995) stated that 

localised deformation bands in granular material generally have a thickness of 10-20 particles, 

meaning that the development of the failure mechanism of stone columns is strongly influenced 

by dg /d. Thus in order to replicate the stress transfer in the prototype column and ensure a 

realistic failure mode, this ratio was adhered to in the model tests. Therefore for an 18mm 

column, sand in the region of 1mm (0.45mm – 1.35mm) was deemed appropriate. 

 

Fused silica based transparent sand material was trialled for use in preliminary tests, as it would 

have given greater flexibility with regard to the complexity of column groups which could have 

been examined in this research but the author did not proceed with the use of the material as it 

did not seem to be a good refractive match for the oils used. Thus it was decided to use opaque 

sand instead. Preliminary stone column tests performed on quartz based Leighton Buzzard sand, 

saw light reflected off the sand, causing overexposure in the region immediately adjacent to the 

column and erroneous PIV tracking (Figure 3.5). Lunar gray sand was sourced from Specialist 

Aggregates Ltd, and chosen due its approximate grading (0.8-1.2mm), its dark colour making it 

absorbent to laser light and its stability in oil.  

 

3.1.2.1 Characterisation of Column Sand 

 

Particle size analysis and direct shear tests were performed to classify the material and 

determine its frictional strength characteristics. The results are plotted in Figures 3.6, 3.7 and 

3.8. Shear box testing was conducted at normal stresses of 50kPa, 100kPa and 150kPa at a shear 

displacement rate of 2mm/min, on dry uncompacted and compacted sand samples with  

densities of 1037 kg/m3and 1325kPa kg/m3 respectively. The shear box testing established that 

the peak friction angle of the sand was 34.2° (φ’peak), while the critical angle of friction (φ’crit) 

was 31°, typical for fine grained sand (Craig, 1974). Particle Size Analysis indicated a grading 
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of 0.15mm – 2.36mm, a uniformity coefficient d60/d10 of 1.59, and a mean particle size of 

0.94mm. According to Craig (1974), the sand can be considered uniform. The author also 

conducted Particle Size Analysis on material excavated from the shear box after failure, to 

investigate whether particle crushing had occurred on shearing. Negligible crushing was 

observed.  

 

3.2 Modelling at reduced scale 

 

A reduced scale physical model of a geotechnical structure should be designed such that all 

geometrical dimensions and material properties are scaled down by suitable factors and to 

reflect the prototype condition. However in reality, complete similarity between all parameters 

that govern the prototype response is unobtainable, with material properties and the 

corresponding stress conditions the most troublesome. Providing prototype stress levels is 

possible using a geotechnical centrifuge but this approach was not available for the present 

study. 

 

Hu (1995) stated that ultimate bearing capacity of a stone column foundation is governed by 

parameters which can be categorised in two groups, those considered to be dominant variables 

and those giving only secondary effects, as shown in Table 3.1. 

 

Table 3.1 Governing Parameters for Bearing Capacity of Stone Column Foundation 

 

Parameter       

Governing s/D L/D L/d Ar φ’ crit - peak Gc/Gs 

Secondary Gs/cu γs/γc dg/d    

 

where s is the penetration of the footing and Gc and Gs, and γs and γc are the elastic shear moduli 

and unit weights of the transparent soil and sand material respectively. All other symbols have 

been previously defined. Column lengths and diameters in the field depend largely on ground 

conditions and the installation method as discussed in Section 2.1.3. In this study the column 

diameter was fixed at 18mm, while the L/d and Ar ratios required to investigate column 

performance were varied. The model parameters are compared with typical prototype values in 

Table 3.2. It is clear from the left hand side of the table that the scale factor from model scale to 

prototype is approximately 33, while the right hand side shows that similarity has been achieved 

in this study, for the governing dimensionless parameters L/d L/D and Ar, dg/dc and Gc/Gs as 

well as the friction angle φ’ which by physical modelling scaling laws is scaled at 1:1. 
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Table 3.2 Comparison of Typical Stone Column Parameters between Model and Prototype 

 

 Model to Prototype Scaling Similarity Between Governing Parameters 

Parameter 

 

L 

(m) 

d 

(mm) 

dg 

(mm) 

L / d Ar 

 

 dg/d 
 

φ’crit - peak 

(degrees) 

Gc/Gs 

Prototype 10 600 15-45 3-10 10-40 0.05 38-45 10-40 

Model 0.072-

0.144 

18 0.45-

1.35 

4-8 20-40 0.05 31-34 70 

 

Hu (1995) stated that the shear modulus ratio Gc/Gs, can also be expressed by the ratio of 

Young’s moduli Ec/Es assuming both materials have the same Poissons ratio. The stiffness of the 

transparent soil was estimated from the results of unconsolidated undrained (UU) triaxial tests 

detailed in Chapter 6 as 700kPa. It has been reported though that stiffness values derived using 

this method are usually much lower than those obtained in the field. A typical Young’s modulus 

value for dense sands can be taken as 50MPa (Tomlinson, 2001). These moduli indicate a 

stiffness ratio in the region of 70. However the Young’s modulus of the column sand in the 

model tests would be dependent on the K0 confining stress at each column position. It was not 

possible to conduct triaxial tests on the column sand, at confining pressures  in this range, thus 

the exact stiffness ratios for the model columns is unknown. In an effort to increase the mean 

stress level of the soil and prevent column dilation, a surcharge of 3kPa was applied to the soil 

bed using lead shot.  

 

Soft clay deposits in the field are usually overconsolidated to some degree, but laboratory 

models of fine grained materials formed at 1g,  often exhibit exceptionally high OCR values in 

comparison due to sample preparation from slurry whereby vertical effective stresses of 100kPa 

or 200kPa are used to produce a consolidated soil bed with very small effective stress levels 

after unloading.. Furthermore, beds prepared in this way show an almost uniform stress profile 

σv with depth, which results in a relatively uniform soil strength with depth. Thus the main 

drawback associated with this modelling technique is that it is not possible to achieve similarity 

between the stress profiles of the model and prototype. In this investigation, the field problem is 

scaled by a geometric scale factor n, , of about 33, calculated from the ratio of the model 

column diameter of 18mm to a typical column diameter in the field of 600mm. Clearly it is not 

possible to apply such a factor to the strength reduction of the transparent soil bed, however this 

shortcoming is less problematic when modelling with fined grained soils since the strength is 

not stress dependent under undrained deformation. 
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Overall, the scaling problem of the self-weight of the soil prevented the load settlement curves 

obtained in these model tests from being directly applicable from model to prototype. The 

reasonable similarity achieved between the parameters presented in Table 3.2 however, enabled 

the model to reveal the fundamental failure mechanisms of the column-soil, column-foundation 

and column-column interactions.  

 

3.3 Equipment Development  

 

To ensure the quality of the model tests, considerable effort has been spent on the development 

of test equipment and procedures. This section deals with the design and fabrication of the new 

laboratory equipment developed to meet the needs of the project.  

 

The existing laser aided imaging experimental system at the University of Sheffield, briefly 

described in section 2.4.2, whereby the laser was introduced into the test chamber horizontally, 

was perfectly adequate for the modelling of isolated columns exhibiting asymmetric conditions. 

Consequently, this system was used to complete Phase 1 of testing.  

 

In order to deliver the isolated column experimental tests using this system,  new test chambers, 

and a new sample preparation system including new vacuum chambers, split moulds and a fully 

automated consolidation system were needed. Their design and commissioning are described in 

Section 3.3.1 and 3.3.2 respectively. Section 3.3.3, describes a novel new test system for the 

physical modelling of non-axisymmetric structures, and the design and fabrication of the 

components which were combined to build it. Both test systems were augmented with new 

cameras, control points and light boxes to implement laser aided imaging and improve its 

performance. This work is described in Section 3.3.4. 

 

The purpose of this section is to familiarise the reader with the experimental systems used in 

both phases of testing, in advance of Section 3.6 which concerns a detailed discussion of the 

testing procedures used to implement the technique. 

 

3.3.1 Test Chamber 

 

Two test chambers (200mm[L] x 200mm[W] x 560mm[H]) were fabricated in which repeatable 

soft transparent soil beds were formed from slurry. The chambers were constructed of 20mm 

thick aluminium plates that bolted together using M6 bolts and sealed using silicone. Three 

views of the chamber are presented in Figure 3.14. The front face of the box was manufactured 

using perspex to ensure that the full soil model can be viewed during testing. Unlike previous 

chamber designs, the front window extendes to the side and base boundaries where zero 
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horizontal and vertical soil movement respectively must occur. The ability to track soil 

displacements in these zones was useful and indeed necessary for developing close range 

photogrammetry corrections. Additional perspex windows, described in Section 3.3.1.2, were 

positioned at the centre of the box on both sides, and in the base to allow the projection of a 

laser sheet into the soil model either horizontally or vertically. All perspex window inserts, were 

sealed into 10mm recessed channels on the inside face of the box around the window opening 

and are flush with the inside face of the chamber. 

 

Drainage was provided through the surface and base of the chambers via two 4mm holes in the 

chamber base and consolidation plate, which were fitted with drainage lines which with suitable 

filters, preventing the migration of silica or seeding particles. 

 

3.3.1.1 Dimensions 

 

Box dimensions were chosen such that boundary effects would be reduced in the loading of 

isolated columns. As the largest isolated column footing to be tested was a 40mm diameter 

circular footing, a 200 x 200mm box on plan would provide a minimum radial zone of 5D, 

equating to a boundary distance of approximately 11d. Hughes and Withers (1974) postulated 

that the radial zone of influence of a stone column was contained within approximately 2.5 

column diameters, while Cox (1962) observed that the zone of influence under a circular footing 

loaded in clay would be contained within approximately 3D. With the added presence of a sand 

column beneath the footing, it was expected that much of the deformation of the composite 

foundation would occur locally in the region directly beneath the footing, thus in the column 

itself and the adjacent soil.  Thus the chamber dimensions were considered sufficiently large to 

ensure that the boundary had very little influence on the isolated column test results.  

 

The same test chamber was also used for the strip footing tests, corresponding to minimum 

chamber to footing width ratios of 2.1D and 5D for the longer and shorter dimensions of the 

largest strip footing measuring 96mmx40mm.. While a ratio 5D was considered sufficiently 

large for the same reasons as above, the author concluded that the corresponding ratio of 2.1D 

was also satisfactory for the following reasons. McKelvey (2002) and Bachus and Barksdale 

(1985) had previously hypothesised that more lateral deformation occurred in the unrestrained 

direction perpendicular to the length of the strip, but their respective experimental systems did 

not allow them quantify or even observe this, yet this is intuitive. This fact coupled with the 

group interaction effects which were expected to transfer the mechanism to a deeper level (Hu, 

1995), allowed the author to be confident that the chamber was sufficiently large.  
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As discussed in Chapters 5 and 6, the high precision achieved in displacement measurement, 

showed that the true radial zone of influence of the columns was the full width of the box in 

most cases, but it is clear from the contour/shear displacement plots presented in Appendices F 

and G, the boundary most likely had no effect at all on the deformation magnitudes or patterns 

towards the centre of the chamber. 

 

As reviewed in Section 2.1.6, previous physical modelling investigations have shown for a 

range of test conditions that column penetration diminishes at a depth of 4d to 10d (Hughes and 

Withers, 1974; McKelvey, 2002; Hu, 1995 and Black, 2007). For 18mm columns, a minimum 

final depth of 220mm (>12 d) was deemed adequate to avoid boundary effects at the base, thus 

the design height of the chamber must be the depth of unconsolidated soil slurry material 

needed to produce a sample of 220mm depth after consolidation. On reviewing the 

consolidation data of Stanier (2011), it was seen that the maximum observed coefficient of 

volume compressibility (mv) over all stages of consolidation was 0.06 m2/kN. By employing this 

design value at all consolidation stages 6, 12, 25, 50 and 100kPa, the initial height and therefore 

the design height was calculated as 560mm. However is not practical to install and load 

foundations in a box that deep. As a result the test chamber was designed with an extension 

collar (200mm[L] x 200mm[W] x 200mm[H])  to produce a total chamber depth of 560mm, 

which can be removed after consolidation, allowing easier access to the soil model for column 

installation and foundation loading. The results discussed in Chapters 5 and 6, and presented in 

Appendices F and G, confirm that base boundary effects were not an issue in these tests, with 

the majority of stone column deformation found to be lateral for the combination of material 

properties and test conditions employed. Consequently, vertical displacement and strain 

contours did not extend close to the base of the chamber. 

 

3.3.1.2 Thickness 

 

Maximum consolidation pressures were 100kPa for the transparent soil. The 20mm thick 

Aluminium plates making up the chamber have a Young’s Modulus E of 30 x 1010 kPa and 

were thus assumed to meet serviceability conditions under such pressures; however the front 

Perspex window also 20mm thick could not be assumed to. Taking a uniformly distributed 

pressure (w) of 100kPa and a coefficient of earth pressure at rest Ko equal to 1 for isotropic pore 

fluid in a rigid box, the maximum window deflection along both the x and y axes were 

calculated using the following equation for a simply supported beam in bending: 

 

  
    

     
 Equation 3.1 
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Where Young’s Modulus (E) = 0.3 x 1010kPa, and the 2nd moments of area for a rectangular 

cross section around the x and y axes are calculated as follows: 

 

   
   

  
   

   

  
 

 

Equation 3.2 

For the worst case y-axis, maximum deflection was calculated as less than 0.02 mm. 

Considering the shorter side of the Perspex window this corresponded to a deflection of less 

than l/10,000, far smaller than the usual sheet deflection limits of L/100 – L/200 used for 

polymer materials such as Perpex or Plexiglass (Rhine Polymers, 2008;  RPS Plastics, 2011) or 

those used in the structural serviceability design, L/150-L/500 (IBC 2012). Extra braces have 

also been designed to provide further restraint to bending. 

 

3.3.1.3 Surface Finish 

In the current test setup any illumination of soil texture in front of the illuminated plane can 

cause erroneous soil tracking. One source of such inaccuracies is the reflection of the laser sheet 

from the boundaries of the test chamber (Stanier, 2011). To safeguard against laser light 

reflection, all elements of the chamber were anodised to a matt black finish by Heywood Metal 

Finishers Ltd (http://www.anodised-aluminium.com). This feature is also an important safety 

precaution as reflected rays are also a potential hazard during laser alignment and testing. 

 

3.3.2 Sample Preparation System 

In order to ensure that the project could proceed in an efficient manner, a high capacity sample 

preparation system consisting of a number of large de-airing chambers and a fully automated 

consolidation system was built. 

 

3.3.2.1 Vacuum Chambers and Split Moulds 

3 new cylindrical vacuum chambers, 360mm in diameter and 500mm in height were designed 

and fabricated , greatly enhancing the sample preparation procedure as the large volume allowed 

a full soil slurry mix, divided into 4 convenient batches to be de-aired simultaneously in 1 hour. 

Previously, each batch was vacuumed separately as the vacuum chamber was only big enough 

to hold one bucket. Considering that a soil mixture comprises of at least four buckets of 

material, it is clear that a significant time saving was made in the de-airing process. A 

photograph of the de-airing system is presented in Figure 3.15.  

 

After de-airing the soil slurry is poured into the chamber with the aid of a split-mould in order 

to create a dual sample, with seeded and unseeded regions of 105mm and 95mm depths 



Chapter 3. Research Methodology 
 

67 
 

respectively. This off-centre interface provides sufficient overlap to produce high quality 

seeding texture when the laser sheet is passed along the centreline of the chamber. 

 

A single interface producing two rectangular regions on plan was sufficient for the isolated 

column test series; however a second split mould design was needed to produce a suitable 

seeded/unseeded interface for the strip footing tests. Unseeded soil was required to the right of 

the foundation as well as in front, thus the soil mix was modified accordingly. A diagram is 

presented in Figure 3.16 showing the role of the split moulds in the preparation of suitable soil 

models for both phases of testing. One issue encountered in designing the group test split mould 

was deciding the depth of unseeded material to be provided to the right of the sample to give a 

clear side view of the end column. Column spacing was varied between tests meaning making 

the decision a trade-off between minimising depth of seeded material in front of column on the 

side view and ensuring trackable soil between the columns on the front view. In the end, the 

split mould was designed to provide a depth 65mm in front of the side viewing window and the 

design proved effective. 

 

3.3.2.2 Fully Automated Consolidation System 

 

A fully automated consolidation system has also been developed, the purpose of which is to 

allow consolidation of samples to be conducted in a computer controlled and automated 

manner. In this way the consolidation procedure was precise and rigorous, ensuring that all soil 

beds produced had consistent properties. The system also meant that the consolidation 

procedure did not require constant attention and could proceed unattended. It consists of two 

dual output pneumatic pressure controllers or APC units, and an MPX3000 data logger supplied 

by VJTechnology (www.vjtech.co.uk). These systems are used in conjunction with the programs 

WinCLISP and WinHOST which provide the front end user interface for live monitoring and 

control (logger management) as well as data processing. The programs were used were to 

calibrate the consolidation pistons described in the next paragraph, and the associated drawwire 

transducers used to measure consolidation settlement. They were also used to programme the 

consolidation process, controlling the duration of each consolidation pressure increment, 

recording the time settlement response of the sample and writing the consolidation data to file. 

In this way, all samples were consolidated in an identical manner. All calibrations are detailed 

in section 3.4.1 

 

The system is shown in Figure 3.17. The two dual APC units are used to control the air pressure 

supplied to four RA/8000 Norgren pneumatic cylinders to a resolution of 1kPa. Two dual acting 

125mm diameter cylinders and two larger 250mm mm diameter ones have been mounted on a 

consolidation frame. The maximum operating pressure of the 125mm cylinders is 16 bar while 

http://www.vjtech.co.uk/
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that of the larger cylinders is 10 bar. All pistons have a stroke length of 500mm. Pipe 

connections and valves were installed allowing air supply to the APC units and then to the top 

of the pistons for consolidation and to the bottom for lifting. An air pressure regulator and air 

filter / water trap were also installed.   

 

More specifically, the pistons are mounted centrally on 20mm aluminium  plates,  suspended 

from the frame via 24mm diameter threaded steel bars  and positioned 800mm above the 

consolidation platform to allow full piston extension. The mounting plates and connections are 

shown in Figure. 3.18. They were aligned vertically using a spirit level, by adjusting the 

fastening screws. The frame itself consists of 75mm x 75mm steel box sections on the left side 

and 75mm x 50mm on the right, with welded connections at the all joints. Horizontal cross 

beams of 80mm x 40mm and 100mm x 50mm respectively were welded to the frame to 

facilitate mounting of the small and large pistons respectively.  

 

The consolidation chambers were supported by a 15mm thick consolidation plate fixed to the 

frame, and aligned with the pistons such that the pistons could move freely vertically, but still 

provide a good seal. Once aligned, 20mm square aluminium guides were bolted in position, as 

seen in Figure 3.19. A photograph of the consolidation system operating at full capacity is 

presented in Figure 3.20. 

 

3.3.3 Column Group Test System 

 

In the second phase of the project, the non-axisymmetric behaviour of columns within column 

groups was investigated, using identical soil models generated using the test chambers and 

sample preparation system described in sections 3.3.1 and 3.3.2. This was an extremely novel 

proposal as strain fields in a non-axisymmetric condition had never been evaluated before in 

transparent soil. The purpose of this section is to familiarise the reader with the novel new 

experimental technique developed, whereby the non-axisymmetric column groups were 

modelled using two cameras and two perpendicular planes of interest, in advance of sections 

3.3.3.1 to 3.3.3.5 and 3.3.4 which concern the design and development of various components 

of the new system. 

 

As stated in Section 2.4.2, for the single column tests, the laser was introduced horizontally 

from one side of the model meaning that the other side of the column was under a shadow and 

therefore could not be included in the analysis. This technique is suitable for axisymmetric 

conditions, whereby the behaviour of the column behaviour is the same in each direction. 

However, investigation of the behaviour of small non axisymmetric column strip footings, 

requires the illumination of soil texture in between the columns of the group, therefore a shadow 



Chapter 3. Research Methodology 
 

69 
 

behind the  first column from the side the laser is being projected would not be acceptable. To 

enable non axisymmetric conditions to be modelled, the laser field was introduced from the base 

of the model via a scanning beam box (SBB) (Figure 3.10). The box incorporates a motor 

driven polygon mirror and a secondary parabolic mirror to disperse the main laser beam 

producing a parallel, continuous sheet of laser illumination. In order to implement this technique 

a new test system was designed, fabricated and assembled.  

 

Testing procedures were implemented in a similar manner to Phase 1 of testing (Section 3.6), 

but with a second camera positioned to the side of the box, viewing the outer column through 

the side window of the chamber. The introduction of the second camera, necessitated a new dual 

sample design where both the soil to the front and the right hand side of the foundation 

contained no timiron particles as portrayed in Figure 3.10, thus providing optimal transparency 

to the stone column foundation on both viewing planes. These models were created with the aid 

of a second split mould as described in Section 3.3.2.1. It was initially expected that a dual laser 

system would be used to produce trackable soil texture on two perpendicular planes of interest.  

A feasibility study was undertaken, investigating various options available for introducing the 

second laser. The two most reasonable options for introducing the second laser are portrayed in 

Figure 3.11. The laser could have been introduced through the front window, or the back the 

back of the chamber if a second viewing window was fabricated to replace the back of the box. 

Both options were problematic from a safety perspective and a practical point of view, and the 

field of view of the front view camera would have had to be altered. 

 

In the end, it was decided that the use of a second laser in the experimental system was 

unnecessary, due to a newly developed image enhancement technique which allowed tracking 

of the deformation profile of the column itself, even in poor lighting conditions where the 

column is only visible due to residual light dispersed from the main laser. Therefore, a second 

camera viewing through the side window of the chamber producing images for sand and 

interface tracking on the outer column would produce sufficient information to assess the 3 

dimensional failure mode of a column strip foundation.  The technique was trialled by taking 

zero movement images side view images of the stone column used in the final single column 

test, in the group test system, with the laser projected from below. PIV tracking, performed on 

the column between several of the side images found that sand tracking was just as precise as it 

was for the front view, which was satisfactory. A photograph of the dual camera experimental 

setup is presented in Figure 3.12, where the same test chamber, control points, light boxes and 

cameras used in the isolated column tests were used deliver the column group investigative 

tests. The control desk for the new system is shown in Figure 3.13. Image analysis for both test 

views was performed in a similar manner, as described in Chapter 4 



Chapter 3. Research Methodology 
 

70 
 

 

In order to conduct the group tests, a new test system was developed. A customised load frame 

was built with a lower compartment to house the laser and scanning beam box (SBB) below a 

bespoke load testing platform with a PerspexTM insert positioned centrally over the SBB, 

allowing laser projection through the base of the test chamber. Accompanying aluminium 

components were then designed to support and fix the laser and scanning beam box in position. 

This work is detailed in Sections 3.3.3.1 to 3.3.3.5. 

 

3.3.3.1 Load Frame 

 

HepcoMotion in conjunction with Smartdrive developed an XYZ table (load frame) for this 

project capable of providing movement in three axes and offering full positioning control 

(Figure 3.21). The system comprises of multiple linear actuators and stepper motors mounted on 

an extruded aluminium frame. The three belt driven actuators for the x, y and z axes have beam 

lengths of 1220mm, 1260mm and 930mm and stroke lengths of 640mm, 590mm and 510mm 

respectively. The frame (1200mm[L] x 1080mm[W] x 1035mm[H]) was constructed using 

80mm x 80mm extruded aluminium sections. The moveable 80mm x 80mm horizontal cross 

bars were positioned at a height of 600mm above the base, dividing the frame into a laser 

compartment below and testing platform above. 

 

Integrated units housing drive and controller modules and powered by integral power supply 

units were supplied generating ultra-smooth motion in the all three axes. This was used as a 

loading rig for column group tests. 

 

3.3.3.2 Laser and Scanning Beam Box 

 

The laser utilized in the new test system was a Class 4, air cooled argon ion laser, manufactured 

by Laser Quantum Ltd. with a maximum power output of 2150 mWatts and a wavelength of 

514 to 532nm, in the green region. The laser beam projected from the aperture has a diameter of 

1.85mm and was enclosed by matt black finished plywood shuttering from the aperture to the 

scanning beam box (SBB) entrance. It was anticipated to use the laser on its maximum power, 

in order to minimise the required exposure for image capture. A calibration was performed 

examining PIV precision in relation to laser power. The results are introduced in Section 3.5.2, 

and presented in Figure 3.56 and show improved precision with increasing power, confirming 

that the laser should be operated on full power during testing. All alignments however were 

conducted using the minimum output power, for health and safety considerations. A laser 

cooling plate was designed to absorb the heat generated by the laser.   

 



Chapter 3. Research Methodology 
 

71 
 

The Scanning Beam box utilised in this research was manufactured by Optical Flow Systems 

Ltd. The device incorporates a motor driven polygon mirror to reflect and disperse the laser 

beam horizontal beam onto a secondary parabolic mirror which produces a parallel, continuous 

sheet of laser illumination. All components are housed within a matt black finished plywood 

box. The admissible energy input for the box is 20W, while the scanning period can be set from 

0.5 ms to 12.7 ms. The effect of the scanning period on PIV precision has been assessed in the 

calibration mentioned in the previous section and the results are also presented in Figure 3.56. 

For a full range of laser power levels, it was found that scanning period had a negligible effect 

on precision. 

 

3.3.3.3 Assembly of Laser Compartment 

 

The laser and scanning beam box were positioned below the sample in the lower compartment 

of XYZ table seen in Figure 3.22. A 10mm thick aluminium connecting plate was designed to 

support and fix the SBB and laser in position within the XYZ table. 9mm diameter countersunk 

holes were provided at 85mm centres to connect the plate to the extruded aluminium frame via 

8mm countersunk screws.  The laser unit and cooling plate was supported by a laser base which 

was raised above the supporting plate on 12mm threaded bars, and the laser aperture was 

vertically aligned with the SBB reflecting mirror by adjusting the fastening screws. The laser 

was positioned 29.25mm off the centreline of the connecting plate, in order to align the 

components horizontally. 6mm threaded holes were provided for in the underlying plate for 

bolting on 40mm extruded aluminium sections to act as guides for the positioning of the 

scanning beam box. The author then coordinated the cutting of suitable lengths (200mm) of the 

section, and the drilling of clear holes through the sections to match the spacing’s of the 

threaded holes in the plate. In this way, the SBB was aligned with the centre of the loading 

platform above.  

 

3.3.3.4 Loading Platform 

 

A loading platform (1200mm[L] x 1080mm[W])  was designed to support the test chamber 

while allowing laser projection through the base. The platform comprises of two symmetrical 

components (1200mm[L] x 600mm[W]) for ease of installation. 9mm diameter countersunk 

holes were provided at 100mm centres to connect the plate to the load frame, via 8mm 

countersunk screws, while a 25mm grid of threaded 6mm diameter holes were drilled, matching 

the metric standard optical table pattern. These mounting holes ensured maximum flexibility for 

attaching test system components such as the side view camera which was bolted to the test 

frame via one of these holes using extruded aluminium sections as seen in Figure 3.9. The 

pattern also ensures maximum flexibility for attaching any optical assemblies, needed for laser 
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based experiments in the future. A clear Perspex window was installed in the centre of the 

platform directly above the SBB position to allow laser sheet projection into the base of the soil 

model. After fabrication of the above components, the column group test system was assembled 

and all designs proved effective. The system was then assembled successfully and alignment of 

all components completed. A photograph of the installed platform in presented in Figure 3.23, 

while Figure 3.24 shows the new laser, SBB and load platform, ready for testing. 

 

3.3.3.5 Safety Features and Extension Bar 

 

3mm thick Perspex Safety windows were designed for the XYZ table in order to restrict access 

to the experimental system, the laser compartment in particular. Laser shuttering was also 

needed which was spray painted matt black to absorb the laser light.  

An extension bar was needed to connect the m12 fine threaded bar onto which the load cell and 

footings are mounted, to the motion control system of the new three degree of freedom XYZ 

frame. A 38mm bar with 4mm grub holes for stability was designed for this purpose.  

3.3.4 Laser Aided Imaging Apparatus 

 

This section describes the cameras, control points and light boxes used to implement the laser 

aided imaging technique in both test systems. The lasers themselves used in the isolated and 

column group systems,  have already been described in sections 2.4.2 and 3.3.3.2 respectively. 

 

3.3.4.1 Cameras 

The test images were captured using Canon Eos 1100d Digital Single Lens Reflex (DSLR) 

cameras mounted on a Manfrotto 055XPROB tripod with swivel ball head in front of the 

chamber, and mounted directly to the load frame to the side of the chamber.  A summary of the 

specification of the digital cameras is contained in Table 3.3. 
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Table 3.3 Canon Eos 1100d Camera Specification 

 

Image Sensor 

Type                                                    CCD 

Maximum Resolution                          4872 x 2848 

Effective Pixels                                   12.2 M 

Size                                                      22 x 14.7 mm 

Image Ratio (W:H)                              3:2 

Image Stabilisation                              Gyroscopic 

Lens 

Focal Length Range                            18.0 – 55.0 mm 

Aperture Range                                   F 3.5 – 38.0 

Exposure Control 

Shutter Speeds                                    1/4000 sec to 1/60 sec. 

ISO Speed                                           Auto. ISO 100-6400 

 

 

3.3.4.1.1 Synchronised Trigger in Labview for Dual Camera System 

 

In the dual camera system, both cameras were controlled by a DAQ unit and Labview. The 

camera triggers were controlled by short-circuiting the 3 wires of the camera trigger leads, 

allowing the cameras to be triggered at exactly the same time. As a result, it was possible to 

match the corresponding images of footing and soil displacement between the views. The author 

coordinated the fabrication of the camera trigger with the departmental electronics technician 

who produced it, and then developed a Labview programme to start and stop the trigger. The 

connection can be seen in Figure 3.25. This was important as it allowed foundation loading to 

be completed from the desktop. Otherwise, it would have been necessary to start both cameras 

manually meaning that they would not be in sync.  

 

The second camera was bolted onto frame using extruded aluminium sections as seen in Figure 

3.9. It was necessary to weld a universal camera mount threaded bolt to an m6 threaded bolt to 

facilitate the mounting of the camera. 
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3.3.4.2 Control Points and Light Boxes 

 

Camera Calibration was necessary for converting observed model displacements from image 

space (pixels) to object space (mm). The reason for this and a full description of the procedure is 

detailed in Chapter 4. As regards developing the test system and protocol, the most important 

factors in ensuring accurate camera calibration parameters were: the use of suitable control 

points for centroiding and tracking, appropriate lighting conditions and correct application of 

available camera calibration techniques to the test system. 

The 16 image to object space transformation parameters are found by identifying the pixel 

coodinates of a number of control points distributed at known coordinates over the field of 

view. Centroiding analysis is used to find the image space coordinates of the targets, then with 

both image and object space coordinates known, the intrinsic camera parameters needed to 

correct for lens distortion and the extrinsic parameters which describe the transformation to 

objectspace in conjunction with the instrinsic ones, are deduced. Clear and sharp targets must be 

chosen such that the targets can be centroided on accurately and then tracked through successive 

images.  Research by White (2002) deduced that the overall accuracy of the system was 

governed by accuracy of the centroiding procedure. The author stated that: 

 

“The accuracy of any object space measurements deduced from PIV image-space data depends 

on the precision of the method used to find the image space coordinates of the target markers 

from which the transformation parameters are solved” 

 

As stated in Section 2.4.2, Stanier (2011) encountered problems using LED type control points. 

Glare caused poor centroiding accuracy and hence poor system accuracy using GeoPIV. As a 

result the targets did not fulfil their purpose and were not used in the analysis process. 

Consequently, LED targets were not considered for this project. Instead Perspex panels with 

precision drilled target markers were designed to be bolted onto the front of the test chamber. 

Previous work by the Geotechnical Engineering Group had seen white Tippex used to fill in the 

target marker, however as it was a water based material, cracking occurred causing intensity 

variations which lead to less accurate centroiding, decreasing system accuracy. To overcome 

this problem, it was decided to use white acrylic paint instead. 

 

Preliminary tests were performed aimed at finding the best drilled target type in terms of 

minimising the residual error during camera calibration and optimising accuracy. The residual 

error parameter presented is a measure of how well the observed transformation fits the 

mathematical functions of the non-linear lens distortion models and needs to be minimised. The 
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positional accuracy of the image to object space transformation for each target marker type was 

evaluated by comparing the true and mean predicted control point coordinates.  

 

According to Figure 3.26 , for a camera positioned 0-1 m from the control plane, 3mm diameter 

targets are appropriate. It was decided to trial 3mm diameter target markers on 5mm square 

black backgrounds for use in this research work. The circular holes were drilled into the Perspex 

window in a 30mm grid pattern to an accuracy of ±10μm. These holes were then filled with 

paint and a black square attached with adhesive to provide a contrast to the white target. 

 

It was found that the performance of concave drilled target markers when viewed from the front 

is inhibited by a variations in intensity within the target markers (Figure 3.27). This was caused 

by shadowing due to the direction of ambient light in the room (coming from the ceiling), and 

resulted in uneven centroiding on the target markers. A mean residual error of 0.9 pixels was 

found after tracking through the image sequence. However, this error was not satisfactory as 

White and Take (2002) state that residual error should be below 0.5 pixels.  

 

As the performance of concave targets was shown to be inhibited by shadowing, it was decided 

to fabricate flat drilled target markers and compare performance. It was also suggested that 

viewing target markers from the back (through the Perspex) could result in more even target 

intensities and hence better centroiding. Tests showed that flat drilled targets viewed from the 

back produced an improved residual error of 0.266 (Table 3.4 and Figure 3.28). The accuracy of 

the image to object space transformations also improved. The average errors in predicting the 

object space control point coordinates, were 0.0071mm and 0.0119mm in the x and y directions 

respectively, while the standard errors were 0.008mm and 0.0127mm.  
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Table 3.4 The Effect of Target Marker Type on System Accuracy 

 

 Residual 

Error 

(Pixels) 

Ave. Error 

x (mm) 

Ave. Error y 

(mm) 

Std. Error x 

(mm) 

Std. Error y 

(mm) 

Concave 

through 

back 

0.2973 0.0078 0.0129 0.0105 0.0148 

Flat 

through 

back 

0.2666 0.0071 0.0119 0.0080 0.0127 

Flat from 

front 

0.6126 0.0205 0.0403 0.0274 0.0466 

 

As a result the final target panels were designed with flat drilled targets. The panels were 

fabricated with 0.5mm deep, 3mm flat targets drilled centrally in a 6mm outer circular hole. The 

6mm mm hole outer hole was filled with black acrylic paint providing a contrast to the target, 

necessary for accurate soil tracking. The target panel thickness was 5mm. The control points 

were distributed over the entire field of view for camera calibration accuracy, and grids of 

50mm and 30mm for the front and side panels respectively, were chosen as a trade-off between 

providing a high number of targets for camera calibration and minimising the amount of soil 

tracking data lost behind the targets. The residual errors found using the new target panels were 

on average 0.18 pixels and 0.005 pixels for the front and side views respectively, satisfactory 

errors considering that White and Take (2007) state that residual error should be below 0.5 

pixels to for suitable target markers while Heikkila (2000) states that the error should be below 

0.2 to ensure accurate camera calibration. 

 

The preliminary tests described above were performed using ambient light in the laboratory. 

Clearly a light source is needed to make the targets visible in the image, however as highlighted 

in Section 2.4.2, the concern with this mode of lighting is that light entrainment into the model 

may highlight particles in front of the plane of interest causing erroneous soil tracking. After 

deliberation, the problem was overcome by virtue of the fact that an RGB digital image of laser 

illuminated soil, which consists of red, green and blue channels has a negligible red channel 

component (all wavelengths < 600nm). As a result, if red light of wavelength > 600 was used to 

light the target plane, any effect of light entrainment could be minimised by deleting the red 

channel in the test images before performing soil tracking using PIV. This approach proved to 

work well using light of wavelength in the range 600-2200 nm, provided by filtering white light 

using a 3mm thick, Red 4401 transparent Perspex sheet from Perspex Distribution Ltd. The 
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spectral curve for the PerspexTM product is presented in Figure 3.29. The curve shows that the 

material will prevent light of wavelength below 500nm from passing, thus ensuring that the 

negative impact of external lighting on soil tracking precision is removed. 

 

In order to use the Perspex filters, two 10mm thick aluminium light boxes with dimensions of 

100mm by 80mm on plan and 450mm high, housing ten 39mm square LED panels, connected 

in a parallel to ensure that the connected voltage of 12 V was supplied to all panels, were 

developed. Multiple slots were provided in the front of the boxes for Perspex filters. The light 

boxes are shown in Figure 3.30, with the Perspex sheet removed from the front of one to 

provide a view of the LED panel arrangement. 

 

It can be seen in Figure 3.31 that the removal of the red channel from the test images caused a 

noticeable improvement in the precision zero soil movement tracking. Thus if red channel 

lighting causes erroneous tracking when entrained in the model, it is reasonable to assuming that 

white lighting, whether ambient room light or from a light source in front of the model, would 

cause the same effect, which could not be easily removed as the image format in which the test 

images were captured consists of red, green and blue components (RGB). Another major source 

erroneous tracking can arise from reflection in the front Perspex window, as trials showed clear 

reflection of the camera and author in ambient lighting conditions (Figure 3.32a). At the time, it 

was found that directing light across the front window at a shallow angle negated the effect of 

reflection, but only at precise angles of lighting (Figure 3.32b). The development of the split 

light channel system allowed the removal of the inhibiting effect of reflection on PIV in a much 

more convenient way. 

 

The voltage supplied to the LED panels in relation to the accuracy of the system was also 

calibrated. The results are presented Figure 3.33. The calibration showed that the maximum 

allowable voltage 12V should be provided to the LED’s for optimum accuracy.  

 

3.4 Calibrations of Measurement Methods  

 

Before the preparation of soil models and execution of tests,   it was necessary to verify the 

precision and effectiveness of the new laboratory equipment in a rigorous manner by 

performing calibrations of all measurement instruments employed. Firstly, the calibrations of 

those instruments employed in the consolidation system are described in Section 3.4.1, followed 

by those employed in the foundation testing system in Section 3.4.2. Within the systems there 

were two types of measurement: applied pressures or forces and associated displacements of 

pistons or footings. Soil displacement measurement methods are dealt with in Chapter 4. 
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3.4.1 Consolidation System 

 

The calibrations detailed in this section have been performed using WinHOST and WinCLISP. 

These are front end user interface programmes designed for use with loggers such as the 

MPX3000, and capable of live monitoring and control. All calibrations were repeated three 

times with the mean calibrations presented in this report. To examine the strength of the linear 

relationship between the variables, the coefficient of determination r 
2 has been determined in 

each case and labelled on the plots. 

 

As an additional check on the accuracy of the consolidation procedure, calibration checks were 

conducted after the completion of all the investigative tests.   

 

3.4.1.1 Pressure and Force Measurement 

 

3.4.1.1.1 Load Cell – 10kN 

 

In order to calibrate the correlation between the input APC pressures and the output force 

transmitted by the cylinder shafts, a 10kN capacity load cell was used. The load cell was 

manufactured by Wykeham Farrance Engineering Ltd (Stalc3-10kN 22817), and allowed the 

continuous logging of force data to a resolution of ±1N. Data acquisition from the load cell was 

carried out by the advanced data logging device MPX3000, more specifically the WinHOST 

program which has been designed for use with VJ Tech data loggers. The rate of sampling for 

the calibration of the load cell was configured using WinHOST. 

 

Before cylinder calibrations were performed, the load cell was calibrated using a dead weight 

tester manufactured by Budenburg Ltd (Serial No. 8893). The calibration was performed by 

loading the load cell from 0N to 10kN (full capacity) in increments of 0.5kN up to 2kN and 

increments of 2kN thereafter. The load cell was then unloaded in the same increments. The 

region from 0kN to 2kN was considered the most critical region for ensuring load cell accuracy, 

as piston loads during consolidation would fall in this range.  The calibration was repeated 

twice. At the beginning of the calibration, the load cell was energized by loading it from 0kN to 

its full capacity three times. The correlation of measured load with actual load can be seen on 

Figure 3.34. This calibration was performed before the commencement of the research work and 

after its completion. Both calibrations are plotted and show very strong correlations with r
2 

values of 1 and mean residual errors of 1.99N and 1.48N. 
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3.4.1.1.2 Pneumatic Cylinders 

VJ technology states that the APC units used in this test system are capable of measuring air 

pressure to a resolution of 1kPa. Calibration of the output from the pneumatic cylinders was 

performed by incrementally loading each cylinder to 400kPa in 10kPa increments using the 

respective APC units, and then unloading in the same increments. This process was repeated 3 

times for each cylinder, and the results averaged. The correlations between input APC pressure 

and output piston force were derived from the load cell.  APC Pressures and sample stresses 

were calculated using the sample area, and the percentages of loss through each piston were 

found for the three pistons used in sample preparation. These relationships are presented in 

Figure 3.35 to 3.43. The best fit linear relationships for the original calibration and the 

calibration check are labelled on all plots, except those displaying percentage loss relationships. 

All calibrations show strong correlations with r
2 values from 0.999 to 1 and mean residual errors 

from 3.94N to 18.50N or 0.098kPa to 0.40kPa. 

  

3.4.1.2 Displacement Measurement 

 

3.4.1.2.1 Draw Wire Displacement Transducers 

 

For each cylinder a draw wire transducer was used to measure the displacement of the 

consolidation plate during consolidation. All transducers were manufactured by ASM GmbH 

(Automation, Sensors and Measurement) (Serial No.’s: W51045310328, W51045310329, 

W51045310330), and were identical with a stroke length of 750mm.  The tips of the draw wires 

were connected to the consolidation plate using hooks. Again data acquisition for all 

displacement measurements was performed by the data logger MPX3000 and WinHOST. Each 

transducer has been calibrated over a length of 600mm using the ten point linearization 

technique available in WinCLISP. The three calibration graphs are presented in Figures 3.44 to 

3.46. Again all calibrations show very strong correlations with r
2 values of 1 and mean residual 

errors from 0.041 mm to 0.40mm. 

 

3.4.2 Test System 

 

3.4.2.1 Control Software 

Measurement recording in the column group test system was performed in LabVIEWTM, 

developed by National InstrumentsTM. The software is suitable for loading tests as it is capable 

of real time control and simultaneous data acquisition. 
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3.4.2.1.1 Data Acquisition Device and Signal Amplification 

 

A National Instruments USB-6211Data Acquisition Device (DAQ) was used to record data 

from the transducers described above. 16 analogue input channels, 2 analogue outputs, 4 digital 

inputs and 4 digital outputs were provided, which was more than enough for the transducers 

used in testing. The instruments were read by creating virtual channels in LabVIEW.. As the 

output signal of the LVDT was ±2mV/Vin , too low to be captured accurately by the DAQ,  a 

Flyde amplifier module was used to produce an output signal is the range ±10mV. The amplifier 

was positioned at the control desk and visible in Figure 3.12. 

 

Due to concern over Electromagnetic Feedback (EMF) interference from the stepper motor 

drive systems employed in both test configurations, all calibrations within the test systems were 

performed while the drive systems were energised such that data acquisition operates just like it 

would during testing. In addition, as separate transducer amplifiers and DAQ were used, it was 

advised that calibrations were performed twice, once before the test programme began and once 

after all tests were completed. In this way, drift in signal amplification was assessed, which 

could cause residual errors generated for a transducer to increase over time. Again the strength 

of the linear relationship between the variables, was assessed using the coefficient of 

determination r 
2  

 

3.4.2.2 Force Measurement 

3.4.2.2.1 Load Cell – 2.5kN 

 

A 2.5kN load cell from RDP Electrosenses Inc. (USA) was used to monitor the load applied to 

the foundations during testing. The load cell was mounted on an M4 threaded bar and connected 

to the loading rig and the model footings using two connectors of 20mm diameter, which were 

half threaded with M12 fine threads to allow connection to the loading rig and model footings 

and half threaded with M4 thread threads in order to connect to the load cell itself. The load cell 

required an excitation voltage of ±15V and was used in both the isolated column test system and 

the column group test system. Considering the load settlement performance of previous model 

stone column foundations, it was assumed that the load capacity of a single column would be in 

the range of 0 to 0.3kN, while that of a three column strip footing would be less than 1kN. The 

instrument was therefore calibrated over its full range and then over the test range of 0 to 0.3kN 

in the isolated column test system, while a calibration from 0kN up to 1kN sufficed in the 

column group test system.  The calibrations can be seen on Figures 3.47 to 3.49.  Coefficients of 

determination r2 of 0.999 and mean residual errors from 0.0027N and 0.0354N were observed. 

 

 



Chapter 3. Research Methodology 
 

81 
 

 

3.4.2.3 Displacement Measurement 

 

3.4.2.3.1 Linear Variable Differential Transducer (LVDT) 

To monitor the applied vertical footing displacement during load testing, the differential 

displacement between the test rig and cantilever arm was measured using a 25mm LVDT from 

MPE Electronics Ltd.  The instrument was mounted on the isolated column test rig using 

machined aluminium brackets, as explained by Stanier (2011). For the column group tests, the 

instrument was held in position using an extension clamp and support stand. The LVDT 

required and DC excitation voltage of 1.5-10V and outputted a signal of 5.3mV/Vin. The 

calibrations for the two test systems are presented in Figures 3.50 and 3.51. Coefficient of 

determination r2 of 0.999 and mean residual errors from 0.0027mm to 0.010mm were observed. 

 

3.5 PIV Calibrations 

 

3.5.1 Calibration of Optimum Camera Settings 

An important step in capturing soil deformation accurately is choosing the right camera settings 

to show soil texture. The aperture size (fstop number), exposure time (shutter speed) and film 

speed (ISO setting) are the most important parameters.  

Film speed is a measure of photographic films sensitivity to light. A less sensitive film will 

require more exposure to light to produce the same image density as a more sensitive film. 

Therefore a low sensitivity film is said to have a slow film speed while a high sensitivity film is 

said to high film speed. One could use a low sensitivity setting in conjunction with a longer 

exposure time or perhaps a higher sensitivity setting and shorter exposure time. However the 

latter is said to lead to higher image noise and reduced image quality.  

For a given film speed, the combination of exposure time and aperture size will determine the 

films degree of exposure to light. Smaller aperture sizes (higher f stop numbers) allow less light 

to reach the film, while larger aperture sizes (lower f stop numbers) allow more light to reach 

the film. Like using a low ISO setting, using a small aperture will mean a longer exposure time 

is needed to take a photograph, while with a big aperture only a short exposure time is needed. 

Smaller apertures produce a longer depth of field (the portion of a scene that is in good focus in 

an image), allowing objects at a wide range of distances from the camera to be in focus at the 

same time which is important in this work as it needs to be ensured that both the target marker 

plane and the illuminated plane are in focus during testing. From this point of view, smaller 

apertures were originally considered most suitable but it needed to be borne in mind that if the 
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exposure time needed is too long this would cause blurring or entrained movement. So in 

choosing aperture size it was important to ensure good focusing while avoiding image blurring . 

The author has conducted tests aiming to find the optimum camera settings for the original test 

system configuration. The rigid 10 pixel image translation technique described in Section 

3.1.1.1 was again used. The results were tabulated and are presented in Figure 3.52. This data 

has also been used to create Figures 3.53 and 3.54, which plot tracking precision against 

exposure time, and tracking precision against aperture size respectively, for 1SO settings 100 to 

500. It is clear from Figure 3.53 that using the lowest sensitivity (ISO) setting gave the lowest 

tracking errors, and that decreasing exposure times generally led to decreased precision 

accuracy for at all sensitivity settings. However, as the investigative technique is based on 

tracking soil displacement between images taken in a continuous shoot mode, low exposure 

times must be used to minimise the time between consecutive images. The author recorded the 

number of images recorded per minute at each exposure setting and found that the camera was 

capable of capturing a maximum of 180 images per minute, achievable with a maximum shutter 

speed of 1/6 seconds. Thus the optimum shutter speed for the trial tests was selected as 1/6 

seconds. Each line on the plots in Figure 3.53 represents the relationship between precision and 

exposure for a given aperture size. The lower lines correspond to F/5.6 with increasing errors 

observed for smaller aperture sizes. In agreement, Figure 3.54 shows that tracking errors 

generally increase with fstop number, leading the author to conclude that maximising aperture 

size, produces optimum soil tracking precision. The lower lines on these plots in Figure 3.54, 

represent the higher exposure times trialled up to 1 second, with increased errors observed for 

the darker images produced at low exposure.   

In contrast, when the author investigated the impact of aperture size on the accuracy of the 

system decreasing aperture size was shown to decrease the magnitude of errors (Figure 3.55). 

The author believes that this was due to the associated lengthening of the depth of field, 

meaning that the target plane could be focused on better. The reduction of aperture size however 

reduced the amount of light reaching the camera sensor, and therefore reduced target intensity. 

For this reason, a point was reached where reducing aperture size resulted increasing standard 

errors as the target intensities were not big enough to isolate the targets sufficiently from 

background intensities (Figure 3.55). The minimum standard error vector sum of 0.0414 was 

recorded at an aperture size of f/11. This was the most accurate image to object space 

transformation recorded for an exposure time of 6 seconds.  

As a compromise, between optimising the precision of soil tracking and the accuracy of the 

image to object space transformation, it was decided that aperture size f/8 should be chosen for 

the test programme. Thus it was concluded that the  optimum camera settings were ISO 100, f/8 

and exposure 1/6. 
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Whereas the laser used for the isolated column tests had a fixed output of 1 watt, the power of 

the new laser used in the column group test system was user specified up to a full power of 2 

Watt. Its powerful nature meant that these optimum camera settings were not maintained for the 

column group tests. The settings were chosen subjectively on inspecting trial images. The 

shutter speed was increased to 1/8 seconds while the aperture size f/8 was maintained. Another 

calibration was not carried out due to time restraints and the fact that new image enhancement 

techniques had been discovered by this time which was far more effective in improving system 

performance than adjusting camera settings 

3.5.2 Calibration of Laser Power and Scan Rate 

It was anticipated that the new 2Watt laser would be used on its maximum power, in order to 

minimise the required exposure time for image capture. A calibration was performed examining 

PIV precision in relation to laser power and scanning beam box speed, by taking soil images at 

various combinations of laser power (0.5-2.0 Watts) and scanning beam box scan rate (0.5-12.7 

ms). The results are presented in Figure 3.56 and show improved precision with increasing 

power, confirming that the laser should be operated on full power during testing. For a full 

range of laser power levels, it was found that scanning period had a negligible effect on 

precision.  

 

3.6 Testing Procedures 

3.6.1 Soil Model Preparation 

.Fumed silica powder, 6% by mass of the pore fluid was mixed with the blended oils to form a 

consistent soil slurry. The pore fluid consisted of crystal light liquid paraffin and mineral spirits 

mixed at a ratio of 23:77, this ratio was determined from a previous investigation to provide 

composite slurry of matched refractive index (Stanier 2011). Timiron seeding particles of size 

d50 = 18-25µm were added to 52.5% of the slurry mixture for single column test samples, or 

36.2% of the slurry mixture for column strip test samples. A timiron content of 0.03% by mass 

of the silica powder was used in both cases. This quantity was determined as giving the best soil 

texture for PIV analysis, as described in Section 3.1.1.1. The remaining 47.5% or 63.8%, for an 

isolated column test mix or a column group test mix respectively, was left unseeded. The slurry 

was mixed thoroughly using a hand held Kenwood food mixer and it was then placed inside a 

large vacuum chamber to de-air. The removal of air to form a two phase material was a vital 

step, as entrained air in the mixture leads to a loss of transparency and over exposure in terms of 

brightness in the images. The soil slurry was poured into the chamber with the aid of a split-

mould. As explained in Section 3.3.2.1, two split moulds were designed to ensure suitable 

samples for both phases of testing. The process is shown in Figure 3.16. This variation does not 

adversely affect sample behaviour as the particle size and mass of the seeding particles is very 
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small. The split mould was removed to produce a vertical seeded-unseeded soil interface; any 

adhered slurry was scrapped off back into the chamber. The split mould produced a dual 

sample, with seeded and unseeded regions of 105mm and 95mm depths respectively; this off-

centre interface provided sufficient overlap to produce high quality seeding texture when the 

laser sheet was passed along the centreline of the chamber.  

 

3.6.1.1 Consolidation  

The sample consolidation procedure began by installing the test chamber on the consolidation 

platform and aligning with the relevant piston with the aid of guides. The consolidation piston 

was lowered carefully onto the surface of the sample with the drainage lines still closed. The 

drawwire LVDT, mounted on the same consolidation frame plate as the piston, was extended 

and attached to the consolidation plate via a hook. The drainage lines were then opened and the 

consolidation sequence commenced. As soon as the piston had settled enough, a head of mixed 

pore fluid was poured on top of the sample, above the consolidation plate, in order to minimise 

drying out of the surface of the sample. This higher fluid was maintained throughout the 

consolidation and swelling sequences, by regularly adding appropriate amounts of fluid. 

Two upper and lower drainage lines were connected using push fittings, and the drained fluid 

was collected by a clear 25 litre plastic barrel for recycling. Over 50% of the pore-fluid in each 

sample was recycled for use in later tests, resulting in significant economic savings. This 

practice was also time saving, as recycled pore fluid was already mixed, which reduced sample 

preparation times. The transparency of the oil was not degraded by the process. 

To further reduce the total volume of oil required for a test programme, most of the remainder 

of the pore fluid was recycled after testing, using a large Rowe Cell with a bellofram, exerting 

up to 300kPa to squeeze the oil from waste soil (Figure 3.57). The oil was drained into large 

barrels, with the transparency again found to be unaffected. Thus the dried silica was the only 

waste product of the system, greatly reducing the environmental impact of the technique. The 

product could be disposed of much more efficiently, without the extra mass and volume of the 

accompanying oil. 

In previous investigative work using the transparent soil, consolidation schedules were designed 

to accommodate weekend breaks, where the investigator might not be available to change 

pressure increments (Stanier 2011). The new system, however allows consolidation of samples 

to be conducted in a computer controlled and automated manner. The programmed system is 

more precise and rigorous in nature, allowing greater consistency between soil beds. In addition 

it does not require constant attention and can go ahead undisturbed by other weekends or other 

appointments.  
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Stanier (2011) employed a consolidation schedule consisting of 24 hour time increments from 

0kPa to 50kPa, with a 72 hour 100kPa stage. As explained in Section 3.6.1.1.1, the coefficients 

of consolidation (cv) obtained in this research were lower than Staniers, thus longer stages were 

necessary in order to reach 90% consolidation. In a further modification of the schedule used by 

Stanier (2011), swelling increment times were cut from 24 hours to 12 hours, reducing total 

swelling times by two and a half days. Stanier had employed swelling increment durations of 1 

day to prevent cracking and subsequent air entrainment in the model due to suction forces that 

develop in this material when unloading quickly. However preliminary tests showed that 

swelling times of 12 hours were sufficient and valuable time was saved during execution of the 

experimental program as a result. The consolidation schedule is presented in Table 3.5. The 

programme took just short of 15 days to complete. 

Table 3.5 Consolidation Schedule 

Pressure (kPa) Duration (hours) 

6  48  

12 48 

25 48 

50 48 

100 115 

50 12 

25 12 

12 12 

6 12 

 

3.6.1.1.1 Results 

The consolidation plots for the first test sample in phase 1 are attached in Figure 3.58. The five 

increments from 0kPa to 100kPa are plotted against the square root of time in minutes. Also 

shown is the 90% consolidation line, derived using the Taylor method for calculating t90. A 

MatlabTM routine was developed to perform this graphical construction for each pressure 

increment, and then calculate the coefficient of consolidation cv using the following equation: 

   
   

 

√   
 

             Equation 3.3 
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Where t90 is the time at which 90% consolidation had occurred.    is the time factor at 90% 

consolidation, taken as 0.848, while   is the average drainage path length for each pressure 

increment, calculated as half of the average height observed over the duration of the stage. The 

five     and mv values for each stage in each test are presented in Table 3.6 and 3.7. The 

coefficient of volume compressibility mv, and is calculated as: 

   
  

  
 

 

   
              Equation 3.4 

 

At the final pressure increment, the average coefficients of consolidation (cv) and volume 

compressibility (mv) were 1.98 m2/year and 4.09E-03 m2/kN respectively which is consistent 

with other results quoted in literature (Stanier, 2011; McKelvey, 2002 and Gill, 1999). The 

hydraulic conductivity (k) was then estimated via the following equation:  

 

       γf 

 

             Equation 3.5 

Where γf is the unit weight of the mixed oil, calculated knowing its density to be 822.1 kg/m3. 

Table 3.8 contains all the conductivity values recorded 
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Table 3.6 The coefficients of consolidation cv, expressed in m2/year, derived for all 

consolidation increments and all test samples. 

Test Consolidation Increment (kPa) 

cv (0.0-6.25) cv (6.25-12.5) cv (12.5-25.0) cv (25.0-50.0) cv (50.0-100.0) 

Ph1:T1 12.4 7.7 5.5 4.0 1.6 

Ph1:T2 12.5 11.1 8.5 5.0 2.1 

Ph1:T3 12.9 11.5 8.9 5.3 2.2 

Ph1:T4 12.1 8.9 6.4 4.5 1.7 

Ph1:T5 12.8 9.1 6.9 4.9 1.9 

Ph1:T6 12.8 10.9 8.0 5.1 2.1 

Ph1:T7 12.9 10.6 7.5 5.0 1.8 

Ph2:T1 12.4 8.9 6.4 4.4 1.9 

Ph2:T2 12.5 9.7 7.0 5.1 2.0 

Ph2:T3 13.1 10.6 7.8 4.9 1.8 

Ph2:T4 12.0 8.4 6.0 4.5 1.8 

Ph2:T5 13.3 11.2 8.6 5.4 2.3 

Ph2:T6 12.8 10.9 8.2 5.4 2.2 

Standard 

Deviation 

0.4 1.2 1.1 0.42 0.2 

Range 1.2 3.8 3.4 1.3 0.7 

Mean 12.6 9.9 7.3 4.9 1.9 
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Table 3.7 The coefficients of volume compressibility mv, expressed in m2/kN, derived for all 

consolidation increments and all test samples.  

 

Test Consolidation Increment (kPa) 

mv (0.0-6.25) mv (6.25-12.5) mv (12.5-25.0) mv (25.0-50.0) mv (50.0-

100.0) 

Ph1:T1 2.5E - 02 1.4E - 02 7.0E - 03 4.4E - 03 3.9E - 03 

Ph1:T2 2.1E - 02 1.3E - 02 8.4E - 03 4.6E - 03 4.2E - 03 

Ph1:T3 3.1E - 02 1.0E - 02 6.4E - 03 4.2E - 03 3.8E - 03 

Ph1:T4 3.3E - 02 9.9E - 03 6.2E - 03 4.3E - 03 3.9E - 03 

Ph1:T5 2.8E - 02 1.3E - 02 7.4E - 03 4.6E - 03 4.1E - 03 

Ph1:T6 2.2E - 02 1.5E - 02 8.1E - 03 4.5E - 03 4.3E - 03 

Ph1:T7 2.9E - 02 1.1E - 02 7.3E - 03 4.7E - 03 4.0E – 03 

Ph2:T1 3.1E - 02 9.9E - 03 6.4E - 03 4.4E - 03 4.0E – 03 

Ph2:T2 2.2E - 02 1.2E - 02 9.0E - 03 4.6E - 03 4.2E – 03 

Ph2:T3 2.5E - 02 1.6E - 02 7.1E - 03 4.5E - 03 3.9E - 03 

Ph2:T4 3.0E - 02 1.0E - 02 6.6E - 03 4.6E - 03 4.1E - 03 

Ph2:T5 2.8E - 02 1.6E - 02 8.0E - 03 4.5E - 03 4.2E - 03 

Ph2:T6 2.9E - 02 9.9E - 03 6.5E - 03 4.3E - 03 4.0E - 03 

Standard 

Deviation 

4.0E - 03 2.3E - 03 9.0E - 04 1.6E - 04 1.5E - 04 

Range 1.2E - 02 6.4E - 03 2.9E - 03 4.8E - 04 4.5E - 04 

Mean 2.7E - 02 1.3E - 02 7.3E - 03 4.5E - 03 4.1E - 03 
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Table 3.8 The hydraulic conductivity k values, expressed in m/s, derived for all consolidation 

increments and all test samples.  

 

Test 
Consolidation Increment (kPa) 
k (0.0-6.25) k (6.25-12.5) k (12.5-25.0) k (25.0-50.0) k (50.0-100.0) 

Ph1:T1 8.1E-08 2.8E-08 1E-08 4.7E-09 1.6E-09 
Ph1:T2 6.9E-08 4.0E-08 1.8E-08 6.1E-09 2.3E-09 
Ph1:T3 1.1E-07 3.2E-08 1.4E-08 5.9E-09 2.2E-09 
Ph1:T4 1.1E-07 2.2E-08 1.0E-08 5.1E-09 1.7E-09 
Ph1:T5 9.5E-08 3.1E-08 1.3E-08 6.0E-09 2.0E-09 
Ph1:T6 7.4E-08 4.3E-08 1.7E-08 6.0E-09 2.3E-09 
Ph1:T7 9.8E-08 3.2E-08 1.4E-08 6.2E-09 2E-09 
Ph2:T1 1.0E-07 2.3E-08 1.0E-08 5.0E-09 2.0E-09 
Ph2:T2 7.1E-08 3.1E-08 1.6E-08 6.2E-09 2.2E-09 
Ph2:T3 8.71E-08 4.5E-08 1.4E-08 5.8E-09 1.8E-09 
Ph2:T4 9.48E-08 2.3E-08 1.0E-08 5.5E-09 1.9E-09 
Ph2:T5 9.9E-08 4.6E-08 1.8E-08 6.4E-09 2.5E-09 
Ph2:T6 9.9E-08 2.8E-08 1.4E-08 6.1E-09 2.4E-09 

Standard 
Deviation 1.3E-08 8.4E-09 3.0E-09 5.3E-10 2.7E-10 

Range 3.7E-08 2.4E-08 8.7E-09 1.6E-09 9.4E-10 

Mean 9.1E-08 3.3E-08 1.4E-08 5.8E-09 2.1E-09 

 

The void ratio of the sample was calculated using the height of the sample, the observed loss in 

material and the measured densities of the material components. The fluid densities were found 

by taking the mass of a control volume of fluid, while the density of the fumed silica powder 

was taken as that specified by the supplier. These are presented in Table 3.9. The total mass of 

slurry lost during the mixing process was calculated by weighing all mixing equipment before 

and use, with any extra mass attributed to the adhered slurry. The masses recorded for each mix 

along with the final sample heights which are all close to the target height of 220mm are 

presented in Table 3.10. The standard deviation of the heights was 0.57mm, the range 1.3mm, 

and the mean percentage deviation of the sample height with respect to 220mm was 0.52%. As 

expected increased slurry loss, resulted in lower sample heights. Note, that the mass of solids in 

the samples was calculated by correcting for the appropriate percentage loss (%loss) as follows: 



Chapter 3. Research Methodology 
 

90 
 

  
       (

         

   
) 

                Equation 3.6 

 

The volume of solids (Vs) for the void ratio calculation was then calculated using: 

   
  
    

  
 

             Equation 3.7 

 

Table 3.9 Measured Component Densities 
 

Material Density (kg/m3) 

Risella Oil 844.8 

Paraffin Oil 846.1 

Pore Fluid 822.1 

Fumed Silica 2200 

 

 

Table 3.10 Percentage Slurry Loss and Final Consolidated Sample Heights 

 

Test Mass Slurry Loss (g) Percentage Loss 

(%loss) 

Final Height (mm) 

Ph1:T1 96.1 0.4 221.5 

Ph1:T2 158.2 0.8 220.3 

Ph1:T3 167.1 0.8 220.6 

Ph1:T4 110.9 0.5 221.0 

Ph1:T5 98.0 0.5 222.0 

Ph1:T6 118.4 0.6 221.4 

Ph1:T7 184.2 0.9 220.9 

Ph2:T1 92.5 0.4 221.8 

Ph2:T2 194.8 0.9 220.5 

Ph2:T3 88.9 0.4 221.4 

Ph2:T4 104.8 0.5 221.6 

Ph2:T5 177.3 0.9 220.4 

Ph2:T6 92.5 0.4 221.6  

Standard Deviation 40.1 0.2 0.5 

Range 105.9 0.5 1.7 

Mean 129.5 0.6 221.1 
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As seen in Section 3.3.1 the test chamber is square in plan, making it difficult to achieve a 

perfect seal around the perimeter of the square consolidation plate. On starting the consolidation 

process, fluid was observed to drain preferentially around this seal, creating a head of fluid 

above the consolidation plate, and the loss of some fluid over the top of the chamber. As 

consolidation progressed, the author found it necessary to maintain this head of fluid above the 

consolidation plate by adding appropriate amounts at each stage in order to prevent the sample 

drying out. As a result, calculation of the void ratio of the samples upon pressure increment 

completion could not be achieved in the traditional way of measuring the volume or mass of 

pore fluid drained during consolidation stage as the volume of extra fluid draining in and out, 

over the top of the sample was unmeasured at each increment. Instead the total volume   of the 

sample at each stage of consolidation was calculated, using the position of consolidation piston 

(Hpiston). 

                

 

             Equation 3.8 

where W and D are the width and depth respectively of the chamber, both equal to 0.2. 

Allowing the volume of fluids to be calculated as: 

                       

 

             Equation 3.9 

The void ratio (e) is then taken as: 

  
  

  
 

           Equation 3.10 

In this way the flow of fluid around the consolidation piston does not affect the void ratio 

calculation, provided no loss of solids occurs through the drainage lines. This was ensured by 

the use of filters. The final void ratios upon completion of each pressure increment for all test 

samples are plotted in Figure 3.59 against the log of consolidation pressure and alongside a 

mean relationship derived from the average void ratio at each pressure. The average slopes of 

the normal consolidation line and the swelling line on the plot are known as the compression 

index (Cc) and the swelling index (Cs) respectively. These index values can be calculated using 

the following relationship.  

        
     

   (
  
  
)
 Equation 3.11 

The index values are recorded in Tables 3.11 and 3.12. 
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Table 3.11 The compression index Cc values, expressed in m/s, derived for all consolidation 

increments and all test samples.  

 

Test Consolidation Increment (kPa) 

Cc (6.25-12.5) Cc (12.5-25.0) Cc (25.0-50.0) Cc (50.0-100.0) 

Ph1:T1 14.8 8.1 8.2 14.1 

Ph1:T2 5.6 8.0 10.0 13.6 

Ph1:T3 4.3 9.6 11.7 13.6 

Ph1:T4 14.5 8.0 6.7 15.8 

Ph1:T5 8.3 8.6 9.5 14.5 

Ph1:T6 4.6 7.8 11.6 15.5 

Ph1:T7 7.1 12.6 8.3 14.7 

Ph2:T1 4.7 9.0 11.1 15.0 

Ph2:T2 10.0 9.5 8.8 16.6 

Ph2:T3 12.3 7.2 11.3 13.3 

Ph2:T4 13.9 6.9 10. 13.3 

Ph2:T5 7.1 8.5 12.8 13.6 

Ph2:T6 6.9 10.8 8.2 14.7 

Standard 

Deviation 

3.9 1.5 1.7 1.0 

Range 10.5 5.7 6.0 3.3 

Mean 8.8 8.8 9.9 14.5 
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Table 3.12 The swelling index Cs values, expressed in m/s, derived for all consolidation 

increments and all test samples.  

 

Test  Consolidation Increment (kPa) 

Cs (6.25-12.5) Cs (12.5-25.0) Cs (25.0-50.0) Cs (50.0-100.0) 

Ph1:T1 0.3 0.7 0.4 0.2 

Ph1:T2 0.2 0.4 0.5 0.4 

Ph1:T3 0.4 0.2 0.7 0.3 

Ph1:T4 0.2 0.6 0.5 0.2 

Ph1:T5 0.2 0.7 0.4 0.2 

Ph1:T6 0.4 0.2 0.2 0.4 

Ph1:T7 0.3 0.4 0.7 0.3 

Ph2:T1 0.3 0.5 0.5 0.4 

Ph2:T2 0.4 0.6 0.2 0.2 

Ph2:T3 0.4 0.4 0.4 0.2 

Ph2:T4 0.2 0.7 0.7 0.4 

Ph2:T5 0.3 0.3 0.4 0.3 

Ph2:T6 0.3 0.7 0.6 0.3 

Standard 

Deviation 0.1 0.2 0.1 0.1 

Range 0.2 0.5 0.5 0.2 

Mean 0.3 0.5 0.5 0.3 

 

3.6.1.1.2 Discussion  

The overall consistency of the above data, confirms that all beds are consistent, confirming that 

both the mixing and automated consolidation processes are satisfactory and that test results are 

comparable. However there is some variation in the coefficients of consolidation, 

compressibility, hydraulic conductivity and void ratios observed in the early consolidation 

stages. This is due to the fact that samples were left to consolidate under gravitational loading 

for 24 hours before being placed in the consolidation chamber. This procedure offers little 

control on the original sample height and properties. In addition, the magnitude of fluid loss and 

possible material loss over the square consolidation piston seal, at the onset of the 6kPa 

pressure, is inconsistent. Material loss at this stage was prevented by reinforcing the seal with 

strips of filter paper, but the author does not believe that 0% loss was achieved for each sample. 

Although, initial sample properties vary somewhat for reasons discussed, in general 

convergence of sample properties is observed as consolidation progresses. 



Chapter 3. Research Methodology 
 

94 
 

Internal piston friction was assessed in Section 3.4.1.1.2, but misalignment of the consolidation 

pistons may cause a variation in friction with the test chamber between samples. Although all 

pistons were carefully aligned and guides installed for the positioning of the test chamber, both 

sources of friction may have vared at low consolidation pressure (Figures 3.37, 3.40 and 3.43) 

with the effects dissipating at higher pressure increments. This is again expressed by the range 

and increased standard deviation of the sample properties. 

Figure 3.60 shows that the void ratios observed in the consolidation process are similar to those 

obtained in previous investigations by Stanier (2011), Gill (1999) and McKelvey (2002). The 

variations in void ratio at given primary consolidation pressures however, are difficult to 

explain. Stanier (2011) hypothesised that the aspect ratio or diameter:thickness (D:T) or 

width:thickness (W:T) employed in the sample preparations influenced the void ratios obtained, 

with higher aspect ratios, causing sidewall friction to be less prevalent, giving more extensive 

consolidation for a given time period. The same author, also pointed to the methods of void 

ratio measurement employed, whereby McKelvey (2002) used the mass of the fluid drained to 

calculate the void ratio, Gill (1999) used the density of the consolidated soil, while Stanier 

(2011) employed the same method employed in this research. 

The coefficients of consolidation are lower than those obtained by Stanier (2011), while they are 

on the same order as those observed by McKelvey (2002) and Gill (1999) (0.24-1.65 m2/year), 

considering the lower consolidation pressures employed. The coefficients of compressibility and 

hydraulic conductivity of the samples however are similar to those calculated by Stanier (2011), 

which are larger than those found by McKelvey (2002) and Gill (1999) (1.18-5.4E-03m2/kN).  

3.6.2 Column Installation  

The validity of the research is dependent on the model soil beds having consistent strength and 

consolidation properties, and also each drilled stone column having consistent diameter and 

density.  Therefore a robust column installation method was developed. 

The most frequently adopted column installation method in practice is the dry bottom feed due 

to its ease of installation and suitability for a wide range of soil conditions. Furthermore, it also 

reduces potential risk associated of ground contamination being washed to the ground surface as 

can be the case for wet installation methods. Replicating the exact vibration installation method 

at reduced scale is highly difficult and a range of methodologies have been adopted to conduct 

column installations in small scale physical modelling. In this work, it is especially difficult due 

to the tendency of the transparent soil to create suctions under large frictions causing cracking 

and loss of transparency. In an effort to produce a densely compacted column representative of 

the prototype, columns were formed using a replacement technique.  
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Excess oil was drained off the top of the model before column drilling to ensure that the column 

was augured in a dry state, thus preventing to development of suctions. A 16mm auger (Figure 

3.61) was used to bore into the soil to achieve the required column depth at a drive rate of 0.2 

mm/s and a rotation rate of 0.4rps, controlled automatically using a two degree of freedom 

actuator. These settings were selected to provide a neutral drive velocity as this minimised 

disturbance in the soil bed (Hird et al. 2008). The auger was removed and reintroduced into the 

hole in a number of stages during drilling so that the spoil could be cleared from the auger 

flight; this prevented the auger from clogging and generating suction forces. The cavity was 

then backfilled with aggregate (0.8-1.2mm grain size) and compacted in 20mm stages until the 

model surface was reached. The columns were constructed using stress control methodology 

using a compaction bar and integrated load cell (Figure 3.62). A pre-stress of 100kPa was 

achieved at each compaction stage which produced columns having typical densities of 

2150kg/m3. Figure 3.63 shows the first two 20mm stages, of the column construction for Test 1. 

Trial installations indicated that compaction stresses over 100kPa caused excessive bulging 

and/or punching of the column during the installation process. This is shown in Figure 3.64. The 

column installation process is portrayed in Figures 5.65 and 5.66, which illustrate the auger 

drilling and sand compaction stages respectively. 

The final installed column diameter was approximately 18mm which is slightly larger than the 

initial bored hole due to the compaction process. Internal displacements during the boring and 

compaction stages were also recorded for quality purposes to ensure minimum soil disturbance 

for all columns on installation. Its length was chosen so that it was long enough to install to a 

max depth of 144mm but the max length was restrained by the height of the drive system, as the 

bar needed to be shorter than the vertical distance between the sample surface and the maximum 

rig height in order to attach it. Originally the bar was designed with a length of 300mm, but it 

was later shortened to 200mm to meet the above requirements.  

3.6.3 Foundation Loading 

As the group mechanics of small column groups had not been examined in a non-intrusive 

quantifiable manner before, it was initially hoped to investigate the group interactions prevalent 

in both pad and strip column foundations. However, in order to maximise the benefits of the 

new dual camera system characteristics, it was decided to concentrate on vibro stone column 

strip foundations. For instance, considering a four column, square grid, column pad foundation, 

the use of opaque sand meant that a camera viewing through the side window of the chamber 

would only be able to capture the same deformation pattern as the front camera, albeit along 

different sides of the square grid.  
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Once the test programmes were devised, circular isolated column footings and rectangular strip 

footings of 20mm depth were designed and fabricated with m12 fine threaded connections.  

In order to define the load testing rates for the proposed test programme some estimation of the 

rate of drainage below the model foundations was required. The normalised velocity based 

prediction of pore pressure dissipation under a circular footing developed by Lehane et al. 

(2008) was used for this purpose, and is presented in equation 3.12. 

  
    

  
 

           Equation 3.12 

where   represents the rate of foundation displacement. The authors stated that values of 

normalized velocity above 20 could be considered as representing undrained behaviour as less 

than 10% of excess pore water pressure beneath the foundation would be expected to dissipate. 

A loading rate of 0.2mm/s was proposed and checked for suitability using the above relationship 

and the     values for the consolidated soil beds presented in Table 3.5. The normalized 

velocities have been calculated for each test, and are summarized in Table 3.13. The normalized 

velocity is well above 20 in each case, thus undrained conditions were assumed.  

Table 3.13 Drainage prediction using the normalized velocity equation of Lehane et al. (2008) 

Test Dimensionless Velocity (V) Test Dimensionless Velocity (V) 

Ph1:T1 127.7 Ph2:T1 88.7 

Ph1:T2 97.5 Ph2:T2 88.3 

Ph1:T3 90.5 Ph2:T3 97.0 

Ph1:T4 146.7 Ph2:T4 119.1 

Ph1:T5 91.5 Ph2:T5 109.6 

Ph1:T6 53.8 Ph2:T6 94.0 

Ph1:T7 107.3 
  

 

After column installation the sample was allowed to rest for a period of 24 hours to ensure 

dissipation of any excess pore pressures generated during the installation process. The model 

footing with load cell (Figures 3.67 and 3.68 for circular a strip footings respectively) was 

aligned centrally over the column/column group and the displacement transducer was 

positioned. At this point the digital cameras were positioned, ensuring that the full area of 

interest could be observed. The cameras were set to the optimum camera parameters dependent 
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on the phase of testing, as determined in previous investigations to provide the optimum image 

resolution. The cameras were focused manually to provide the greatest clarity of texture 

illuminated by the laser sheet. Grids of control target markers were located in front of the 

Perspex viewing windows to provide reference frames of known coordinates in the fields of 

view which enabled camera distortions to be corrected and scaling of the images. The cameras 

were set to rapid burst mode to record images at the rate of 3fps, once stable strain controlled 

loading was applied to the foundation at the rate of 0.2mm/s using the vertical drive function of 

the actuator system. Loading was terminated at a foundation displacement of 20mm which 

produced image sequences in the region of 300 in number for analysis. 20mm footing 

displacement corresponds to14% 19% and 28% of the column height, for column lengths 

72mm, 108mm and 144mm respectively. These settlements are easily significant enough to be 

considered foundation failure (Craig 1974). 

 
Figure 3.1: Transparent soil (a) with target beads (after Gill, 1999), (b) internal texture created 

by timiron particles when illuminated by laser sheet. 
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Figure 3.2 Application of 10 pixel horizontal movement to cropped soil image (0.03% timiron ) 
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Figure 3.3 Investigation of Optimum Timiron Content 

 
Figure 3.4 Investigation of Increase in Viscosity with Aggregate Content 
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(a) (b) 

Figure 3.5 Preliminary Tests: (a) Reflection of Laser Light by Leighton Buzzard Sand Based 

Column, (b) Laser Light Absorbed by Dark Coloured Sand Based Column 

 

 
Figure 3.6 Direct Shear Test Results on Column Sand 
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Figure 3.7 Shear Strength Envelopes for Column Sand 

 

 
Figure 3.8 Results of Particle Size Analysis (PSA). 
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(a)                                                                           (b) 

Figure 3.9 Schematic Illustration of Technique Adopted for Single Column Tests (after 

Ballacchino 2011). (a) Experimental Technique, (b) Plan View of Dual Sample 

 
 

Figure 3.10 Schematic Illustration of Technique Adopted for Column Strip Group Tests 
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Figure 3:11 Feasibility Study: Options for Implementing Dual Laser System 

 

 

 
Figure 3.12 Photograph of Testing Configuration for Column Group Tests 
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Figure 3.13 Column Group Test System: Control Desk 
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Figure 3.14 Test Chamber 
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Figure 3.15 De-Airing System 
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Figure 3.16 Sample Preparation in Test Chamber 
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Figure 3.17 Automated Consolidation System 

 

 

Figure 3.18 Piston Mounting Plates and Connections 

 

 

Figure 3.19 Guides for Easy Alignment of Consolidation Chambers 
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Figure 3.20 Consolidation System Operating at Full Capacity 
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Figure 3.22 Laser Compartment Components and Connections 

 

 
Figure 3.23 Installed Loading Platform 
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Figure 3.24 Installed Loading Platform, Laser with Shuttering and Scanning Beam Box 

 
Figure 3.25 Synchronized Dual Camera Trigger Connection 

 

 
 

Figure 3.26 Control Point Diameter v Camera Position (www.geodetic.com) 
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Figure 3.27 Concave Target Viewed from Front – Shadowing 

 

 
 

Figure 3.28 Flat Target Viewed Through the Back 
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Figure 3.29 Spectral Curve – Red 4401 Perspex Sheet 
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Figure 3.31 Improvement in Precision with Red Channel Deletion 

 

         
 

 

 

 

 

 

 

 

 

(a)                                              (b) 
 

Figure 3.32 Reflection in Front Perspex Window Minimised Using Light Sources at Shallow 

Angles 
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Figure 3.33 Calibration of Standard Error Vector Sum In Relation to Voltage Supplied 

 
Figure 3.34 10kN Load Cell Calibration 
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Figure 3.35 Pneumatic Cylinder 1: Output Load v APC Pressure 

 

Figure 3.36 Pneumatic Cylinder 1: Sample Stress v APC Pressure 

0 50 100 150 200 250 300 350 400 450 500
0

1000

2000

3000

4000

5000

6000

APC Pressure (kPa)

L
o
a
d
 (

N
)

y = 12.2119 *x + -31.7875 R2=0.999

y = 12.25 *x + -23.2462 R2=1

 

 

Calibration - 07/2011

Calibration - 09/2012

0 50 100 150 200 250 300 350 400 450 500
0

20

40

60

80

100

120

140

APC Pressure (kPa)

S
a
m

p
le

 S
tr

e
s
s
 (

k
P

a
)

y = 0.30625 *x + -0.58115 R2=0.999

y = 0.3053 *x + -0.79469 R2=0.999

 

 

Calibration - 07/2011

Calibration - 09/2012



Chapter 3. Research Methodology 
 

115 
 

Figure 3.37 Pneumatic Cylinder 1: Percentage Losses Through Piston v APC Pressure 

 

 

Figure 3.38 Pneumatic Cylinder 2: Output Load v APC Pressure 
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Figure 3.39 Pneumatic Cylinder 2: Sample Stress v APC Pressure 

 

Figure 3.40 Pneumatic Cylinder 2: Percentage Losses Through Piston v APC Pressure 
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Figure 3.41 Pneumatic Cylinder 3: Load v APC Pressure 

 

 

Figure 3.42 Pneumatic Cylinder 3: Sample Stress v APC Pressure 
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Figure 3.43 Pneumatic Cylinder 3: Percentage Losses Through Pisotn v APC Pressure 

 

Figure 3.44 Drawwire Transducer 1: Measured Displacement v Actual Displacement 
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Figure 3.45 Drawwire Transducer 2: Measured Displacement v Actual Displacement 

 

 

Figure 3.46 Drawwire Transducer 3: Measured Displacement v Actual Displacement 
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Figure 3.47 Isolated Test System: 2.5kN Load Cell, Full Range Calibration 
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Figure 3.49 Group Test System: 2.5kN Load Cell, Test Range Calibration 

 

 

 

Figure 3.50 Isolated Column Test System: 25mm LVDT Calibration 
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Figure 3.51 Group Column Test System: 25mm LVDT Calibration 
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Figure 3.53 Isolated Column Test System - Variation of Tracking Precision with Exposure 
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Figure 3.54 Isolated Column Test System - Variation of Tracking Precision with Aperture Size

10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fstop

 S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fstop

 S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fstop

 S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fstop

 S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

10 15 20 25 30 35
0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Fstop

 S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

ISO 100 ISO 200 

ISO 300 ISO 400 

ISO 500 



Chapter 3. Research Methodology 
 

126 
 

 

 

Figure 3.55 Isolated Column Test System - Variation of System Accuracy with Aperture Size 

 

 
 

 

Figure 3.56 Average Standard Error in Tracking 10 pixel shift - Laser Power and Scanning 
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Figure 3.57 Mixed Oil Recovery from Waste Material 
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(a) 6kPa                                                            (b) 12kPa 

 
(c) 25kPa                                                             (d) 50kPa 

 
(e) 100kPa 

 

Figure 3.58 Void Ratio Data Derived from Consolidation of Test Samples 
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Figure 3.59 Void Ratio Data Derived from Consolidation of Test Samples Plotted Against the 

Natural Log of Consolidation Pressure 

 
Figure 3.60 Comparison of Void Ratios Recorded During the Current Invesigation with those of 

Stanier (2011), McKelvey (2002) and Gill (1999). After Stanier (2011) 
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Figure 3.61 16mm Diameter Helical Auger   Figure 3.62 16mm Compaction Bar with Load Cell 

 

 

Figure 3.63 Stress Controlled Column Installation, with Stress Limited to 100 kPa 
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Figure 3.64 Stress Controlled Column Installation, with Stress Exceeding 100 kPa 

          

Figure 3.65Auger Drilling in Stages to Final Column Depth 
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Figure 3.66 Compaction in Stages up to Surface Level 

 

 

 
Figure 3.67 Circular Footing with Load Cell        Figure 3.68 Strip Footing with Load Cell 
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4.0 Optimisation of Laser Aided Imaging System 

This chapter outlines the processes used to derive displacements and strains from the sequences 

of digital images captured during testing. The first step was to perform PIV tracking of a 

predefined mesh of interrogation patches in image space to produce displacement data. The 

principals of close range photogrammetry were then applied to convert the data to objectspace, 

while incorporating corrections for radial and tangential lens distortion, camera movement 

during testing, scale variation and refraction errors. 

Section 4.1 concerns the development of a new image enhancement technique for improving the 

precision of PIV tracking in image space. Image manipulation was necessary to enhance the 

trackability of the transparent soil used in this research. The optimisation, validation and 

applicability of the technique are described and the resulting performance is compared to the 

upper bound precision limit for a range of laboratory soils. 

Section 4.2 presents the overall measurement precision and accuracy achieved in the 

experimental tests. The accuracy of the system has been optimised through the implementation 

and validation of a superior centroiding routine previously developed at the University of 

Sheffield (Effendi 2007) replacing geoCENTROID8, and scale and refraction corrections. 

Precision errors have been minimised through the split RGB channel technique, image 

enhancement, camera movement corrections and the optimisation of the patch size and leapfrog 

parameters for soil tracking in image space. 

The chapter concludes with a description of the method of analysis employed in this research in 

Section 4.3.  The new imaging techniques described and validated in Sections 4.1 and 4.2 were 

implemented around existing PIV operations, tailored to overcome specific 

imaging/photogrammetric complexities associated with modelling using transparent soils. These 

developments enabled deformation of the vibro stone column and that of the surrounding soil to 

be successfully tracked. Finally, a data appraisal aimed at providing the reader with an 

appreciation for the progress made in the analysis technique by assessing the collective effect of 

the new imaging techniques developed on the quality and reliability of the test output plots for 

the work is presented. 

4.1 Image Enhancement  

4.1.1 Soil Texture Quality Assessment.  

As explained in Section 2.23, GeoPIV divides the first image or reference image into a grid of 

square patches, each with its own unique soil texture. The PIV algorithm then searches the 

subsequent images, within a specified search zone, for the best matched intensity subset for each 
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patch in the reference image. In order to obtain accurate image correlation, each patch must 

contain sufficient intensity variations to be distinguished from the rest of the search zone 

(Dutton et al. 2011). Coarse grained sands display natural intensity variations when 

photographed, and thus can be tracked well. However in the case of fine grained soils, texture 

must be artificially produced using flock applied to the surface of the soil model behind the 

viewing window. As explained in Chapter 2, in the case of transparent soil, timiron oxide 

seeding particles are added the soil mix, producing soil texture when the model is illuminated 

by a laser sheet.  

The most straight forward parameter for assessing the quality of soil texture on a global scale is 

the mean intensity gradient δf  (MIG), defined as (Pan et al 2010): 

   ∑ ∑ 
   

 
   |  (   )|                                 Equation 4.1 

Where   and   are the image width and height respectively in pixels, |  (   )| is the modulus 

of local intensity gradient vector equal to√       
         

  and    and    are the first order 

intensity derivatives at pixel     (Pan, 2010).  Precision associated with soil texture can be found 

by using MatlabTM to apply a 10 pixel rigid body translation to images of the soil and then 

evaluating the standard error output (White et al 2003) 

Soil tracking precision for the transparent soil was initially found to be significantly above the 

upper bound error suggested by White (2002) for geoPIV tracking, as seen on Figure 4.1.  In the 

patch size range 50-100 pixels, the standard error vector sums were on average 325% higher 

than the upper bound limits and this % increased with decreasing patch size. This performance 

shows considerable degradation in performance compared to that observed in the timiron 

calibration tests (Figure 3.3). This was due to the depth of the target plane in the model as the 

timiron calibration was performed at on a plane of interest  just inside the boundary of a small 

Perspex container. In order to optimise the precision of soil displacement tracking and increase 

the MIG of the test images, various methods of image enhancement through Matlab have been 

trialled.  

Image enhancement is a tool which is indispensable in a wide variety of fields such as medical 

imaging, art studies, forensics and atmospheric science (Vij  and Singh 2011, Sepasian et al 

2008 and Dhawan et al 1986). It is an application specific and empirical technique, in that there 

is no general guiding theory. In some cases a human viewer is the judge of how well particular 

adjustments work, while in others such as computer vision, the tool is used as a preprocessing 

step, with the ultimate judge of the methods applied, being their effectiveness in facilitating the 

next task to proceed (Vij  and Singh 2011). The objective of the image enhancement trials 

described in this section is to enhance the attributes of the test images in order to enable more 



Chapter 4. Optimisation for Laser Aided Imaging System 
 

135 
 

precise PIV tracking. The two independent evaluation parameters, MIG and standard error, were 

used to determine the optimum image enhancement methods 

 In the following sections, the effect of various image enhancement tools on the quality of 

transparent soil is assessed, with the best precision and highest MIG achieved by the most 

effective combination of image adjustments finally presented in section 4.3.2. In order to assess 

the widespread applicability of the enhancement methods and make the technique more 

appreciated, the adjustments were also applied to images of the most commonly tracked 

laboratory materials,  Leighton Buzzard sand and flocked kaolin, which themselves exhibited 

poor trackability, as seen on Figure 4.2. The average errors in the patch size range 50-100 

pixels, for the tracking of raw images of the three materials, are expressed as a percentage of 

White’s corresponding upper bound limits in Table 4.1 

In previous work using transparent soil at the University of Sheffield by Stanier (2011), patch 

sizes of 50 pixels were used as soil tracking errors increased significantly at smaller patch sizes. 

Trials on preliminary test data have shown that increasing patch sizes to 50-100 pixels, while 

creating patch overlap by maintaining a spacing of 50 pixels, further improves performance. 

Thus the patch size range of 50-100 pixels can be considered the working patch size range for 

transparent soils, and therefore most critical for this investigation into the effectiveness of image 

enhancements. So while the author has assessed the effect of all image enhancement techniques 

for the full range of 0-100 pixels, the discussion and tabulated data focuses on the working 

patch size range for transparent soils.  

Table 4.1 Magnitude of Average Standard Error Vector Sums in Tracking RGB Images for the 

Patch Size Range 50-100 Pixels, as a Percentage of Whites Upper Bound Average Error for the 

Same Range. 

 Transparent Soil Flocked Kaolin Sand 

Std Error Vector Sum 425.15% 332.33% 201.68% 

 

4.1.2 Single Matlab Adjustments 

The first decision to be made was whether image enhancement should be trialled on the original 

RGB images, or whether they should be converted to grayscale. Grayscale format was chosen 

for reasons explained in section 4.1.2.1. The results of a subsequent investigation into the effect 

of further individual enhancement operations on the grayscale images are discussed in sections 

4.1.2.2 to 4.1.2.4.  The effect of all the modifications of the original image on soil tracking 

vector sum errors for the range of materials used are plotted against patch size and presented on 

Figures 4.3, 4.4. 4.5 and 4.6 and tabulated in Tables 4.2 and 4.3. 
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Table 4.2 MIG Values for Grayscale Images Before and After Enhancement Using the Single 

Matlab Adjustments 

MIG – after Transparent Soil Flocked Kaolin Sand 

Grayscale 7.07 8.34 7.26 

Adaptshisteq 21.65 24.53 24.48 

Imadjust 15.93 13.94 16.51 

Fspecial(‘Unsharp’) 19.17 15.02 15.84 

Wiener   5.38 7.57 5.62 

Fspecial(‘Gaussian’)   5.87 8.06 6.40 

 

Table 4.3 Magnitude of Average Standard Error Vector Sums in Tracking Orginial RGB Images 

and Resulting Images Following Enhancement Using Single Matlab Adjustments, for the Patch 

Size Range 50-100 Pixels, as a Percentage of Whites Upper Bound Average Error for the Same 

Range. 

Std Error Vector Sums Transparent Soil Flocked Kaolin Sand 

RGB 425.15% 332.33% 201.68% 

Grayscale 383.76% 204.51% 177.24%  

Adaptshisteq 148.43% 106.62% 69.33% 

Imadjust 165.28% 123.54% 97.29%  

Fspecial(‘Unsharp’) 211.44% 134.16% 98.64% 

Wiener   463.83% 192.97% 211.36% 

Fspecial(‘Gaussian’)   365.05% 211.37% 179.30% 

 

4.1.2.1 RGB To Grayscale 

Transformation of trial images from RGB format to grayscale was done using the rgb2Gray 

function in MatlabTM. Examination of Figure 4.3, shows that the adjustment produced a 

noticeable improvement in tracking precision for all materials. Table 4.3 quantifies the 

improvement in the working range, 50-100 pixels. The transformation resulted in a 9.73% 

reduction in transparent soil tracking errors. For clay, the adjustment improved precision by 

38.46%, while for sand, corresponding improvement was 12.11%.  

The rgb2Gray command converts RGB images by eliminating hue and saturation information 

while retaining the luminance. The terms hue, saturation and luminance are attributes of an 

alternative colour specification model to the RBG system, called HSV (Hue Saturation Value). 

The hue of a colour is a property describing its proximity to a specific colour wavelength on the 
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spectrum. The saturation is a measure of the ‘purity’ of the hue or how ‘washed out’ it looks. 

Luminance is defined as the wavelength weighted light intensity per unit area, in this case the 

pixel, based in the standardised model of the sensitivity of the human eye, or in the case of an 

image processing task the camera CCD. The sensitivity model used to compute the grayscale 

luminous intensity values is: 

                                                 Equation 4.2 

In effect this forces all light components to be equal by normalising the light channel 

components by the CCD’s corresponding sensitivities. The reason for the superior tracking of 

the grayscale converted images is unclear. The author attempted to compare the intensity 

gradients of colour and grayscale images in a quantifiable manner, by converting RGB images 

to HSV and comparing the variation in luminous intensities in the V channel with those in the 

grayscale images, using MIG values. As seen in Table 4.4, there are only minor variations in the 

MIG’s calculated for the two image formats, with the sand and clay materials showing slightly 

lower gradients in grayscale while transparent soil showed a slight improvement. 

Table 4.4 Comparison of MIG Values for Original Images Converted to HSV format and 

Grayscale Images  

 Transparent Soil Flocked Kaolin Sand 

MIG – HSV 3rd 

column*255 

6.65 8.93 7.40 

MIG – Grayscale 7.07 8.34 7.26 

 

The results therefore, do not confirm that grayscale texture is of better quality than that offered 

by the RGB format. Overall the author concluded, based on the evidence presented in Figures 

4.3 that grayscale images were more suitable for PIV tracking on the materials trialled, due to 

the more precise PIV tracking observed. 

4.1.2.2 Adaptive Histogram Equalisation 

The effect of other enhancement methods on the grayscale images produced by the rgb2Gray 

function was also assessed. Contrast-limited adaptive histogram equalisation (CLHE) has been 

reported as the most critical first step in enhancing fingerprint images, to improve the 

performance of feature extraction algorithms used in their matching (Sepasian et al 2008). Thus 

the adaphisteq command was the first method trialled in this investigation. Its effect is 

presented in Figure 4.8, which relates the original histograms of the grayscale images to those of 

the newly enhanced images for transparent soil, clay and sand respectively.  
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Grayscale histogram equalisation stretches the histogram of an image, by distributing the gray 

lightness values of the image over the full gray spectrum. Both the standard histogram 

equalisation (HE) function histeq and the improvement to this technique adpthisteq were 

originally considered. Literature stated that the original method however, can result in over 

enhancement and saturation artifacts or noise amplification due to stretching of the image 

histogram over the full gray spectrum. CLAHE was developed to overcome this issue by 

computing separate histograms for partitioned regions or tiles covering the full image and 

enhancing the contrast of each tile separately, as opposed to HE which uses one histogram for 

the full image. The gray lightness values are distributed over the full gray level range for each 

tile, consequently CLAHE improves an image’s local contrast bringing out more detail in the 

image, which is desirable for PIV tracking. The neighbouring tiles are combined using bi linear 

interpolation to eliminate artificially induced boundaries and the contrast can be limited to avoid 

noise amplification in certain areas.  

The histogram stretching greatly improved the texture quality in all cases. Table 4.2 shows that, 

for transparent soil, there was a 125% increase in MIG from 7.07 to 15.93. For clay, MIG was 

increased from 8.34 to 24.53, which equates to 195%, while for sand there was a corresponding 

increase of 237% from 7.26 to 24.48.  Precision is also greatly enhanced, as presented in 

Figures 4.4, 4.5 and 4.6 and Table 4.3. As presented in the table, standard error vector sums 

have been reduced to 35%, 32% and 34% of the original RGB tracking errors. 

A range of other image enhancement functions were subsequently trialled. Individually some 

produced improvements in precision while others were ineffective, with some in fact decreasing 

MIG and precision. These are discussed in Sections 4.1.2.3 and 4.1.2.4. 

4.1.2.3 Contrast Optimisation 

Both imadjust  which adjusts image intensity values according to the users inputs and  the 

contrast enhancement filter fspecial(‘unsharp’) significantly improved performance, as seen in 

Figures 4.4, 4.5 and 4.6. The improvement is quantified in Tables 4.2 and 4.3 respectively.  

Figure 4.9 portrays the impact of the input parameters of the imadjust command on transparent 

soil texture. The function works by mapping the intensity values in the grayscale image I to new 

values in J such that the values between low_in and high_in map to values between low_out and 

high_out. Trials for all materials showed that the best texture is always achieved using low_out 

and high_out values of 0 and 1 respectively, which is intuitive, while the author has fixed 

low_in to 0. However a loop must be always be employed in order to establish the optimum 

high_in value. The loop can be based on the best precision to which the manual shift of a 

cropped patch of the first image by 10 pixels is tracked, or the maximum Mean Intensity 

Gradient (MIG) of the cropped image. Both were trialled and consistently gave the same 
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combination of high_in and low_out, thus either could be used. Figure 4.9 shows that the 

optimum value of this parameter for the transparent soil in this work was 0.3, while the 

corresponding loops for clay and sand produced optimum values of 0.4 and 0.35 respectively 

(Figures 4.10 and 4.11). For transparent soil, this parameter is dependent on laser colour and 

intensity, and camera parameters , while for the latter two materials it would be dependent on 

the texture colour (natural or artificial) and intensity as well as the camera parameters. The 

value should be calibrated independently for each experimental setup. 

The loop was very useful in the research project, as laser colour, power and distance travelled as 

well as camera parameters, changed from the single column test system to the column group test 

system, as described in Chapter 3. The effect of the new test system on the optimum parameters 

was easily identified using the loop. In addition the side view images in phase 2 were enhanced 

based on assessment of a cropped image of the column itself rather than the surrounding soil, 

exploiting this flexible method of determining the optimum input parameters to the 

enhancement functions. 

4.1.2.4 Low Pass Filter Commands 

The low pass filter commands wiener and  fspecial(‘gaussian’) had an insignificant or negative 

effect on performance, as seen in Tables 4.2 and 4.3 and Figures 4.4, 4.5 and 4.6.  

Overall it can be seen that the most effective single enhancement methods are the contrast 

enhancement tools, adapthisteq and imadjust, and contrast enhancement filter, 

fspecial(‘unsharp’), and that they are most effective when performed on grayscale images. 

4.1.3 Adjustment Combinations 

Full image enhancement was achieved by using a combination of the methods trialled 

individually in section 4.1.2, and was shown to dramatically decrease the magnitude of the 

standard errors associated with soil tracking, for all the materials trialled.  An extensive range of 

combinations of all the methods above were trialled despite the fact that some proved 

ineffective when employed on their own. The texture quality and corresponding tracking 

precision achieved are presented in Table 4.5 and Table 4.6 respectively, and discussed further 

in section 4.1.3.1 in conjunction with the relevant plots. After revisiting the matter, it was found 

that removing the individually ineffective fspecial(‘gaussian) and wiener methods from the 

adjustment sequence resulted in the best performance. It was then found that different 

permutations of the remaining methods adapthisteq, imadjust, and fspecial(‘unsharp’), 

produced different soil textures and tracking performance. The final optimum texture quality 

and corresponding best tracking precision achieved are presented in Table 4.5 and Table 4.6 

respectively, and discussed further in section 4.1.3.2 in conjunction with the relevant plots.  
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Table 4.5 MIG Values for Grayscale Images Before and After Enhancement Using the Single 

Matlab Adjustments and Adjustment Combinations 

MIG – after Transparent Soil Flocked Kaolin Sand 

Single Adjustments 

Grayscale 7.07 8.34 7.26 

Adaptshisteq 21.65 24.53 24.48 

Imadjust 15.93 13.94 16.51 

Fspecial(‘Unsharp’) 19.17 15.02 15.84 

Wiener   5.38 7.57 5.62 

Fspecial(‘Gaussian’)   5.87 8.06 6.40 

Adjustments Combinations 

All Adjustments 33.25 40.50 59.77 

Selected Adjustments 212.04 230.14 263.69 

 

Table 4.6 Magnitude of Average Standard Error Vector Sums in Tracking Orginial RGB Images 

and Resulting Images Following Enhancement Using Single Matlab Adjustments and 

Adjustment Combinations, for the Patch Size Range 50-100 Pixels, as a Percentage of Whites 

Upper Bound Average Error for the Same Range. 

Std Error Vector Sums Transparent Soil Flocked Kaolin Sand 

Single Adjustments 

Grayscale 425.15% 332.33% 201.68% 

Adaptshisteq 383.76% 204.51% 177.24%  

Imadjust 148.43% 106.62% 69.33% 

Fspecial(‘Unsharp’) 165.28% 123.54% 97.29%  

Wiener   211.44% 134.16% 98.64% 

Fspecial(‘Gaussian’)   463.83% 192.97% 211.36% 

Adjustments Combinations 

All Adjustments 92.10% 82.84% 33.05% 

Selected Adjustments 3.93% 2.75% 0.00% 

 

4.1.3.1 All Adjustments  

By combining the commands rgb2gray, adapthisteq, imadjust, wiener2, fspecial(‘unsharp’) and 

fspecial(‘gaussian’ , in this order, full enhancement is achieved. Its effect on MIG and precision 

is summarized in Tables 4.5, 4.6 and Figure 4.12, while the fully enhanced images are presented 

in Figures 4-12 and 4-13 along with an outline of the command sequence executed.  As Table 
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4.6 shows, for transparent soil, the average magnitude of the vector sum errors in the working 

range 50-100 pixels was reduced to 92.10% of the upperbound reported by White et al (2003). 

The corresponding errors associated with clay and sand tracking were reduced to 82.84% and 

33.05%.respectively. 

The effect of each step can be gauged by plotting the resultant standard error against MIG for 

the enhancement process (Figure 4.15). It is seen that histogram equalisation through 

adapthisteq is a critical step, both in cutting standard errors in tracking and improving texture 

quality. While the subsequent adjustments improved texture quality greatly in terms of MIG, the 

level of improvement in tracking precision was not as pronounced as the in the adapthisteq step, 

meaning that improvements in intensity gradients do not directly translate to improved 

performance. Judging by this figure adapthisteq seems to be the most  important step for image 

enhancement, but further tests showed that this  is misleading, as  both imadjust and 

fspecial(‘unsharp’) have a similar effect when applied first to raw grayscale images, before 

adapthisteq, thus showing the importance of the order in which the commands are executed. 

Either way, the final result is the same, and it is clear from Figure 4.15, where errors continue to 

decrease, and texture quality improves through the enhancement process, that combining the 

image enhancement methods, results in superior soil tracking ability and texture quality, 

compared to single image adjustment. 

 4.1.3.2 Selected Adjustments           

The low pass filter commands wiener and fspecial(‘gaussian’) were shown to be ineffective in 

enhancing texture quality and tracking precision (Tables 4.2 and 4.3) , hence  these commands 

were excluded. It was also found that this adjustment combination was most effective, with the 

imadjust and fspecial(‘unsharp’) commands executed before histogram equalisation. Mean 

intensity gradients of 212.04, 230.14 and 263.69 (Table 4.5) were achieved for transparent soil, 

clay and sand respectively, while the corresponding final average standard errors for the 

working patch size range are displayed as a percentage of White’s (2002) corresponding upper 

bound limits in Table 4.6, and expressed in pixels in Table 4.7. The full range of final vector 

sum errors are presented in Figure 4.16, while the fully enhanced images are presented in 

Figures 4.17 and 4.18 along with an outline of the command sequence executed. 

The effectiveness of each step of the process is presented in Figures 4.19 and 4.20 for patch 

sizes of 50 and 100 pixels respectively. The figures show that CLAHE is more effective when 

applied after imadjust and fspacial(unsharp) than vice versa. This allows continued contrast 

enhancement. Sample test images after enhancement using this optimum combination of 

adjustments are presented in Figures 4.21 and 4.22. 
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Table 4.7 Magnitude of Standard Errors in Tracking Grayscale Transparent Soil, Flocked 

Kaolin and Sand Images Enhanced Using Selected Commands for the Patch Size Range 50-100 

Pixels.  

Ave.Std. Eror Vector Sum (Pixels) 50 60 70 80 90 100 

Transparent Soil 0.03E-1 0 0 0 0 0 

Clay 0.02E-1 0 0 0 0 0 

Sand 0 0 0 0 0 0 

 

4.2 Close Range Photogrammetry  

As stated in section 2.2.3.1, in order to exploit the superior precision of GeoPIV compared to 

previous displacment measurement systems, pixel space coordinates must be converted to 

object space via camera calibration and transformation using the pinhole model. White and Take 

(2003) distributed  two algorithms for the execution of camera calibration after  the completion 

of PIV, GeoCENTROID8 for reference target identification and GeoCALIBRATE8 for 

transformation opimisation.  

 

As the geoCENTROID8 routine cannot be read or edited, it offers little control of the critical 

centroiding procedure for the user. For this reason the author trialled an area weighted 

centroiding routine previously developed at the University of Sheffield (Effendi, 2007), in an 

attempt to minimise centroiding errors, as it allowed full user control over input parameters and 

tolerances. The effectiveness of the new algorithm is assessed in Section 5.1 

The geoCALIBRATE8.m routine encapsulates the image correction and transformation 

optimisation steps, producing object space coordinates. However, the algorithm was designed 

for use in test systems where the reference targets are positioned on the same vertical plane as 

the data points. In practice this equates to a situation where a 2-d control plane is positioned 

directly in front of the plane of soil being tracked, such that coplanarity can be assumed between 

the planes. In such conditions the transformation parameters between the CCD plane and 

control plane can be applied directly to observed data on the plane of interest in the image 

correction step. 

It can be seen in Figures 3.9 and 3.10, that in the experimental system employed in this work, 

the control plane is located a distance (half the depth of the soil model) in front of the data (laser 

illuminated) plane. The non coplanarity between these planes affects the camera calibration 

process. The final linear transformation to determine object space coordinates, becomes a two-

step process composing of a transformation from the camera CCD to the control plane via the 

pinhole model, and secondly from the control plane to the target plane.  
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 To do this it is necessary to know the principal point and camera position in object space. If 

these parameters are known, scale and refraction corrections can be applied to account for the 

extra distance travelled by the light rays, from the target plane to the control plane through the 

unseeded, front half of the model. A new camera calibration and data transformation algorithm 

has been written to achieve this. It is described and its performance is evaluated in section 5.2. 

4.2.1 Reference target identification (Centroiding) 

 

‘Accuracy is telling the truth, precision is telling the same story over and over again.’ 

White (2002) explained the accuracy and precision of the experimental system using the above 

quote.  

 

Precision is defined as the random difference between multiple measurements of the same 

quantity, and can be assessed by tracking zero movement on the plane of interest, and 

determining the standard deviation of the calculated movement (White, 2002). It is a function of 

PIV patch size, texture quality and the close range photogrammetry procedures adopted (White, 

2002). 

 

The positional accuracy can be defined as the systematic difference between the true 

coordinates of a grid of reference targets and those calculated from reconstruction of the 

measured image space values (White, 2002). In GeoPIV, this equates to passing the grid of 

image space coordinates of the grid of reference targets through the camera calibration and 

object space transformation routines to find its measured object space coordinates, and 

recording the deviation of the coordinates determined from their known actual positions. When 

examining the positional accuracy of his measurement system White (2003) observed that the 

discrepancy vectors fitted a random spatial distribution pattern. This non-systematic distribution 

indicates that these errors are not as a result of the photogrammetric calibration routine. Instead, 

they arise in the method used to establish the image space location of the reference targets, the 

centroiding routine. 

 

Effendi (2007) presented an alternative centroiding routine developed at the University of 

Sheffield, which used the ratio of the area moment of the individual pixels to the total cropped 

area to deduce centroid coordinates as opposed to the pixel intensity method employed in 

geoCENTROID8 (Take 2003). The algorithm also incorporates the following steps, aiming to 

improve the accuracy of centroiding analysis:  

 Multiple thresholding on every target marker. The intensity of the target marker is 

divided by 100 thresholds between upper and lower bounds (Figure ). The centroid of 
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each marker is then found by averaging the centroids calculated using the different 

thresholds.  

 At each threshold the individual pixel intensities are converting to binary form. Those 

intensities larger than the assigned threshold value are converted to ones while those 

lower than the threshold are converted to zeros. The purpose of this is to isolate target 

marker pixels from those in the background 

 At thresholds near the lower bound it is possible that non-zero binary intensities would 

occur due to background noise. A cavity filling technique is employed to change these 

non-zero background intensities to zero, as they would have a detrimental effect on 

centroiding accuracy (Figure ). 

 Gaussian smoothing of the intensity curve surface is incorporated in the algorithm to 

smooth out surface peaks and troughs, reducing the noise on the intensity of the marker. 

This is important at the thresholds at the upper and lower extremes of the limit range, 

where troughs within the target marker and background noise respectively can give 

cause misleading centroids to be calculated (Figure ). 

 The first stage in executing the centroiding routine is the loading of initial centroid estimates 

and specification of initial cropping patch size. Initial cropping size must be chosen so that the 

cropping patch is completely inside the black background, as high intensity pixels in the soil 

will lead to non-zero binary intensity causing the calculated centroid to deviate from the centre 

of the target (Effendi 2007).The black background behind each 3mm target marker, was 

provided by a 6mm drilled circular hole filled with black acrylic paint. The process of cropping 

inside the background area, while including the whole of the target area was made difficult by 

the use of a square cropping area. As a result the author used image processing algorithms in 

MatlabTM to read the first image of the test sequence, delete the blue and green light channels 

(the laser illuminated soil has no red component) and create a new image in the red channel for 

centroiding purposes only.  

Centroid locations are now calculated for each target marker in turn, by performing an area 

moment computation using binary fill centroiding, multiple thresholding, cavity filling and 

gaussian smoothing as explained in section 2.2.4.1. This is one iteration. These centroid 

positions are then used as the centre of the cropping area for each target marker in the next 

iteration and a new set of centroids are calculated. The offset of the new centroid position is 

recorded.  

A ‘while’ loop specifying the criteria for which the centroiding accuracy is satisfied controls the 

operation of the routine. While the offset between successive centroid positions for any of the 

target markers is above the specified precision threshold, the loop will continue iterating, until 
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the centroid offset for each target marker between successive iterations is within the tolerance 

specified by the threshold. 

The algorithm allows full user control of the centroiding procedure. Input parameters can be 

changed easily before running the routine. In most cases, the choice of input parameters will 

affect centroiding accuracy. Apart from the initial cropping size, the most important parameters 

that need to be specified are the threshold limits over which threshold positions will range. 

Effendi (2007) and Stanier (2011) predefined the upper and lower bounds by excluding the 

extreme 10% ranges; however, the current author found that reducing the threshold range 

manually minimised the variation in centroids calculated, by cutting out thresholds whose 

intensity plots did not exhibit a circular profile. After trials, using the average residual error for 

camera calibration for validation, a lower threshold limit of 35% was chosen as high enough to 

avoid background noise. Cavity filling described above was used to combat the effect of this, 

but choosing the correct lower limit was the first step. This higher lower limit is possibly a 

product of the low intensity lighting provided to the targets by the light boxes presented in 

Section 3.4.4.2 in an otherwise dark room. In contrast, an upper limit must be chosen below the 

values to which intensity troughs fall to. 70% was found to be suitable, as in the work of Stanier 

(2011).  

Figure 4.26 illustrates the typical deviation of the threshold centroids around the chosen 

centroid coordinates for a single control point using the area weighted centroiding routine, while 

Figure 4.27 presents the average residual error of the image to object space transformation 

throughout the image sequence. This parameter is a measure of how well the observed 

transformation fits the mathematical functions of the pinhole camera model and gives a good 

idea of the effectiveness of the centroiding routine in pixel space. The plot shows a large 

decrease in residual errors, with the initial value decreasing from 2 pixels to 0.1 pixels, when 

geoCENTROID8 was replaced with the area weighted routine. As the control points do not 

move during foundation loading, a leapfrog value higher than the number of images in the test 

sequence was employed to ensure that the average residual error for the set of control points 

remains stable over the duration of the test. Figure 4.28 shows the effect of increasing leapfrog.  

It is seen that the average error remained stable at around 0.1 pixels. The corresponding 

improvement in positional accuracy of system was found by passing the grid of image space 

coordinates on the control plane (the CONTROL.txt file) through the geoCALIBRATE routine, 

and recording the deviation of the coordinates determined from their known positions in object 

space. The improved positional accuracy in object space was around 0.027mm in both 

directions as seen in Figure 4.29. Considering that the target markers were drilled to an accuracy 

of ±10μm, this is very accurate, although Effendi (2007) quoted accuracies of 10 μm and 6.5 

μm, in ambient lighting conditions. 



Chapter 4. Optimisation for Laser Aided Imaging System 
 

146 
 

4.2.2  Transformation Optimisation  

 

The application of scale and refraction corrections in object space requires the calculation of the 

principal point position and the distance to the projective centre in mm. However, just like 

GeoCENTROID8, geoCALIBRATE8 cannot be read or edited and neither are the calculated 

intrinsic and extrinsic parameters saved in the Matlab workspace. As a result the author 

developed a separate camera calibration routine replicating geoCALIBRATE8, whereby the 

transformation parameters were determined allowing scale and refraction corrections to be 

implemented. The algorithm is based on Heikillas (2002a) toolbox. 

 

Heikillas (2002a) camera calibration procedure is based on pinhole camera model, which itself 

is based on perspective projection. The pinhole model is an idealised mathematical framework 

which describes a linear transformation from pixel space to object space, incorporating an 

intrinsic rigid body rotation and a translation to convert between coordinate systems (Heikilla 

and Silven, 1997). The extrinsic camera parameters define this transformation, and their use 

allows the non coplanarity of the CCD and object planes to be accounted for (Heikilla and 

Silven, 1997). As will be seen, the pixel aspect ratio α, is incorporated to account for CCD non 

squareness (Heikilla and Silven, 1997). The model is also augmented with a non-linear lens 

distortion model to account for radial and tangential distortion. 

The model is presented in Figure 4.30. It based on the principal of collinearity, meaning each 

point in object space is projected by a straight line through the projection centre into the image 

plane. The origin of the camera coordinate frame C is located at the projection centre (Heikilla 

and Silven, 1997). The image plane is parallel to the xy plane and it is located a distance f, equal 

to the effective focal length of the camera, from the projection centre along the z axis (Heikilla 

and Silven, 1997). The point where the z axis or optical axis intersects the image plane is called 

the principal point (u0, v0). In a perfectly assembled camera the principle point will be at the 

image centre but misalignment of the camera lens relative to the image sensing plane or 

misalignment of the lens elements themselves usually causes some deviation (Clarke et al 

1998). On the image plane, the u and v axes form the 2d image coordinate frame. However this 

notation is misleading as the standard notation for the axes of 2d pixel space coordinate system 

is also u and v and the origin of this frame is located in the top left corner of the image (Heikilla 

and Silven, 1997). It is believed that Whites (2002) approach of denoting the x and y 

coordinates on the image plane xCCD and yCCD is more appropriate.  The xCCD and yCCD 

coordinates of the principal point are (0,0). 

It must be remembered however that the pinhole perspective projection model is only an 

approximation of real camera projection. The lens systems of cameras are affected by radial and 
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tangential distortion, causing light rays to deviate from the idealized bundle of straight lines 

through the projection centre. As a result, the first step in converting from image to object space 

coordinates is to correct the [u v] data for the two distortion components which can be 

approximated by the following non-linear expressions: 
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          Equation 4.4 

Where                √    
      

 , k1 and k2 are the radial distortion coefficients and p1 and p2 

are tangential distortion coefficients. 

As stated earlier, the origin of CCD pixel array is in the top left corner, whereas the origin of the 

2d image CCD coordinates frame xCCD and yCCD is at the principal point of the image. 

Coefficients Du and Dv are needed to change the pixels to metric units (Heikilla and Silven, 

1997). These are related by the pixel aspect ratio α. A scale factor of 1 is assumed at this stage 

as there are multiple solutions in converting from image plane (u,v) data in pixels to image 

plane (xCCD , yCCD) data in mm (Heikilla and Silven, 1997). The transformation is described by 

the following equation: 
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            Equation 4.5 

The scaling transformation from the image to object plane is governed by the ratio zi/f (Heikilla 

and Silven, 1997). Therefore a point in the CCD plane with coordinates (zi xi / f, zi yi / f) will be 

located at coordinates [xi,yi,zi]T with respect to the camera frame. Heikilla and Silven, 1997): 
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            Equation 4.6 

An arbitrary point P has coordinates [xi,yi,zi]T in the camera coordinate frame C,, while in the 

world coordinate frame W, it is located at coordinates [Xi,Yi,Zi]T (Heikilla and Silven, 1997). The 

transformation between 3d reference frames consists of a translation followed by intrinsic rigid 

body rotation (Heikilla and Silven, 1997). The rotation is defined by three euler angles ω, φ, κ 

but it can be represented by a 3x3 rotation matrix (r11…r33) , while the translation between the 
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respective origins of the reference frames is defined by the vector [x0,y0,z0]T (Heikilla and 

Silven, 1997). The transformation can be performed by the following matrix operation: 
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The 6 extrinsic parameters ω, φ, κ, x0, y0, z0 are unique to every combination of position and 

orientation, and will change if camera distorts or rotates during test.  

4.2.2.1 Scale and Refraction Correction Procedure 

The pinhole model was incorporated into a Matlab algorithm and camera calibration was used to 

determine the transformation parameters. The key parameter in terms of optimising the accuracy 

of the scale and refraction corrections is the effective focal length (f).  Heikkila (2000a) and 

Clarke et al. 2008 agreed that either a 3d calibration object or multiple images of a 2d target 

from different viewpoints with varying orientation and distance are needed to calculate the 

intrinsic camera parameters accurately. Thus a 5 image calibration was performed using images 

taken at varying orientation and distance from a set of control points (Figure 4.31). The intrinsic 

camera parameters were determined and the effective focal length (f) was found to be 54.21mm. 

 

Considering that the origin of the 2d image CCD coordinates frame xCCD and yCCD is at the 

principal point of the image, examination of the structure the pinhole model (Figure 4.30) and 

Equations 4.5 to 4.7 determine that the principal point of the camera in mm with respect to the 

control plane in each test could be calculated using the following expression: 
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]                                    Equation 4.8 

Calculation of distance to the projective centre (the distance of the camera – f), which varied for 

each test, was done using a single image calibration. Considering that the image sequences were 

all captured at a fixed focal length, one would expect the calculated effective focal length to be 

close to the nominal value of 54.21mm. However, Heikkila (2000a) and Clarke et al. (2008) 

agreed that a single image of a 2d calibration object is not geometrically strong enough to obtain 

a satisfactory calibration result. Thus, in reality single image camera calibration outputs focal 
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lengths ranging from 45mm to 70mm, as seen on Figure 4.32. The same was found for the 

distance to the projective centre which shows unrealistic variation (Figure 4.33). Nonetheless, 

single image calibration was sufficient to calculate this distance as ratio of the distance to focal 

length remained stable during the image sequence as shown on Figure 4.34. This made it 

possible for the distance to be determined by calculating this ratio and multiplying it by the 

effective focal length 54.21mm (Equation 4.9). 

 

            
       

  
                                                                    

 

With all necessary transformation parameters now known, a scale correction was applied from 

the centre of the image, thus transforming data from the control plane to the target plane using 

the following formula. 
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Where     is the distance from the control plane to the target plane. Finally the fully corrected 

data [  
       

    ] t was determined after refraction through the front half of the soil model was 

corrected for using Equation 4.11 suggested by White (2002) and Take (2003) based on Snell’s 

Law. 
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The refraction model is illustrated in Figure 4.35. The deviation of an apparent point from the 

principal point in two-dimensional coordinates              was determined using Equation 

4.12, while the distance to the projective centre H is equal to             and the thickness of the 

refracting medium t is equal to    . 
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Note that it is critical that the scale and refraction corrections are applied in this order. Trials 

showed that refraction corrections applied to data uncorrected for scale were not large enough 

leading to inaccurate data and an inaccurate correction for scale too.  

 

The validation of the corrections for both sources of accuracy errors (scale and refraction) is 

described in Section 4.2.3 and the final system accuracy is presented. Similarly Section 4.2.4 

describes how the image enhancement techniques, introduced and validated in Section 4.1, 

along with split RGB analysis, camera movement corrections and the optimised input 

parameters of patch size, leapfrog and searchzone are combined to optimise the precision of the 

measurement system.   

 

4.2.3 Accuracy of Measurement System 

4.2.3.1 Validation of Scale and Refraction Corrections 

The scale and refraction corrections were applied by writing Matlab subroutines, and validated 

using the calibration target shown in Figure 4.36. The target was fabricated in the departmental 

workshop from three Perspex sheets, with the central sheet positioned such that it is coincident 

with the laser illuminated plane, when placed in the test chamber. The central sheet was drilled 

with 252 3mm diameter holes on 15mm square grid to an accuracy of ±10μm, which were filled 

with Tipp-Ex TM to create white control points on the black panel. Since the centroids and the 

known drill hole positions provided concurrent image and object space data for the laser plane, 

and the system accuracy for the front view is stable over a sequence of images, the accuracy of 

test system can be assessed and the validation of scale and refraction corrections performed 

using a single image.  

The scale correction validation was done using an image taken in front of the box with the target 

panel and calibration target in focus (Figure 4.37a). Centroiding was used to find the centre of 

each circular grid point on the calibration target, as well as the targets on the control plane, and 

the positional accuracy of the transformation was determined by passing the grid of image space 

coordinates on the laser plane through the camera calibration and transformation routine and 

recording the deviation of the coordinates from their known positions on the 15mm grid.  

Figure 4.38 presents the average positional accuracy error for each grid on the validation image 

before and after the incorporation of a scale correction. Before correction, average errors in the 

horizontal and vertical directions ranged from 2.15mm to 2.36mm. After correction, average 

errors varying between 60.3 μm and 89.7μm were observed in both directions. Standard errors 

were reduced in a similar manner, from 2.28mm and 2.27 in the horizontal and vertical 

directions to 46.5 μm and 40.6 μm respectively. Figures 4.39, 4.40 and 4.41 present the average 
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horizontal and vertical residual errors for each 15mm control grid, plotted as data points, along 

with horizontal and vertical standard errors of the control point set, plotted as circles, before and 

after scale correction implementation. 

The systematic nature of the initial scaling errors is evident in Figure 4.39 and 4.40, in contrast 

with the random positional errors observed after correction (Figure 4.41). The lack of any 

systematic pattern to the errors suggests that they are governed by the accuracy of the 

centroiding technique with no systematic errors in the camera calibration or scale correction 

procedures. It was therefore concluded that the correction was suitable for use. 

The refraction correction validation was then completed using a similar image but with the box 

full of mixed oil (Figure 4.37b). The refraction validation procedure was the same as above and 

the scale correction was applied before the implementation of the refraction correction. 

Figures 4.42 and 4.43 present the average horizontal and vertical residual errors for each 15mm 

control grid, plotted as data points, along with horizontal and vertical standard errors of the 

control point set, plotted as circles, before and after refraction correction implementation. 

Before correction, average errors in the horizontal and vertical directions ranged from -0.64mm 

to -1.26mm. After correction, horizontal average errors varying between -83 μm and 70μm and 

vertical average errors varying between 66 μm and 38μm were observed. Standard errors were 

reduced in a similar manner, from 0.895mm and 0.905mm in the horizontal and vertical 

directions to 45 μm and 28 μm respectively.  

Again, the random nature of the positional errors observed after correction is evident in Figure 

4.42, in contrast with the systematic nature of the initial refraction errors (Figure 4.43). The lack 

of any systematic pattern to the final errors suggests that they are governed by the accuracy of 

the centroiding technique with no systematic errors in the camera calibration or scale and 

refraction correction procedures. It was therefore concluded that the corrections were suitable 

for use.  

4.2.3.2 Final Accuracy of Measurement System 

As stated above, the final horizontal and vertical accuracies of the measurement system were 45 

μm and 28 μm respectively, which is favourably comparable with Stanier’s (2011) 

corresponding values of 38 μm and 65 μm, achieved using LED control points. The accuracy 

achieved in the present work, like Staniers (2011) is slightly worse than those quoted by Effendi 

(2007) with 21 μm and 31 μm, and White (2002) with 16.7 um. This is due to the random errors 

generated by the corrections for scale and refraction corrections in the transparent soil. The final 

accuracy of the system expressed as a  standard error vector sum was 53 μm. 
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The author did not examine the temporal evolution of the accuracy of the system, as the control 

points on the plane of interest were shown by Stanier (2011) to track less accurately than a 

transparent soil mesh, rendering the results of such an analysis meaningless. As a leapfrog value 

higher than the number of test images was employed for control point tracking, any 

development of inaccuracies with time would be down to soil-tracking errors, or camera 

movement errors in the system. A camera movement correction has been developed by virtue of 

the fact that the chamber boundaries where no vertical or horizontal movement can occur are 

visible in the test images. The correction is explained and validated in section 4.2.4. 

4.2.4 Precision of Measurement System 

Perhaps of more importance than accuracy is the system precision. Physical modelling of 

geotechnical problems is generally concerned with patterns of behaviour, and failure 

mechanisms, which give the investigator insight into the performance of the geotechnical 

structure. If the movement of each element was to be scaled directly to prototype scale, the 

accuracy of PIV tracking would be of critical importance as errors would be magnified. 

However in this research work the precision of tracking was of greater importance as the results 

were used to assess the failure mechanisms observed with displacement controlled loading.  

The temporal evolution of the overall precision of the system was examined by tracking zero 

soil movement through the image sequence. As described in Sections 3.4.5 and Section 4.1 

respectively, deleting the external red lighting, increasing PIV patch size and enhancing the test 

images greatly improved tracking precision. The corresponding overall improvements in the 

system precision are presented in Figures 4.44 and 4.45 for the horizontal and vertical directions 

respectively. The final patch size employed in the research was 100 pixels, with a 50 pixel 

overlap. Increasing patch size by providing this overlap as opposed to increasing patch spacing, 

allowed precision to be maximised without adversely affecting the resolution.  

4.2.4.1 Camera Movement Correction 

Two small boundary soil mesh areas were generated for the enhanced soil images adjacent to 

the base and side wall of the test chamber, in order to correct for the vertical and horizontal 

components of front camera movement respectively during testing. After conversion to object 

space and correction for scale and refraction, the mean movement error recorded for each image 

is subtracted from the soil deformation data in consolidated matrix form. The inclusion of the 

camera movement correction further improves precision errors as seen on Figure 4.46 and 4.47, 

and the erratic nature of camera movement is noticeable as the curve smoothes out into a 

gradually increasing error curve resembling the random walk of geoPIV, after the correction is 

applied. The nature of camera movement in physical modelling systems such as the one 

employed in this work, can be assessed using Table 4.8 and Figure 4.48. Table 4.8 tabulates the 
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maximum values of cumulative camera movement from the first image, and the standard error 

of patch movement within the boundary mesh at maximum camera movement, for each test. 

While, Figure 4.48 plots the temporal evolution of the same values through foundation loading 

in test 4 (chosen at random).  The camera seems to drift in a particular direction, increasing in 

distance from the original position with time. The direction of movement seems random, while 

the standard error of patch movement naturally increases with the random walk of GeoPIV.  

As no boundary soil areas were visible in the side view images, it was not possible to correct 

side view data in this way. The data is thus uncorrected for camera movement relative to the 

soil. 
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Table 4.8 The maximum values of cumulative camera movement from the first image, and the 

standard error of patch movement within the boundary mesh at maximum camera movement, 

for the front view of each test. 

 

Test Maximum Cumulative 

Camera Movement 

Observed from First Image. 

Mean Value for Boundary 

Mesh (mm) 

Std Error of Patch 

Movement 

Observed Within the 

Boundary Mesh at 

Maximum Camera 

Movement (mm) 

X(mm) Y(mm) X(mm) Y(mm) 

Ph1:T1 0.126 -0.272 0.023 0.014 

Ph1:T2 0.118 0.154 0.022 0.015 

Ph1:T3 0.041 -0.073 0.038 0.061 

Ph1:T4 0.050 -0.024 0.015 0.015 

Ph1:T5 0.022 -0.058 0.033 0.028 

Ph1:T6 -0.015 0.066 0.035 0.015 

Ph1:T7 0.016 0.105 0.022 0.016 

Ph2:T1 0.023 -0.074 0.025 0.013 

Ph2:T2 0.049 0.041 0.224 0.050 

Ph2:T3 -0.077 0.090 0.018 0.018 

Ph2:T4 0.058 -0.046 0.018 0.014 

Ph2:T5 -0.102 -0.064 0.096 0.122 

Ph2:T6 0.089 -0.046 0.048 0.032 

Standard Deviation 0.066 0.11 0.021 0.031 

Range 0.228 0.426 0.081 0.109 

Mean 0.031 -0.006 0.032 0.032 

   

4.2.4.2 Leapfrog 

The only analysis parameter left for optimisation was the ‘leapfrog’ parameter chosen for soil 

tracking. ‘Leapfrog’ controls the number of sequential computations performed using a set of 

initial test patches. Choosing this parameter, was a trade-off  between minimising the random 

walk of geoPIV and ensuring that wild vectors did not occur due to soil patches deforming 

outside the search zone after the specified number of images. For example if the value is set to 

1, the position of each test patch in an image is determined by the movements observed from the 
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initial patch positions in the previous image. However, if the parameter is set to 10, the new 

position of each test patch is determined by the observed movement from the initial search 

patches on the tenth previous image, thus any erroneous tracking in the 9 previous images will 

have no effect on precision. 

In this investigation a leapfrog value of 10 was employed after the author performed a trial 

aimed at optimising the parameter for the first test image sequence. It was found that an increase 

over 10 resulted in the development of a significant number of wild vectors. This resulted in the 

final standard errors being cut to one tenth of their original sizes. (Figures 4.46 and 4.47). It is 

possible that a larger ‘searchzone’ might have allowed a greater leapfrog to be used, but some of 

the soil deformation detail obtained may have been lost, and computation time would also have 

been increased. Stanier (2011) chose a ‘searchzone’ value of 10 pixels for the tests for this 

reason, but the current author found that the default ‘searchzone’ of 20pixels provided 

sufficiently prompt computations, and decreasing this parameter would have increased the 

likelihood of wild vectors. 

4.2.4.3 Final Precision of Measurement System 

The final optimised precisions of the experimental system through the image sequence were 0-

3.5 μm and 0-2.5 μm for the horizontal and vertical directions respectively seen on Figures 4.46 

and 4.47. After conversion to a single vector sum error (0-4.3μm), the precision was compared 

with the theoretical system precision calculated by geometrically summing the random walk 

errors of PIV associated with the soil mesh and control point tracking stages according to 

equation 4.13 (White 2002), and found to very close (Figure 4.49). 

 
    √         (

   
      

) √[(
   

 
) (

      

  
)]

 
 [(

   

     
) (

      

     
)]

 
                Equation 4.13 

Where Wmm is the width of the field of view in mm, Wpixels is the image width in pixels, L is the 

patch size for soil tracking and LCTRL is the patch size used for control point tracking. This 

observation suggests that any camera soil movement errors have been removed by a 

combination of the camera calibration procedure and the newly developed camera movement 

correction, and that the lens distortion models employed were suitable. It is understood that 

White (2002) himself did not achieve precision errors as low as these, quoting a standard error 

of 4 μm for the first image in his work. This could be due to the smaller PIV patch size of 50 

pixels used, and a combination of factors such as the camera resolution and field of view in the 

experimental setup. The standard deviations were also much smaller than those quoted by 

Stanier (2011) after application of the modal movement correction. Stanier (2011) presented 

final precision plots in terms of mean residual error and quoted a final precision in the range 5-

20 μm.. Thus, in order to compare the final precision of the experimental work with that of 
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Staniers (2011), the temporal evolution of mean residual error with time was plotted. The plot is 

presented in Figure 4.50, where it is apparent that errors are on a much smaller scale than those 

of Stanier. 

With the development of the image enhancement technique and the subsequent success in 

tracking column sand as well as the surrounding soil, the author investigated the final precision 

of sand tracking for the isolated column test system and produced Figure 4.51. The sand tracked 

less well than the soil, but it was still very precise considering it is only illuminated by the small 

amount of laser light dispersed from the main beam or deflected out of the laser plane on impact 

with the column. The introduction of the laser from the base of the model via a scanning beam 

box in the group tests, resulted in slightly less precise tracking of both materials, but the 

precision was still more than acceptable. The author believes that this was possibly as a result of 

the slightly flickering nature of laser sheet exiting the scanning beam box. The predominantly 

green colour of the laser as opposed the blue one used in tests phase may also have had an 

effect.  Naturally, as laser power weakened with projection through the 220mm high sample, 

precision decreased. The variation of soil tracking precision with depth in the model can be seen 

in Figure 4.52, where the bottom, middle and top of the model, refer to the performance of 

equally cropped patches centred at depths of 40mm, 110mm and 180mm respectively. The 

average precision of sand tracking for the full profile of all columns is also included. The 

resulting sand precision was then compared to the corresponding precision of sand tracking for 

the end column, as viewed from the side of the test chamber, and presented in Figure 4.53. The 

temporal evolution of sand tracking is very similar for both views, despite the varying 

resolutions offered by different camera distances and despite their different orientations with 

respect to the laser sheet which makes them both visible.  

4.3 Method of Analysis - Implementation and Integration of Imaging Techniques 

 

As the research project involved performing multiple comparable tests with just geometric 

foundation parameters varied between each, the author developed Matlab algorithms to 

automate the repetitive analysis process, ensuring more efficient execution of the project, while 

also eliminating human error from a process where it is easy to input incorrect code. The flow 

chart in Figure 4.54 shows how the author combined split RGB analysis, image manipulation, 

the new centroiding technique and Close Range Photogrammetry corrections with practical 

steps such as deleting soil patches behind each target marker and automatic generation control 

point grid estimates for input to centroiding algorithm, to produce an optimised analysis 

procedure and generate  output data. As a result of the advances made in the technique, it was 

possible to track both deformation patterns of the stone column itself as well as that that of the 

surrounding soil. Two plot files were created for each 1mm displacement increment, one 

showing column deformation, with that of the localised surrounding soil, as well as the visible 
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column interfaces and another presenting global soil deformation throughout the test chamber. 

The routine completes the following steps in the order specified in Table 4.9. 

Table 4.9: Steps to Implement and Integrate the new Imaging Techniques developed in this 

work with GeoPIV. 

Step Action 

1 Imports the test image matrices 

2 Rotates each image, deletes red channels and enhances each image for soil tracking 

according to the optimum combination of input paramters determined by a loop 

incorporated to find the optimum contrast enhancement. 

3 Creates a copy of each image with all light channels preserved, which is then rotated. 

These images are used for target marker tracking 

4 Automatically generates control point grid estimates when the user inputs no_rows, 

no_columns, and specifies two opposite corners. 

5 Creates interrogation meshes for columns and textured soil, as well as boundary area 

using GeoMESHuv8. The column interface mesh is manually created by the user 

6 Executes GeoPIV tracking on internal column deformation, and that of the soil, as well 

as the visible column interface and the boundary soil movement for the camera 

movement correction. Preforms centoiding analysis on control points using the 

Universities own superior centroiding routine. 

7 Automatically deletes patches containing the target markers from the soil mesh, as 

targets lead to close loop contours. 

8 Generates objectspace data using GeoCALIBRATE8, followed by corrections for 

refraction, scale and camera movement. 

9 Produces vector field plots, contour displacement plots in both the x and y directions, 

displayed in mm and total shear strain plots, displayed in percentages, for each mm of 

footing displacement from 1mm to 20mm. 

 

Each results plot contains velocity vector fields, displacement contours in the x and y directions 

(mm) and total shear strains (%) describing cumulative foundation deformation up to 

displacement increment in question. Choice of contour size was important to ensure the clarity 

of the deformation behaviour in the resultant plots. Table 4.10 and Table 4.11 present the 

displacement and shear strain contours plotted at each footing displacement increment for each 

test, on the global and local deformation plots respectively. Specification of these contours was 

done for the first test and maintained throughout the test phase. 
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Table 4.10 Contours of Displacement and Shear Strain Presented in Global Deformation 

Contour Plots 

Plot Increments 

Horizontal 

Displacement 

(mm) 

-20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 -0.5 -

0.2 -0.1 0.1 0.2 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

 

Vertical 

Displacement 

(mm) 

-20 -19 -18 -17 -16 -15 -14 -13 -12 -11 -10 -9 -8 -7 -6 -5 -4 -3 -2 -1 -0.5 -

0.2 -0.1 0.1 0.2 0.5 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 

 

Shear Strain (%) if disp<=1;vs=[5,10,20];end; 

if disp<=2&& disp>1;vs=[0,5,10,25,50];end; 

if disp<=5&& disp>2;    vs=[0,5,10,25,50,75,100];end; 

if disp<=10&& disp>5;vs=[0,5,10,25,50,75,100,150]; end; 

if disp<=15&& disp>10;vs=[0,5,10,25,50,100,200,300]; end 

if disp<=20&& disp>15;vs=[0,5,10,25,50,100,200,300,400]; end; 
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Table 4.11 Contours of Displacement and Shear Strain Presented in Local Deformation Contour 

Plots 

Plot Increments 

Horizontal 

Displacement (mm) 

if disp<=1;vcx=[-10:0.1:10,0.5,-0.5,0.2,-0.2,0.1,-0.1];end; 

if disp<=2&& disp>1;vcx=[-10:0.1:10,0.5,-0.5,0.2,-0.2,0.1,-0.1];end; 

if disp<=5&& disp>2;vcx=[-10:0.2:10,0.5,-0.5,0.2,-0.2,0.1,-0.1];end; 

if disp<=10&& disp>5;vcx=[-10:0.5:10,0.5,-0.5,0.2,-0.2,0.1,-0.1]; end; 

if disp<=15&& disp>10; vcx=[-10:1:10,0.5,-0.5,0.2,-0.2,0.1,-0.1]; end 

if disp<=20&& disp>15; vcx=[-10:1:10, 0.5,-0.5,0.2,-0.2,0.1,-0.1]; end; 

 

Vertical 

Displacement (mm) 

if disp<=1;vcy=[-disp:0.2:disp,0.2, 0.1,-0.2, -0.1];;end; 

if disp<=2&& disp>1;vcy=[-disp:0.5:disp];end; 

if disp<=5&& disp>2; vcy=[-disp:1:disp];end; 

if disp<=10&& disp>5;vcy=[-disp:2:disp,0.5, -0.5, 1, -1, 0]; 

if (length(vc)-1)< (disp/2);vc=[vc disp];end;end; 

if disp<=15&& disp>10;vcy=[-disp:3:disp,0.5, -0.5, 1, -1, 0] 

;if (length(vc)-1)< (disp/3);vc=[vc disp];end; end; 

if disp<=20&& disp>15;vcy=[-disp:5:disp,0.5, -0.5, 1, -1, 0]; 

if(length(vc)-1)< (disp/5);vc=[vc disp];end; end; 

 

Shear Strain (%) if disp<=1;vs=[5,10,20];end; 

if disp<=2&& disp>1;vs=[0,5,10,25,50];end; 

if disp<=5&& disp>2;    vs=[0,5,10,25,50,75,100];end; 

if disp<=10&& disp>5;vs=[0,5,10,25,50,75,100,150]; end; 

if disp<=15&& disp>10;vs=[0,5,10,25,50,100,200,300]; end; 

if disp<=20&& disp>15;vs=[0,5,10,25,50,100,200,300,400]; end; 

 

 

4.31 Data Appraisal 

In order to present the reader with an appreciation for the progress made in the analysis 

technique, the author chose a test at random and performed a separate analysis using the original 

geoPIV commands only, without any image manipulation, alternative centroiding routines, CRP 

corrections or light channel splitting. This allowed the qualitative appraisal of the quality of the 

data before and after implementation of the new imaging techniques. Figures 4.55 to 4.64 and 

4.65 to 4.74 present velocity vector fields, displacement contours in the x and y directions (mm) 

and total shear strains (%) at cumulative footing displacement increments of 0, 5, 10 and 20mm, 
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for the original analysis procedure and the refined one respectively. Horizontal displacement 

away from the column (to the left in the figures) is signified by a +ve notation and downward 

vertical movement contours are highlighted as –ve notation. Comparison shows that significant 

advancement of the transparent soil technique was achieved. It is clear that internal column 

deformation would not have been possible using the old technique, and confidence in soil 

deformation observations would have been low. 
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Figure 4.1 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for 

Transparent Soil RGB Images. 

Figure 4.2 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for 
Transparent Soil , Sand and Flocked Kaolin RGB Images. 
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Figure 4.3 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for Original 
Transparent Soil , Sand and Flocked Kaolin RGB Images and Grayscale Images. 

Figure 4.4 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for 
Transparent Soil RGB Images, Grayscale Images and Images Enhanced Using Single 

Adjustments 
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Figure 4.5 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for Sand RGB 
Images, Grayscale Images and Images Enhanced Using Single Adjustments. 

Figure 4.6 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for Flocked 
Kaolin RGB Images, Grayscale Images and Images Enhanced Using Single Adjustments 
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Figure 4.7 Illustration of HSV Colour Space 

 

Figure 4.8 Adaptive Histogram Equalisation for Transparent Soil, Flocked Kaolin and Sand. 
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Figure 4.9 Optimisation of Input Parameters for Imadjust Command for Transparent Soil. 

Figure 4.10 Optimisation of Input Parameters for Imadjust Command for Sand. 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

2

4

6

8

10

12

14

16

high in

M
e
a
n
 I

n
te

n
s
it
y
 G

ra
d
ie

n
t 

(M
IG

 

 

high in

00.10.20.30.40.50.60.70.80.91

0

2

4

6

8

10

12

14

16

low out

 

 

low out

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

2

4

6

8

10

12

14

16

18

20

high in

M
e
a
n
 I

n
te

n
s
it
y
 G

ra
d
ie

n
t 

(M
IG

 

 

high in

00.10.20.30.40.50.60.70.80.91

0

2

4

6

8

10

12

14

16

18

20

low out

 

 

low out



Chapter 4. Optimisation for Laser Aided Imaging System 
 

166 
 

 

Figure 4.11 Optimisation of Input Parameters for Imadjust Command for Sand. 

Figure 4.12 Standard Error Vector Sums in the Tracking of  a 10 Pixel Movement for 
Transparent Soil, Flocked Kaollin and Sand Images Enhanced Using All Adjustments 
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Code 5 

Matlab grayscale transformation Matlab functions Parameter Values 

rgb2gray 

adapthisteq 
Numtiles [10 10] 
Cliplimit 0.02 

Distribution exponential 
imadjust  [0  0.9], [0  1] 
wiener2  [3  3] 

fspecial('gaussian')   
fspecial('unsharp')   

rgb2gray Convert RGB image or colormap to grayscale. 
adapthisteq Contrast enhancement of the grayscale image by transforming the values 

using contrast-limited adaptive histogram equalization. 
imadjust Adjust image intensity values or colormap. 
wiener Lowpass-filters a grayscale image that has been degraded by constant 

power additive noise. 
fspecial(‘gaussian’) Returns a rotationally symmetric Gaussian lowpass filter of size with 

standard deviation. 
fspecial(‘unsharp’) Returns a unsharp contrast enhancement filter. 

Transparent soil 

Original                                                                         Modified 

 
 
 

 

Figure 4.13 Tabulated Description for Enhancement Process Using All Adjustments, with the 

original   and Enhanced Images for Transparent Soi 
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Sand 

Original                                                     Modified 

 

 

Clay 

Original                                                      Modified 

 

Figure 4.14 Original   Images of Sand and Flocked Kaolin with Corresponding Enhanced 

Images Using All Adjustments 
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Figure 4.15 Standard Error Vector Sum V Mean Intensity Gradient for Image Enhancement 
Process for Patch Size 50. 
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Figure 4.16 Original Images of Sand and Flocked Kaolin with Corresponding Enhanced Images 
Using the Optimum Permutation of Adjustments. 
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Final Code 

Matlab grayscale transformation Matlab functions Parameter Values 

rgb2gray 

imadjust  [0  b], [0  1] 
fspecial('unsharp')   

adapthisteq 
Numtiles [10 10] 
Cliplimit 0.02 

Distribution exponential 
rgb2gray Convert RGB image or colormap to grayscale. 

imadjust Adjust image intensity values or colormap. 
fspecial(‘unsharp’) Returns a unsharp contrast enhancement filter. 

adapthisteq Contrast enhancement of the grayscale image by transforming the values 
using contrast-limited adaptive histogram equalization. 

 

Transparent soil 

Original                                                      Modified 

 

 
 

 

Figure 4.17 Original   Images of Transparent Soil with Corresponding Enhanced Images Using 

the Optimum Permutation of Adjustments. 
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Sand 

Original                                                     Modified 

 

 

Clay 

Original                                                      Modified 

 

Figure 4.18 Original Images of Sand and Flocked Kaolin with Corresponding Enhanced Images 

Using the Optimum Permutation of Adjustments. 
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Figure 4.19 Standard Error Vector Sum V Mean Intensity Gradient for Image Enhancement 
Process for Patch Size 50. Selected Adjustments 
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Figure 4.20 Standard Error Vector Sum V Mean Intensity Gradient for Image Enhancement 
Process for Patch Size 100. Selected Adjustments. 
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(a) Before Enhancement                              (b) After Enhancement 

Figure 4.21: The Effect of Image Enhancement on Test Images: Isolated Column Test System 

 

(a) Before Enhancement                              (b) After Enhancement 

Figure 4.22: The Effect of Image Enhancement on Test Images: Column Group Test System 
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Figure 4.23 Multiple Thresholding (Effendi, 2007) 

 

 

 

Figure 4.24 Cavity Filling Technique (Effendi, 2007) 

 

 

 

Figure 4.25 Gaussian Smoothing Technique (Effendi, 2007) 
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Figure 4.26 Centroid Deviations using the Area Weighted Centroid (AWC) Algorithm. 

 

Figure 4.27 Comparison of the Average Residual Error Achieved for Transformation 

Optimization using geoCENTOID8 and the Area Weighted Centroid (AWC) Algorithm. 
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Figure 4.28 The Effect of Leapfrog on the Average Residual Error Achieved in Transformation 

Optimisation. 

Figure 4.29 The Overall Improvement in Accuracy Achieved on Control Plane Using Area 

Weighted Centroid (AWC) Routine Instead of GeoCENTROID8. 
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Figure 4.30 The Pinhole Camera Model Heikkila and Silven (1997) 
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Figure 4.31: 5 Initial Images of a Target Panel with known control point Locations, with 

varying camera distance and orientation. 
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Figure 4.32 Stability of the Extrinsic Parameter, Distance to Projective Centre,  Calculated 

Separately for Each Image Using Single Image Calibration. 

 

Figure 4.33 Stability of the Intrinsic Parameters, Focal Length Calculated Separately for Each 

Image Using Single Image Calibration. 
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Figure 4.34 Stability of the Ratio Distance to Projective Centre/Focal Length Calculated 

Separately for Each Image Using Single Image Calibration. 

 

Figure 4.35 Derivation of Refraction Equation (Take, 2003) 
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Figure 4.36 Calibration Target (after Stanier 2011)   

   

(a)                                                                         (b) 

Figure 4.37 Images of Calibration Target and Control Points in Test Chamber, with and without 

the Chamber Filled with Oil for Validation of Scale and Refraction Corrections Respectively. 
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Figure 4.38 Average Error in Measurement of 90 x 15mm Grids Distributed Evenly Over the 

Field of View, Before and After Scale Correction 

Figure 4.39 Standard Deviation of Control Point Positions from 15mm grid before Scale 

Correction.  
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Figure 4.40 Standard Deviation of Control Point Positions from 15mm grid before Scale 

Correction, Close View. 

Figure 4.41 Standard Deviation of Control Point Positions from 15mm Grid After Scale 

Correction 
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Figure 4.42 Standard Deviation of Control Point Positions from 15mm Grid Before Refraction 

Correction 

 

Figure 4.43 Standard Deviation of Control Point Positions from 15mm Grid After Refraction 

Correction 
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Figure 4.44 Improvements to Precision of Horizontal Soil Tracking by Red Channel Deletion, 

Image Enhancement and Increased Patch Size. 

 

Figure 4.45 Improvements to Precision of Vertical Soil Tracking by Red Channel Deletion, 

Image Enhancement and Increased Patch Size. 
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Figure 4.46 Improvements to Precision of Horizontal Soil Tracking by CRP Corrections, 

Camera Movement Correction and Optimised Leapfrog. 

 

Figure 4.47 Improvements to Precision of Vertical Soil Tracking by CRP Corrections, Camera 

Movement Correction and Optimised Leapfrog. 
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Figure 4.48 Temporal Evolution of Camera Movement During Test 4. Mean and Standard 

Errors. 

Figure 4.49 Comparison of Overall System Precision with Theoretical Precision Estimated 

Using White’s (2002) Equation 

0 50 100 150 200 250 300 350
-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0.06

Image Number

S
ta

n
d
a
rd

 E
rr

o
r 

(m
m

)

 

 

Mean Boundary Patch Movement X

Std of Boundary Patch Movement X

Mean Boundary Patch Movement Y

Std of Boundary Patch Movement Y

0 50 100 150 200 250 300
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5
x 10

-3

Image Number

S
ta

n
d
a
rd

 E
rr

o
r 

V
e
c
to

r 
S

u
m

 (
m

m
)

 

 

Overall System Precision

Theoretical Precision (White 2002)



Chapter 4. Optimisation for Laser Aided Imaging System 
 

190 
 

Figure 4.50 Overall System Precision – Mean Residual Error Plot for Comparison with Stanier 

2011. 

 

Figure 4.51 Overall System Precision – Isolated Column Test System 
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Figure 4.52 Overall System Precision – Column Group Test System – Front View 

 

Figure 4.53 Overall System Precision of Tracking – Column Group Test System – Side View – 

including Comparison with Sand 
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Figure 4.54 Flow Chart of Optimised Analysis Procedure and Generation of Output Data 
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Figure 4.55 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 0mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.56 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 5mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.57 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 10mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.58 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 15mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.59 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 20mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.60 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 0mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.61 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 5mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.62 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 10mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.63 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 15mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.64 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 20mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.65 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 0mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 



Chapter 4. Optimisation for Laser Aided Imaging System 
 

204 
 

 

Figure 4.66 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 5mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.67 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 10mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.68 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 15mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.69 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 20mm 
footing displacement, using original geoPIV command sequence. Global soil defomation. 
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Figure 4.70 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 0mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.71 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 5mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.72 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 10mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.73 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 15mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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Figure 4.74 Ph1, Test 4: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 20mm 
footing displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. 
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5.0 Physical Modelling Of Isolated Vibro Stone Column Foundations 

5.1 Introduction and Test Programme 

The primary objective of this chapter is to present and discuss the results obtained from Phase 1 

of testing on isolated stone columns. A total of 7 tests were carried out on repeatable clay beds 

with columns installed as described in Section 3.7.2, thus ensuring consistency of material 

properties between each test. 

As discussed in section 2.1.6, the mechanisms that govern column behaviour and performance 

are dependent on the spacing, length and diameter of the columns, the footing size and the 

strengths of the in-situ and column material (McKelvey, 2004). It was decided that the isolated 

column test programme should concentrate on the fundamental dimensionless parameters, 

recognised in previous research to have the most influential effect on stone column behaviour 

and bearing capacity, L/d and Ar.  

Current design practice requires columns to be installed through an entire soft deposit, to ensure 

that they bear on a firm stratum. However, it is suspected that this approach may be too 

conservative and that partially penetrating columns may be more economical. As stated in 

Section 2.4.1, previous physical modelling research (Hughes and Withers, 1974; Hu, 1995; 

McKelvey, 2002 and Black 2007) has been conducted to determine if there is an optimum 

length for a floating column foundation in soft deposits and although this work has 

demonstrated that L/d plays an important role in governing failure mechanisms and bearing 

capacities of stone columns, much of the findings are contradictory and thus inconclusive. For 

this reason, three tests were conducted on isolated columns to further investigate the role of the 

parameter and gain a new insight only achievable using the novel visualisation technique. All 

columns had a final installed diameter of 18mm with lengths of 72mm, 108mm and 144mm, 

representing L/d ratios of 4, 6 and 8  corresponding to the critical lengths postulated by Hughes 

and Withers (1974), McKelvey (2002) and Black (2007) respectively,  

After examining the optimum column length, further tests were conducted to investigate the 

area replacement ratio Ar. It has been previously postulated by Black (2007) following 

completion of his unit cell tests that 30% replacement is optimum in terms of settlement control, 

while Bachus and Barksdale (1983) concluded from their unit cell work that an that nearly 40% 

replacement was necessary to achieve a 50% reduction in settlement The parameter was 

examined by conducting a further series of isolated column tests, using Ar ratios of 1, 2.5, 3.33 

and 5, corresponding to 100%, 40% 30% and 20% replacement respectively,  at a fixed aspect 

L/dratio of 4. As described in Section 2.4.1, this thesis will focus on assessing the effect of Ar 
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on the load bearing ability of stone columns within a soil model and its failure mechanisms, by 

increasing foundation size at fixed column diameter. The dimensionless representation of the 

area replacement ratio parameter Ar will be used for the remainder of this thesis. 

These tests aim to provide conclusive evidence in relation to the effect of L/d and Ar or 

foundation overhang on the bearing capacity and deformation behaviour of an isolated column 

and gain new insight into the governing role played by complex soil structure interactions (SSI). 

The author also aims to characterise the effect of both geometric parameters with regard to the 

true extent of the zone of column influence on the surrounding soil which Hughes and Withers 

(1974) postulated to be 2.5 times the column diameter (2.5D). 

The test programme is summarised in Table 5.1, along with the relevant parameters adopted in 

each test. The minimum Ar of 1 employed in test 6, was included in the programme to simulate 

a typical plate load test using a 600mm diameter plate, on a 600mm diameter column. The test 

also served to contextualise the early physical modelling tests of Hughes and Withers (1974) 

and the associated ULS design method.  
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Table 5.1 Phase 1:Test Programme. 

Test L/d Ar 

L 

(mm) 

 

Col 

dia. 

(mm) 

Footing 

dia.(mm) 

cu 

(kPa) 

Objective 

1 4 3.33 72 18 32.85 12 Effect of L/d on Failure Mechanism 

2 6 3.33 108 18 32.85 12 Effect of L/d on Failure Mechanism 

3 8 3.33 144 18 32.85 12 Effect of L/d, Ar on Failure Mechanism 

4 4 5 144 18 40.25 12 Effect of Ar on Failure Mechanism 

5 4 2.5 144 18 28.46 12 Effect of Ar on Failure Mechanism 

6 4 1 144 18 18 
           

12 

Ar + Put Hughes and Withers (1974) 

work into context 

7 6 3.33 108 18 32.85 

 

12 

Repeat of Test 2 – Repeatability check, 

and also assess the effect of soil breakout 

during installation which occurred in t2. 

 

Images recorded during foundation loading were used to provide an overview of the generation 

of soil and column displacement. This was particularly beneficial as it allowed the development 

of the failure mode to be evaluated. Throughout the test phase, the image sequences captured 

were processed using GeoPIV to produce velocity trajectories of soil displacements. Matlab 

algorithms manipulating the test data enabled the horizontal and vertical displacement contours 

and total shear strain contours to be plotted. Despite the enhanced image processing techniques 

presented in Chapter 4 and low precision achieved, further post processing in Corel Draw2 was 

needed to produce the final data plots as Matlab labelling functions produced unclear labelling 

of contour fields, and erroneous closed loop contours were not completely eradicated.  

A full set of results for the series of tests is attached in Appendix A, containing velocity vector 

fields, displacement contours in the x and y directions (mm) and total shear strains (%) 

describing foundation deformation until failure for each test. The ability to track both 

deformation patterns of the stone column itself as well as that that of the surrounding soil was 

significant as it enabled the compression of the column relative to the surrounding soil to be 



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

216 

 

visualised and determined. Local and global plots were originally generated for every 1mm of 

footing displacement, but it was decided that cumulative footing displacement increments of 0, 

5, 10 and 20 were sufficient to explain the development of the stone column failure 

mechanisms. Again horizontal displacement away from the column (to the left in the figures) is 

signified by a +ve notation and downward vertical movement contours are highlighted as –ve 

notation. A selection of contour displacement plots have been extracted from Appendix A and 

compiled to provide the reader with more concise information regarding the development of 

interactions for a particular test or in some cases a direct evaluation of the influence of a 

geometrical parameter on deformation behaviour. Nevertheless the vector and strain plots in 

Appendix A should be referenced throughout as necessary. While a vector doesn’t quantitate 

soil displacement with labels, it qualifies the nature of the interactions and failure mechanisms 

observed, better than any contour plot can. The vector strain plots are also useful in this regard. 

Each caption for test data plots in this chapter and in Appendix A describes the order of the 

subplots presented from left to right across the page. 

Section 5.2 describes the development of soil structure interaction at pre failure strains. Sections 

5.3.1 and 5.3.2 discuss observations relating to the parametric studies of L/d and Ar. Test data, 

extracted from Appendix A is presented alongside load displacement plots, test images and 

comparative plots generated by collating the data matrices for each test, and determining soil 

movement at a range of radial distances from the centre of each column. Section 5.4 describes 

specific observations with regard to the plate load test simulation in test 6, performed at an Ar of 

1, although this test is also discussed in 5.3 in the context of comparing the column failure mode 

to those seen in tests 1, 4 and 5 performed with Ar ratios in the more common range from 5 to 

2.5. The accuracy of a number of bearing capacity prediction methods has been examined in 

relation to the results of the model tests in Section 5.5, resulting in the presentation and 

evaluation of a new ULS design method based on the bearing capacity equation of Hughes and 

Withers (1974), the design charts of Brauns (1978) and the results of this research work. The 

chapter concludes with a comprehensive evaluation of the implications of the findings of these 

tests on the current state of research on isolated columns. 

5.2 Assessment of Soil Structure Interaction at Pre Failure Strains  

Much of the previous research on vibro stone columns has been based on post examination of 

exhumed columns. In contrast, the transparent soil technique is particularly beneficial as it 

allows visualisation inside the soil, allowing continuous displacement tracking and 

quantification of pre-failure strains up to failure. This opportunity to evaluate the development 

of the failure mode has provided a greater understanding of the soil structure interaction that 
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governs the behaviour of such foundations and thus offered new opportunities to inform 

practice. 

Examination of the figures in Appendix A shows that all columns tested, failed by compressing 

and bulging into the surrounding soil, with the final deformed column shape dependant on L/d 

and Ar. As the overall mechanism is similar for all columns, the author will generally describe 

the development foundation deformation at pre failure strains for isolated columns, by 

examining the development of internal displacements for test 1, with L/d and Ar of 4 and 3.33 

respectively, first locally( Figures 5.1-5.4)  and then globally (Figures 5.5-5.7).  Figures 5.1-5.7 

have been extracted from Appendix A, as they illustrate the development of soil structure 

interaction in Test1, in a more effective and efficient manner.  

The low shearing resistance of the clay ensured that displacements and strains occurred at an 

early stage of loading in all of these tests. At 5mm footing displacement (Figures 5.1-5.4), the 

most highly strained area was in the clay adjacent to the upper column just below the footing 

edge.  This makes sense as this is where the discontinuity imposed by the footing is felt most 

strongly. Examination of soil deformation in this region provides vital information as regards 

the soil structure interactions prevalent for a single vibro stone column foundation under a rigid 

footing. While the soil immediately below the footing edge displaced around the edge in the 

direction of least resistance, that immediately adjacent to the column was pushed downward 

with the footing, providing resistance to bulging in the upper portion of the column which could 

not have been offered by the soft clay alone. Thus the overhang of the foundation beyond the 

column provided increased stress in the soil to prevent bulging at the top of the column, so that 

a maximum of 1mm lateral deformation was observed at a depth of 20mm below original 

column level. This is a good example of column-structure interaction. In addition, the column 

has compressed over its entire length, while there was negligible vertical displacement at the 

column base. 

As the loading continued to 10mm, 15mm and 20mm displacement (Figures 5.1-5.4) the 

column continued to compress internally with some small increased penetration of 0.3mm, 

0.5mm and 0.8mm respectively seen. The bulging mechanism also developed as footing 

displacement progressed to 10 and 15mm displacement before reaching a final magnitude of 

4mm at the end of loading. The final maximum bulge was concentrated on the region at a depth 

of 1.5d to 2d below original column level, as a result of the foundation overhang provided. This 

is due to the fact that the lateral resistance of the soil was not sufficient to restrain the column 

from bulging in a cylindrical cavity expansion. Other than the protection of the upper column by 

the larger footing, the observed column deformation resembles the cylindrical expansion theory 

of Vesic (1972), which was adopted by Hughes and Withers (1974), Brauns (1978) and 
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Barksdale and Bachus (1984) in their design approaches. However, as discussed in Sections 

5.3.2, 5.4 and 5.5, provision of footing overhang resulted in the mobilisation of increased load 

capacity as the downward movement of the soft soil under the footing interacted with the 

attempted bulging of the column, providing increased resistance to column deformation. 

Vertical displacements in the soil were largest immediately beneath the foundation where mean 

stresses were highest. However, it is interesting to note that the magnitude determined was 

lower than the applied foundation displacement. This is attributed to the fact that the soil 

displacement presented is separated into both the vertical and horizontal components, as the 

column compresses and bulges. The soft soil surrounding the column can easily deform in the 

lateral direction as the column dilates.  It should also be noted that the compression of the 

column, relates to the front of the column interface, and not the exact centre of the column, 

where naturally the magnitudes of compression would be greater. The reduction of compression 

along the depth of the column indicates that although a small amount of base penetration has 

occurred, this short column has performed satisfactorily, with no evidence of friction failure 

along the interface which could have led an end bearing failure mode, as postulated by various 

authors in the literature (Hughes and Withers, 1974; Black, 2007; Barksdale and Bachus, 1983).  

The global deformation mechanism in the test chamber is characterised by Figures 5.5 to 5.7. 

The maximum radial displacement occurred at the soil-column interface and reduced in 

magnitude with increasing radial distance from the column. The largest horizontal soil 

displacements (up to 4mm) and resulting total shear strains (reaching over 100%) were confined 

within approximately 1 column diameter; however, total shear strain data indicates that the zone 

of influence extended to around 2 column diameters where the magnitude of total shear strain 

was 25%.  

At 5mm displacement, the ratio of the width of the radial zone of influence to the vertical zone 

of influence was approximately 1, as the 0.1mm contour lines extended to approximately 80mm 

both radially and vertically. As the strain controlled loading progressed to 10mm, 15mm and 

20mm, the 0.1mm horizontal contour which relates to 1% radial strain was clearly restrained 

from any further propagation by the edge of the test chamber, but the author believes it would 

not have extended much further, and a chamber size of 11d can certainly be considered large 

enough to avoid significant boundary effects as explained in section 3.4.1.1. The vertical zone 

of influence increased to 103mm, 120mm and 135mm at the same displacement increments 

respectively. Overall, retaining and passive zones of soil, roughly defined by the negative and 

positive 0.1mm contours respectively, are clearly visible in the test model and contained within 

a depth of 6d from the surface of the model, for this short column. 
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Subsequent tests showed that soil structure interaction effects for isolated stone columns and the 

resulting failure modes were significantly affected by L/d and Ar. The findings of the author in 

relation to parametric studies of these parameters are depicted in sections 5.3.1 and 5.3.2 

respectively. 

5.3 Parametric Studies 

5.3.1 Effect of L/d on SSI and Bearing Capacity 

The overall impact of L/d on foundation behaviour was observed by comparing the results plots 

of Test 1, Test 2 (L/d=6), Test 7 (L/d=6) and Test 3 (L/d=8), All tests were performed at an Ar 

ratio of 3.33. The first test image and the final image at full footing displacement (20mm), for 

each of the four tests are presented in Figures 5.8 to 5.11 respectively. The test data is presented 

in Figures 5.12-5.31, providing a direct evaluation of the influence of column length on 

deformation behaviour at 0, 5, 10, 15 and 20mm displacement.  The first ten of these plots 

(Figures 5.12 to 5.21) concern local deformation, and the second group of ten concern global 

deformation (Figures 5.22 to 5.31). Note that due to soil breakout during installation of the 

column in test 2, a 7th test (Test 7) with identical parameters to test 2 was performed, in order to 

assess whether the weak region in the soil had any effect on performance. Thus this test 

provides a better reflection of column behaviour at L/d of 6 than test 2. In addition, the test 

served as a general assessment of repeatability.  

The author believes that the deformation behaviour recorded in the three tests was governed by 

complex column-foundation, column-soil and soil foundation interaction. While it is clear from 

the discussion in Section 5.2 that foundation overhang governs the depth of maximum column 

bulge, the author believes that the radial displacement distribution is also affected by length. 

The key data, in revealing the influence of length on soil structure interaction effects, is that 

recorded early in the loading sequence.  At 5mm displacement, Figure 5.13 illustrates that the 

shortest column had bulged up to 1.2mm at a depth of 20mm, in comparison to 1mm and 

0.8mm at depths of 18mm and 16mm, for the columns of length 6d and 8d respectively. As 

footing displacement progressed to 10, 15 and 20mm (Figure 5.14-5.16), it is seen that the short 

column bulged over its entire length, compared to the longer columns of aspect ratio 6 and 8 

which produced negligible bulging at depths greater than 60mm. The bulge also developed at a 

lower level than in the columns of higher aspect ratio. As portrayed by Figure 5.16, the final 

maximum bulge at the column interface occurred at depths of 29mm, 26mm and 23mm for 

column lengths of 4,6 and 8 respectively. Figure 5.33 illustrates the variation of radial strain at 

the column interface with depth at displacements of 10mm and 20mm respectively, for the three 

tests and provides greater clarity of this behaviour. 
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The corresponding compression data is presented in Figures 5.17 to 5.21. At 5mm displacement, 

compression of the upper column was more developed in the shorter column, than those of 

greater length, just as bulging was. The 5mm compression contour extended to 13mm depth in 

test 1, 6mm depth in test 7, and 5mm for test 3.  As foundation displacement progressed to 

10mm, 15mm and 20mm, similar levels of compression were observed in the upper part of the 

columns, but compression became more prevalent with depth in the longer columns.  This clear 

trend of increasing compression with L/d ratio is visible in Figure 5.21, where the -0.5mm 

vertical contour extended to depths of 80mm, 87mm and 100mm at 20mm footing displacement 

for column aspect ratios of 4,6 and 8 respectively. Consideration of a more significant level of 

compression yields similar conclusions, with the 10mm and 5mm contour lines extending to 

depths 30mm and 46mm  at L/d of 4, 31mm and 52mm at L/d of 6 and 37mm and 55mm at L/d 

of 8. By the end of loading, 0.8mm of punching into the underlying soil was recorded for L/d 

=4, while longer the longer columns of L/d=6 and 8 (108mm and 144mm) showed reduced 

penetration levels of 0.3mm and 0mm respectively. The overall effect of column length on 

column compression and punching is portrayed in Figure 5.34 where the variation of the 

compression at the column interface with depth for the three tests (at full footing displacement) 

is plotted. 

 

These observed patterns are as a result of column-structure interactions causing increased 

compression in longer columns. The results have led the author to hypothesise that these finding 

could be due to an increase in stress concentration on the columns with length. This hypothesis 

is in agreement with the conclusions of McKelvey (2002), Bachus and Barksdale (1985), Bell 

(1986) and Greenwood (1991), all of whom postulated increased SCR with length (see section 

2.1.6.2.3). As column compression has never been observed in physical testing of columns of 

different length before, this behaviour was unknown.  

 

Figure 5.35 is also effective in displaying the local differences in the failure mechanism caused 

by an increase in column length. The figure relates the soil deformation along the column soil 

interface and along vertically aligned patch centres at distances 0.5d, 1d, and 2d from the 

interface, at displacements of 0mm and 20mm respectively. There is no benefit to extending plot 

beyond the 2d from the column centre, as lines would be too similar to portray any differences. 

Observations concerning global deformation are quantified more effectively using the contour 

displacement plots in 5.22 to 5.31 

 

Observations concerning global deformation were made by examining the horizontal and 

vertical contour displacement plots presented in Figures 5.22 to 5.26 and Figures 5.27 to 5.31 

respectively. Unfortunately soil displacement data in the upper region of the soil model for test 
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3 is missing due to the loss of soil slurry during consolidation and subsequent interface 

deflection. At 5mm displacement (Figure 5.23) the 0.1mm horizontal contour or 1% radial strain 

contour extended a distance of 80mm from the centre of the column, while the corresponding 

contour for the longer column of L/d of 6, only extended a distance of 65mm. By 10mm 

displacement (Figure 5.24) it is clear that the true zone of influence in all tests extends close to 

the boundary of the test chamber, 100mm from the column centre, with horizontal or vertical 

movement greater than 0.1mm or 1% radial strain observed. At this stage it is more effective to 

assess the effect of length on the radial zone of influence by examining  the 0.5mm and 1mm 

horizontal contours (5.5% and 11% radial strain respectively) as this provides a truer reflection 

of the influence of the parameter. By 20mm (Figure 5.26), the contours extended to 

approximately 50mm and 40mm, and 35 and 30mm for aspect ratios of 4 and 6 respectively, in 

keeping with the pattern of a decreasing radial zone of influence with length. For test 3, it is 

reasonable to assume that horizontal displacement greater than 0.5mm does not occur past the 

35mm radial distance mark and that 1mm movement is contained within 28mm from the 

column centre at 20mm footing displacement, in keeping with the pattern of decreasing radial 

movement with increased length. 

 

Observations concerning vertical global deformation were ascertained from Figures 5.27 to 

5.31,.Examining contour patterns from 0mm to 20mm displacement shows that the retaining 

and passive soil zones, defined by the negative and positive contours respectively, extend to 

deeper levels in the soil model in the case of shorter column of length 4d, as a result of the 

column bulging over its entire length as opposed to the longer columns which show negligible 

bulging below 60mm. 

 

Increasing column length was found to be moderately effective in improving bearing capacity 

performance, with corresponding increases in load/bearing capacity of 8.5% and 13% 

respectively as shown in Figures 5.36 and 5.37 In conclusion, although length was seen to effect 

the influence soil structure interaction and the resulting failure mechanism for isolated stone 

columns, there is no doubt that short columns of length 4d perform satisfactorily, with no 

evidence of friction failure and only a small amount base penetration. Thus the increase in 

bearing capacity for longer columns is not particularly significant. 

 

The load bearing behaviour of Test 2 is included in Figures 5.38 and 5.39 for comparative 

purposes. The repeat test (test 7) showed a 4.6% increase in bearing capacity due to a weak zone 

of soil disturbed during installation, when excess oil on the surface leaked into the cylindrical 

hole being drilled, causing suction forces to develop which cracked the soil when auger was 

being removed  after the second stage of drilling. The soil recovered its full transparency before 
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loading but obviously not its full strength.  The rounded column bulge seen in Figures 5.32 (a, b 

and c) mirrors the round shape of the disturbed zone and comparison with of the column 

interface shape observed in test 7 (d, e and f)  shows what caused a fraction of the column 

bearing capacity to be lost in test 2. Nonetheless, even without the presence of any weak zones, 

an experimental repeatability of less than 5% in the load bearing performances of the composite 

foundations could be considered satisfactory, not to mention when the cause of the discrepancy 

can be pinpointed. 

 

5.3.2 Effect of Ar on SSI and Bearing Capacity 

The overall impact of Ar and foundation overhang on column behaviour can be observed by 

comparing Test 1, Test 4, Test 5 and Test 6, with Ar ratios of 3.33, 5, 2.5 and 1 respectively. All 

tests were performed at an L/d ratio of 4. The first test image and the final image at full footing 

displacement (20mm) for each of these tests are presented in Figures 5.40 to 5.42 respectively. 

The contrasting behaviour of each column during loading is depicted by Figures 5.43 to 5.62. 

As before, the first ten of these plots (Figures 5.43 to 5.52) concern local deformation, and the 

second group of ten concern global deformation (Figures 5.53 to 5.62). Test 6 is performed at an 

Ar of 1, thus representing a simulation of a plate load test. The size of the footing causes a 

different column failure mode than those seen in Tests 1, 4 and 5 performed with Ar ratios in the 

more common range from 5 to 2.5. As a result the performance of the stone column in test 6 is 

mostly discussed in a separate section, Section 5.4. Unlike Tests 2 to 3 where slight issues with 

column installation and migration of seeding particles were encountered, Tests 1, 4, 5 and 6 

produced perfectly comparable data from every aspect, as a result of the lessons learned from 

these earlier tests, thus providing the author with a good opportunity to assess the influence of 

Ar. 

It is immediately apparent on examining these plots that increasing overhang of the foundation 

beyond the column diameter provided increased stress in the underlying transparent clay, 

preventing lateral deformation (bulging) at the top of the column and pushing the bulging 

mechanism to a lower level. This example of column structure interaction was recorded at all 

displacement increments. At 5mm displacement (Figures 5.44), maximum bulges of 0.6mm, 

1.2mm, 0.8mm and 1.4mm, were recorded at depths 30mm, 20mm, 18mm and 15mm for Ar 

ratios of 5, 3.33, 2.5 and 1 respectively.  At 10mm displacement (Figures 5.45), maximum 

bulges of 1.5mm, 2mm, 1.5mm and 2mm, were recorded at depths 28mm, 25mm, 20mm and 

20mm for Ar ratios of 5, 3.33, 2.5 and 1 respectively.  When15mm displacement was reached 

(Figures 5.46), maximum bulges of 2mm, 3mm, 2mm and 3mm, were recorded at depths 

40mm, 30mm, 20mm and 25mm for Ar ratios of 5, 3.33, 2.5 and 1 respectively. By 20mm 
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displacement (Figures 5.47), maximum bulges of 3mm, 4mm, 3mm and 3mm, were recorded at 

depths 38mm, 32mm, 20mm and 25mm for Ar ratios 5, 3.33, 2.5 and 1 respectively. 

 

As was the case in Section 5.3.1, collated quantitative information extracted from the relevant 

test data matrices was used to produce comparative plots for contrasting and comparing the 

observed behaviour in the tests and assessing the effect of the Ar parameter on soil structure 

interaction effects and the eventual failure pattern. Figure 5.63 illustrates the variation of radial 

strain at the column interface with depth at displacements of 10mm and 20mm respectively. The 

plot shows that the percentage of radial strain at the interface varied between 10 %and 20% at 

10mm footing displacement and between 30% and 40% and full footing displacement, 

depending on the size of the footing. It can be concluded from this plot in conjunction with 

findings presented in the last paragraph, that larger footings providing larger footing clearances 

generally protect the top column against bulging and transfer the bulging mechanism to a lower 

level, adhering to a general rule that the higher the overhang distance, the greater the depth of 

maximum bulging and the greater the proportion of the lateral deformation that takes place in 

the lower column. The reasons for which are described in the next few paragraphs 

 

The corresponding compression data is presented in Figures 5.48 to 5.52. At 5mm displacement 

(Figures 5.49), compression is evident along the full length of all columns. Examining the top of 

the columns however shows that increased overhang increases the compression in the upper 

column, just below the footing. For footing overhangs for 11mm and 7.4mm, the 5mm 

compression line extended to depths of approximately 12mm, but as the column in test 5 was 

loaded with only 5mm footing clearance, compression in this region was not prevalent as the 

upper column just below the footing was bulging unrestrained. Consequently the 5mm 

compression line only extends to a depth of approximately 7.5mm. Unfortunately information 

on column compression could not be ascertained in test 6 (the plate test simulation) as the 

footing plunged into the stone column leaving the front perimeter of the column relatively 

incompressed. By 10mm (Figure 5.50), it became apparent that although the upper column in 

test 5 did not compress as much as when larger footings were employed (Tests 1 and 4), the 

compression lines extended further down the column, with 0.5 mm compression observed over 

the full length, compared to tests 1 and 4 where the corresponding contours did not quite extend 

to the end of the columns. It seems that the initial unrestrained bulge at the top of the column 

also caused the propagation of stress further down the column, as bulging was not as prevalent 

in the lower half of the column, as in the other tests. By 15mm (Figure 5.51), over 1mm base 

penetration had occurred in test 5 compared to 0.7 and 0,5 for tests  4 and 1 respectively. By 

20mm displacement these penetrations had increased to 1.5, 0.8 and 1.5mm respectively, 

meaning that between 15mm and 20mm displacement the column in Test 4 began to penetrate at 
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a much faster rate than that in Test 5. Test 4 continued to show more compression of the upper 

column than the other two tests, with the 10mm compression contour extending slightly further. 

Figure 5.52 shows that the 10mm compression contours extended to approximately 33mm, 

30mm, and 28mm at 20mm displacement for Ar ratios of 5, 2.5 and 3.33 respectively. 

 

It is intuitive that the most compression would occur at an Ar of 5, as the mechanism was 

pushed to a deeper level, but this is only true of the upper half of the column where significantly 

more compression was observed, compared to Tests 1 and 5. As these larger footings in Tests 1 

and 4 caused increased bulging in the lower half of the column, compression was not as 

prevalent in this region. Thus it is postulated that the lack of overhang at an Ar of 2.5  created a 

different failure mechanism than in tests 1 and 4, whereby the that the top section of the column 

bulged due to the high stress under the footing and the small footing clearance, providing less 

restraint. As a result, bulging was for the most part restricted to the top of the column, causing 

increased compression, leading to more base penetration than in the other tests up to 15mm 

displacement , and more than Test 1 and equal to that observed in Test 4 by full footing 

displacement.  At 20mm displacement, this created the interface compression with depth 

relationships on Figure 5.64. 

 

The test results indicate that decreasing Ar or providing less overhang, focused stress on the 

centre of the column increasing compression and limiting bulging to outer radii of the upper 

column, thus producing a smaller magnitude of bulging overall. In contrast, larger footings 

forced the column to bulge over the full length of the column, as opposed to the top half only at 

an Ar of 2.5. Thus although stress measurements were not taken in the experiments, it is 

hypothesised that this behaviour could be as a result of an increase in SCR with decreasing area 

replacement ratio Ar. As reviewed in section 2.1.6.2.3, Black (2007),  McKelvey (2004),   Hu 

(1995) and Ambily et al (2007), all agreed that  SCR increases with decreasing Ar (see section 

2.1.6.2.3). 

 

Interestingly, as regards preventing punching failure it could be concluded that an area 

replacement ratio of 3.33 is optimum. 0.7mm of punching was seen in test 1, while 

approximately 1.5mm penetration of the underlying clay was observed in tests 4 and 5. 

However, consideration of the magnitudes of bulging observed at final footing displacement in 

Figure 5.20 and show that this configuration, resulted in the highest maximum bulge recorded of 

4mm. Thus it is hard to conclude if there is an optimum Ar. 

 

Observations concerning global deformation were made by examining the horizontal and 

vertical contour displacement plots presented in Figures 5.53 to 5.57 and Figures 5.58 to 5.62 
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respectively. At 5mm displacement (Figure 5.54) the 0.1mm horizontal contour or 1% radial 

strain contour extended a distance of 80mm from the centre of the column at Ar ratios of 5 and 

3.3, while the corresponding contour for in tests 5 and 6 (Ar ratios of 2.5 and 1), only extended a 

distance of 65mm and 40mm respectively. By 10mm displacement (Figure 5.55) it is clear that 

the true zone of influence in  tests 1,4 and 5 extends close to the boundary of the test chamber, 

100mm from the column centre, with horizontal or vertical movement greater than 0.1mm or 

1% radial strain observed. At this stage it is more effective to assess the effect of footing size on 

radial zone of influence by examining,  the 0.5mm and 1mm horizontal contours (5.5% and 11% 

radial strain respectively) as this provides a truer reflection of the influence of the parameter. By 

20mm (Figure 5.58), the 11% radial strain contour extended to approximately 42mm, 35mm, 

and 30mm and 18mm, while the 5.5% radial strain line was limited to 55mm, 52mm, 47mm, 

and 23mm for Ar ratios of 5, 3.33, 2.5 and 1 respectively, in keeping with the pattern of a 

increasing radial zone of influence with footing size. 

 

Observations concerning vertical global deformation were ascertained from Figures 5.59 to 

5.62. Retaining and passive soil zones are again visible in all tests, roughly defined by the 

negative and positive 0.1mm contours respectively. At Ar ratios higher than 1, the shape and 

propagation of each zone is very similar as it is defined by the chamber boundary. By 20mm, 

the -0.1mm line extended a radial distance of approximately 50mm in each of these three tests. 

The vertical propagations of the line were also much the same, contained within a depth of 

130mm. However, at an Ar of 1, the retaining zone does not propagate as far. It is contained 

within a radial distance of 40mm of the centre of the column, and within a depth of 100mm. 

 

Overall, the global deformation data showed that increased footing size forced the bulging 

mechanism to a lower depth, significantly increasing the radial zone of influence. Figures 5.65  

and 5.66illustrate the variation of radial strain at distances 0.5d and 1d from the  column 

interface with depth at displacements of 10mm and 20mm respectively. The first plot shows that 

the percentage of radial strain at 0.5d radial distance varied from 0 % to 12% at 10mm footing 

displacement and between 0% and 40% and full footing displacement, depending on the size of 

the footing. While the second plot shows that the percentage of radial strain at 1d radial distance 

varied from 0 % to 10% at 10mm footing displacement and between 0% and 20% and full 

footing displacement, again depending on the size of the footing.  Figure 5.67 presents radial 

strain data for the full test chamber by illustrating the variation in radial strain at distances 0.5d, 

1d, and 2d from the interface with depth at the full footing displacement of 20mm. In all tests, 

radial strain decreased from a maximum of 30 to 40% at the interface to below 10% at a 

distance of 2d, and the plots show a clear increase in radial zone of influence with area 

replacement ratio. Figure 5.68 35 is also effective in displaying the local differences in the 
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failure mechanism caused by an increase in footing size as it presents the same data at a single 

scale. 

 

Increasing footing size was found to significantly enhance the load capacity of the isolated stone 

column foundations as presented in Figure 5.69. Due to the higher stiffness of the column 

compared to the clay, it is natural for bearing capacity to decrease with increasing Ar, in spite of 

the fact that bigger footings can obviously take more load.  Decreasing Ar from 5 to 3.3 and then 

2.5 was seen to increase bearing capacity by 28% and 51% respectively as illustrated in Figure 

5.70. The findings are in agreement with Black (2007), McKelvey (2002), Hu (1995) and 

Ambily et al (2007).  

Overall, it can be concluded that Ar has a far greater influence than L/d on the soil structure 

interactions that govern foundation performance, and on the load capacities achieved. The key 

result to be drawn is that the geometry of the footing interacts with the geometry of the 

individual columns in affecting column structure interaction and producing an eventual failure 

mechanism for the composite foundation. This has led the author to examine the performance of 

the Priebe (1995) ultimate limit state design method, the most well-known of the homogenised 

methods, in relation to the bearing capacities achieved in Tests 1,4,5 and 6, as described in 

Section 5.5. 

5.4 Evaluation of the Significance of the Standard Plate Load Test 

Plate load tests (typically 600mm diameter) are carried out on constructed columns to verify the 

compactness of the stone and the stiffness of the supporting ground at the top of the column 

(McCabe et al. 2007). It is common practice in industry to load test stone columns to between 

1.5 to 3 times the working load, with maximum settlements of around 10-15mm usually 

acceptable (Barksdale and Bachus, 1983; Taube and Herridge, 2002(Industry Specification)). 

However, settlements measured or bearing capacity achieved may not be representative of 

foundation or slab behaviour due to difference in size between the 600mm diameter plate, 

contained within the diameter of the column and a larger foundation, usually straddling several 

columns and the intervening untreated ground and usually providing overhang (Taube and 

Herridge, 2002; McCabe et al. 2007). Long term zone load tests provide a truer reflection of the 

stiffness of the ground, as a plan area the size of a real foundation is loaded. However, due to 

their cost, these are generally reserved for marginal sites (McCabe et al. 2007). 

The footing size employed in test 6, was included to simulate a typical plate load test using a 

600mm diameter plate on a 600mm diameter column with no foundation overhang. The test also 

served to contextualise the early physical modelling tests of Hughes and Withers (1978) and the 

associated ULS design method. 
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As described in Section 5.3.2, comparison of the test data from test 6 with the corresponding 

data for tests 1, 4 and 5, shows that the footing size resulted in a more shallow failure 

mechanism, concentrated on the column, with very little deformation of the surrounding soil.  

Due to the smaller footing size and lack of column protection, the load bearing capacity 

achieved in test 6 is significantly lower than at the typical area replacement ratios of 3.33, 5 and 

2.5, as illustrated in Figure 5.71. For obvious reasons the bearing capacity achieved in the test 

was 216%, 200% and 237% greater than in tests 1, 4 and 5 at area replacement ratios of 3.33, 5 

and 2.5 respectively (Figure 5.72).  

As seen in Figure 5.57 the 0.1mm horizontal contour (1% radial strain) shows the radial zone of 

influence of the column in test 6 was approximately 45mm from centre of the column, at 20mm 

displacement. This observation indicates that the true radial zone of influence of this column is 

contained within a cylinder with a diameter of about five times that of the column, which 

disagrees with Hughes and Withers (1974) assertion using a similar 1% radial strain evaluation 

that only clay within a cylinder with a diameter of about two and a half times that of the column 

is affected by the loading. Consideration of the 0.5mm horizontal contour line shows that the 

limit of 5.5% radial strain is contained within a 2.5d diameter cylinder. Back analysis of the 

load settlement plots presented by Hughes and Withers in their 1974 publication, ascertains that 

kaolin with an undrained shear strength of 20kPa was used in the physical model test, stronger 

than the transparent clay employed in the current tests (approximately 12kPa on average). This 

may have provided a greater resistance to lateral deformation. 

It must be stressed that the conclusions drawn in this paragraph are only valid at an Ar of 1. 

Tests 1-5 and 7 have shown that the true radial zone of influence relating to 1% radial strain, in 

the most commonly employed area ratio range of 20% to 40% is the full width of the box and 

thus approximately 10d. The limit of 5.5% radial strain (0.5mm movement) also extends to a 

much larger width, but shows a significant variation with L/d and especially Ar and, which has 

been quantified in sections 5.3.1 and 5.3.2 respectively. 

5.5 Implications of Findings for ULS Design of Stone Column Foundations 

Unfortunately information on column compression could not be ascertained in test 6 as the 

footing plunged into the stone column leaving the front perimeter of the column relatively 

incompressed, thus a direct comparison with the compression recorded by Hughes and Withers 

(1974) within their column of matching geometrical parameters could not be made. 

However, the author was still able to observe that deformation behaviour in test 6, was in 

agreement with the findings of the 1974 publication. Hughes and Withers stated that their short 

column showed negligible vertical penetration at a footing displacement equal to 58% of the 
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footing diameter, while the average penetration of the column in Test 6 at the corresponding 

footing displacement of 10mm (58% of 18) was found to be approximately 0.1 mm, which 

could also be considered negligible.  In addition comparison of the bearing capacity 

performance of both tests normalised using soil strength shows similarity as illustrated in Figure 

5.73. As Hughes and Withers used this normalised pressure settlement curve to validate their 

simple ULS design method, it was apparent that the load bearing capacity achieved by the 

composite foundation in test 6 would correlate with the corresponding prediction using this 

method. Table 5.2 compares the observed normalised bearing capacity performance of test 6 

with predicted values using various cylindrical cavity expansion based prediction methods, all 

of which effectively consider a circular footing of equal diameter to the column. The observed 

performance is unsurprisingly closest to that predicted by Hughes and Withers (1974). 

 

Table 5.2 Comparison of Observed Normalised Bearing Capacity Performance with that 

Predicted by Various Cylindrical Cavity Expansion Based Prediction Methods 

Observed Hughes and Withers (1974) 

(p’
0+u0) = 2.27Cu 

Brauns 

(1978) 

Bell 

(1915) 

22.4 21 15.2 7 

 

 

Hughes and Withers (1974) method is based on elasto plastic theory for the expansion of a 

cylindrical cavity and as only a solitary single column model test was conducted, it is based 

only on the undrained shear strength of the clay and the internal friction angle of the column 

material, with no attempt made to account for either of the critical geometrical parameters, Ar or 

L/d.   

The current findings presented relating to footing size, as presented in Figures 5.69 -5.72, show 

that the geometry of the loaded area interacts with the geometry of the individual columns 

meaning that composite single stone column foundations achieve  higher load capacities than 

the individual columns themselves. As a result Hughes and Withers (1974) prediction method, 

significantly underestimates the ultimate load capacity of the model foundations in tests 1, 4 and 

5 at Ar ratios of 3.33 5 and 2.5 respectively. The predicted ultimate load capacities are plotted 

against measured values in Figure 5.74. 
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 On consideration of the proximity of pressure displacement curves in Figure 5.73, the author 

attempted to use the results of these isolated tests to modify the useful design chart of Brauns 

1978 based on equation 2.1 by Hughes and Withers, commonly used in industry, by 

incorporating Ar  into the design process for an isolated column, thus making provision for soil 

structure interaction effects. On examining Brauns’ chart, the author trialled the following 

simple formula to attempt to predict the ultimate bearing capacity of the model foundations in 

tests 1,4 and 5  from the bearing capacity of a single column, with a footing clearance of 0mm: 

 

                                                                    (       )  (
 

  
)                                    Equation 5.1 

 

Where       is the ultimate bearing capacity calculated using Hughes and Withers equation, 

assuming that the initial effective horizontal stress and pore pressure sum to 2.27Cu, and 5Cu is 

an approximation of the normalised bearing capacity of a circular foundation on untreated 

ground, via traditional bearing capacity methods. The resultant plot of predicted load capacity 

against measured in presented in Figure 5.75. The performance of each column has been 

predicted to within 5% of the measured load capacity for area ratios 1, 2.5 and 3.3, and within 

9% at an area ratio of 5. Design curves are presented in Figure 5.76 for the calculation of the 

normalised bearing capacity of an isolated stone column at a known Ar, based on the work of 

Hughes and Withers (1974), Brauns (1978), and the present research. Moreover, equation 5.2 

could be used to predict the bearing capacity of an isolated stone column foundation using the 

normalised bearing capacity performance of a standard plate test    performed with an Ar of 1 

on a sacrificial column on site. This would be preferable to the design curves as material 

properties would also be accounted for. 

 

                                                                    (     )  (
 

  
)                                     Equation 5.2 

 

To the authors knowledge, the only existing design methods to date which account for account 

for soil structure interaction effects are the ‘homogenised’ methods of Priebe (1995) and Bachus 

and Barksdale (1983). As the most well-known of the homogenised methods, it was decided to 

investigate the performance of the Priebe prediction method for single columns in relation to the 

load capacities achieved in Tests 1,4,5.   

Although there did not seem to be any evidence of the general bearing capacity failure mode 

proposed by Priebe in the current model tests, stress based predictions using the Priebe method, 

with Terzaghi’s bearing capacity equation and factors and the peak friction angle for the column 
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material, were within 8% of the observed load carrying capacity in the area ratio range from 2.5 

to 5, as illustrated in Figure 5.77. It should be noted however, that it is important that the 

cohesion of the homogenised soil, is derived based on the proportional load on the column 

rather than the area replacement ratio, as the latter resulted in an overestimation of the load 

bearing performance by an average of 60%. The choice of bearing capacity factors used will 

also affect the predictions. Terzaghi’s bearing capacity equation and factors were used in this 

case, following Bachus and Barksdale’s (1983) suggestion that Terzaghi’s theory compares 

favourably with that of the homogenous design methods. 

As increasing column length was also shown to improve bearing capacity, the author derived 

the following simple empirical additive factor to incorporate length into the previously proposed 

ULS design formula: 

 

                                              (       )  (
 

  
)      (

 

  
  )                           Equation 5.3 

 

Again the performance of each column testing in this phase has been predicted to within 5% of 

the measured load capacity for area ratios 1, 2.5 and 3.3, and within 9% at an area ratio of 5, as 

shown on Figure 5.78. The findings could also be interpreted as a method of estimating the 

bearing capacity of an isolated column, from the normalised bearing capacity performance of a 

standard plate test      performed on a sacrificial column on the site, accounting for area 

replacement ratio and length (Equation 5.4).   

 

                                                      (     )  (
 

  
)      (

 

  
  )                        Equation 5.4 

 

Although Priebes method does not attempt to account for the improved performance of longer 

columns, the predictions are nonetheless reasonably close. A maximum error of 14% was 

recorded in the underestimation of the performance of the longest column, 8 diameters in length 

(Figure 5.78). 

Overall it can be concluded that traditional ULS stone column design methods, which do not 

account for the size of the loaded area significantly underestimate the load capacity of isolated 

stone column foundations, and the efficiency of their design could be improved by adopting 

either the Priebe (1995) bearing capacity prediction method or that presented by the current 

author. When using the Priebe method however, it is important that the cohesion of the 
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homogenised soil is derived based on the proportional load on the column rather than the area 

replacement ratio, as the latter seems to result in considerable overestimation of foundation 

performance.  

Moreover examination of Figures 5.76 to 5.78, leaves the author in no doubt that increasing 

foundation size rather than column length wold be a much more efficient way of increasing the 

bearing capacity of isolated vibro stone column foundations, especially as the larger foundation 

sizes used in this phase of testing to produce area ratios of 2.5, 3.3 and 5, are only 055d, 0.82d 

1.22d larger in diameter than the smallest footing size of 18mm giving an Ar of 1, which 

showed the lowest load capacity. In contrast, increasing L/d ratios to 6 and 8, required extra 

volumes of stone equal to 1.57d3 and 3.14d3. These numbers would also translate to prototype 

sizes. 

5.6 Implications of Findings on Current State of Research  

The bulging type failure observed in the above isolated column tests, indicates that the high 

contact stress directly below the footing caused high mean stresses in the upper column, leading 

to compression and lateral expansion into the soft clay in the absence of adjacent columns or 

chamber walls. The mechanism resembles that recorded in the tests of Hughes and Withers 

(1974) which led the authors to idealise column deformation to be similar to the cylindrical 

expansion into the surrounding clay in a pressuremeter test. In addition the current test results 

have confirmed Hughes and Withers postulations that the vast majority of column bulging was 

contained within 4 diameters from the surface of the model, and that only a small amount of 

column base penetration occurred at the critical column length of 4D. Hughes and Withers 

design method was also found to be accurate at an Ar of 1.  

Nevertheless, in contrast to the their presumption that any further increase in length would not 

result in a greater bearing capacity, the author observed moderate increases of 8.5% and 13%, 

for the longer columns of aspect ratios 6 and 8 respectively. This seems to be as a consequence 

of increased compression and smaller magnitudes of bulging in the upper column as length is 

increased. Nevertheless, a modest increase of 13% upon doubling the length of the column, is 

not enough to challenge Hughes and Withers assertion that an L/d ratio of 4 is optimum. The 

isolated current test results also ascertained that the vast majority of isolated column bulging is 

contained within 4 diameters from the surface of the model regardless of column length and 

compression dissipated at a depth of 6d in all cases. 

This work has provided new insight into the failure mechanism of isolated stone columns, by 

tracking the column sand deformation adjacent to the column interface as well as the 

surrounding soil through the loading sequence. There is no evidence to support Hughes and 
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Withers proposal that at a critical length of 4d, a column will simultaneously fail through the 

end bearing and bulging modes. Only a very small amount of base penetration was observed and 

there is no indication of friction failure along the column interface with lateral and downward 

deformations transferred in a smooth manner to the surrounding clay. There are no significant 

changes in the depth of vertical contours across the vertical interface and there is nothing in the 

test results to suggest that shearing along the column interface would occur regardless of how 

short a column is. The reduction of compression along the depth of the column in the shortest 

column of L/d =4 Test 1 prevented friction failure along the interface that could have led an end 

bearing failure mode, as postulated by various authors in the literature (Hughes and Withers 

1974, Black 2007, Barksdale and Bachus 1983). According to the data presented herein, 

significant base penetration would most likely occur beneath columns of L/d ratios less than 4, 

but only because high stresses would be transferred to the column base through compression, 

causing penetration of the sand into the soil below.  

As discussed in Chapter 2, Bachus and Barksdale (1985) and Black (2007) also performed 

laboratory modelling of single stone columns with Black postulating a contrasting critical depth 

of 8D. It is important however to draw distinction between the unit cell tests of Bachus and 

Barksdale (phase 1) and Black performed in cells of diameters 4d/2d and the tests of Hughes 

and Withers, Bachus and Barksdale (phase 2) and the current author conducted centrally in 

relatively much larger rectangular test chambers of dimensions 6D/4D, 17D/6D and 11D 

respectively. By definition, the settlements for both the column and clay in a unit cell test are 

equal, with vertical surcharge stresses assumed to be constant over an infinite loading. This type 

of test thus represents the behaviour of a central column within a large group rather than one 

loaded in an isolated manner. Barksdale and Bachus (1985) (phase 1) observed that most of the 

movement of sand and clay was vertical and lateral deformation was very small, in the work at 

Georgia Tech, while Black recorded similar behaviour along with significant punching for non-

end bearing columns, diminishing to a negligible value when length was increased to 8d. 

Comparing the variation of punching depth with L/d ratio observed in these tests with those 

recorded in Blacks unit cell tests (Figure 5.79),  it is clear that punching is much more prevalent 

in unit cell tests than those loaded in an isolated manner. 

 The contrasting deformation of single columns loaded in unit cell chambers, analogous to the 

columns of a large group and those loaded in an isolated manner within a soil bed such as those 

in the current authors tests leads to author to conclude that stone column loading is transferred 

to greater depths in column large column groups. Considering the results of the current 

investigation in conjunction with the findings of Hughes and Withers and Black, it seems 

reasonable to propose that an optimum L/d value for 4 applies to an isolated footing, while 
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columns where the unit cell boundary conditions are realised should have an aspect ratio of no 

less than 8.  

It should be noted however that the unit cell tests described here were stress controlled, drained 

tests as opposed to the current   author’s tests which were displacement controlled and 

undrained. It was initially believed that the deformation behaviour could explain why there is 

agreement in the literature than an L/d ratio of 8 is advisable in terms of minimising long term 

drained settlement, as discussed in Section 2.1.6.1 (Black, 2007; Killeen, 2009). But Hughes 

and Withers (1974) tests were also stress controlled, with sufficient time allowed between 

successive loading increments for full dissipation of pore water pressure, while Bachus and 

Barksdale (1985) quoted a very slow foundation displacement rate of 0.03mm/m for the tests in 

the larger chamber, corresponding to 7 hours for full footing displacement. Thus the author 

believes that the critical factor governing the deformation behaviour and performance observed 

for single columns is the boundary condition rather than loading rates.  

Comparison of the normalised isolated load bearing behaviour presented as part of this research 

work, with the normalised load displacement responses observed by the previous authors 

discussed in this section (Figure 5.80) shows that single columns loaded in unit cell chambers 

achieve far higher bearing capacities than those loaded in an isolated manner, evidencing the 

theoretical improvement in performance of columns with the presence of neighbouring columns 

creating infinite boundary rigidity on all sides could bring. But it is it is unlikely that the unit 

cell condition of infinite boundary rigidity would ever be developed in small column groups of 

realistic sizes, such as a pad or strip footing of less than 5 columns, due to lateral spreading in 

unrestrained directions and bulging.  Examination of the test results presented by Bachus and 

Barksdale (1985), showed that the non-axisymmetric deformation caused by an adjacent wall at 

one side of an isolated column caused a reduction in its load bearing ability by assumedly 

compromising the integrity of the column. Black (2007) also reported the underperformance of 

column groups compared to isolated columns. Thus a stone column group could be expected to 

underperform or overperform in comparison with the same number of stone columns acting 

independently, depending on the group interactions which develop as a result of the specific 

configuration of the group, footing shape and whether or not they cause the columns to deform 

in a non axisymmetric manner. Phase 2 of testing investigates group interaction for the specific 

case of a strip footing supported by 3 collinear columns. 

As regards the parametric study of Ar, the findings of this research do not confirm or contradict 

the work of Bachus and Barksdale (1985) and Black (2007), as it was performed in a different 

way. Ar was varied between tests by providing footing clearances of 5, 8 and 11 respectively 

and thus by increasing the size of the foundation, rather than changing column diameter. The 
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key result to be drawn from these tests is that the geometry of the footing interacts with the 

geometry of the individual columns in producing an eventual failure mechanism for the 

composite foundation, therefore governing the ultimate bearing capacity of the foundation too.    



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

235 

 

 

 

Figure 5.1: Test1: Velocity Vector Field Plots at 0mm, 5mm, 10mm, 15mm and 20mm Displacement. 
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Figure 5.2: Test1: Horizontal Displacement Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement.. 
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Figure 5.3: Test1: Vertical Displacement Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement. 
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Figure 5.4: Test1: Total Shear Strain (%) Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement. 
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Figure 5.5: Test1: Global Horizontal Displacement Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement. 
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Figure 5.6: Test1: Global Vertical Displacement Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement. 
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Figure 5.7: Test1: Global Total Shear Strain (%) Contours at 0mm, 5mm, 10mm, 15mm and 20mm Displacement  
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Figure 5.8: Test Images from Test 1: (a) 0mm Displacement, (b) 20mm Displacement 

 

Figure 5.9: Test Images from Test 2: (a) 0mm Displacement, (b) 20mm Displacement 
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Figure5.10:Test Images from Test 7(Repeat of T2): (a)0mm Displacement, (b) 20mm Displacement 

 

Figure 5.11 Test Images from Test 3 : (a)0mm Displacement, (b) 20mm Displaceme
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Figure 5.12: Comparison of Local Horizontal Displacement Contours at 0mm: Test1 L/d = 4, Test7 L/d = 6 (Repeat of Test 2) and Test3 L/d=8. 
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Figure 5.13: Comparison of Local Horizontal Displacement Contours at 5mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8  
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Figure 5.14: Comparison of Local Horizontal Displacement Contours at 10mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.15: Comparison of Local Horizontal Displacement Contours at 15mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.16: Comparison of Local Horizontal Displacement Contours at 20mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.17: Comparison of Local Vertical Displacement Contours at 0mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.18: Comparison of Local Vertical Displacement Contours at 5mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.19: Comparison of Local Vertical Displacement Contours at 10mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.20: Comparison of Local Vertical Displacement Contours at 15mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.21: Comparison of Local Vertical Displacement Contours at 20mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.22: Comparison of Global Horizontal Displacement Contours at 0mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.23: Comparison of Global Horizontal Displacement Contours at 5mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.24: Comparison of Global Horizontal Displacement Contours at 10mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.25: Comparison of Global Horizontal Displacement Contours at 15mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.26: Comparison of Global Horizontal Displacement Contours at 20mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.27: Comparison of Global Vertical Displacement Contours at 0mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.28: Comparison of Global Vertical Displacement Contours at 5mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 

 



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

261 

 

 

Figure 5.29: Comparison of Global Vertical Displacement Contours at 10mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.30: Comparison of Global Vertical Displacement Contours at 15mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 
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Figure 5.31: Comparison of Global Vertical Displacement Contours at 20mm: Test 1 L/d = 4, Test 7 L/d = 6 (Repeat of Test 2) and Test 3 L/d=8. 

 

 

 

 

 



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

264 

 

 

 

Figure 5.32: Comparison of Deformation Behaviour in Test 2 and Test 7 L/d = 6 (Repeat of Test 2). 



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

265 

 

Figure 5.33 Variation of  Radial Strain at Column Interface with Depth for L/d Ratios of 4,6 and 8 

Figure 5.34 Variation of  Compression at Column Interface with Depth for L/d Ratios of 4,6 and 8
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Figure 5.35: Effect of L/d on Failure Mechanism 

Figure 5.36 The Effect of L/d on Load Capacity of Isolated Stone Column Foundations 
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Figure 5.37The Effect of L/d on Bearing Capacity of Isolated Stone Column Foundations 

Figure 5.38 The Effect of L/d on Load Capacity of Isolated Stone Column Foundations with Test 2 
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Figure 5.39 The Effect of L/d on Bearing Capacity of Isolated Stone Columns, with Test 2 

 

Figure 5.40:Test Images from Test 4 : (a)0mm Diplacement, (b) 20mm Displacement 

0 5 10 15 20 25
0

2

4

6

8

10

12

Settlement (mm)

B
e
a
ri
n
g
 C

a
p
a
c
it
y
/C

u

 

 

Test 1 - L/d=4, Ar=3.33

Test 2 - L/d=6, Ar=3.33

Test 3 - L/d=8, Ar=3.33

Test 7 - L/d=6, Ar=3.33 R

Displacement (mm) 



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

269 

 

 

Figure 5.41:Test Images from Test 5 : (a)0mm Displacement, (b) 20mm Displacement 

 

Figure 5.42:Test Images from Test 6 : (a)0mm Displacement, (b) 20mm Displacement 
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Figure 5.43: Comparison of Local Horizontal Displacement Contours at 0mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.44: Comparison of Local Horizontal Displacement Contours at 5mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.45: Comparison of Local Horizontal Displacement Contours at 10mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.46: Comparison of Local Horizontal Displacement Contours at 15mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.47: Comparison of Local Horizontal Displacement Contours at 20mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.48: Comparison of Local Vertical Displacement Contours at 0mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.49: Comparison of Local Vertical Displacement Contours at 5mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.50: Comparison of Local Vertical Displacement Contours at 10mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.51: Comparison of Local Vertical Displacement Contours at 15mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.52: Comparison of Local Vertical Displacement Contours at 20mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.53: Comparison of Global Horizontal Displacement Contours at 0mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.54: Comparison of Global Horizontal Displacement Contours at 5mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.55: Comparison of Global Horizontal Displacement Contours at 10mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.56: Comparison of Global Horizontal Displacement Contours at 15mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.57: Comparison of Global Horizontal Displacement Contours at 20mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.58: Comparison of Global Vertical Displacement Contours at 0mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.59: Comparison of Global Vertical Displacement Contours at 5mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.60 Comparison of Global Vertical Displacement Contours at 10mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.61 Comparison of Global Vertical Displacement Contours at 15mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1. 
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Figure 5.62Comparison of Global Vertical Displacement Contours at 20mm: Test 4 – Ar = 5, Test 1 Ar = 3.3, Test 5 Ar =2.5 and Test 6 Ar=1 
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Figure 5.63 Variation of Radial Strain at Column Interface with Depth for Ar ratios 1,2.5,3.3 and 5: 

(a) 10mm Displacement, (b) 20mm Displacement 

 

Figure 5.64 Variation of Compression at Column Interface with Depth for Ar Ratios 2.5, 3.3 and 5 
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Figure 5.65 Variation of Radial Strain at a distance of 0.5d from the Column Interface with Depth 

for Ar ratios 1,2.5,3.3 and 5. (a) 10mm Displacement, (b) 20mm Displacement 

Figure 5.66 Variation of Radial Strain at a distance of 1d from the Column Interface with Depth for 

Ar ratios 1,2.5,3.3 and 5. (a) 10mm Displacement, (b) 20mm Displacement 
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Figure 5.68 The Effect of Ar on Foundation Deformation Mechanism 
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Figure 5.69The Effect of Ar on the Load Capacity of Isolated Stone Column Foundations, 2.5-5 

Figure 5.70 The Effect of Ar on the Bearing Capacity of Isolated Stone Column Foundations, 2.5-5 
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Figure 5.71 The Effect of Ar on Load Capacity of Isolated Stone Column Foundations

 
      Figure 5.72 The Effect of Ar on Bearing Capacity of Isolated Stone Column Foundations 
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Figure 5.73 Comparison of Load Displacement Characteristics of Test 6 and Experimental Test of 

Hughes and Withers (1974) 
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Figure 5.74 Plot of Predicted Load Capacity Using Hughes and Withers (1978) Method, Against 

Measured Bearing Capacity. Tests 1,  4,  5 and 6. 

Figure 5.75 Comparison of Load Capacity Prediction Methods for Tests 1,  4,  5 and 6. (a) 
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Figure 5.76 Design Charts: New ULS Design Method after Brauns (1978) 

Figure 5.77 Comparison of Load Capacity Prediction Methods for Tests 1,  4,  5 and 6. (b) 
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Figure 5.78 Comparison of Load Capacity Prediction Methods for Tests 1 to 7. (c) 

 

Figure 5.79 Comparison of the Variation in Punching Depth with L/d ratio Observed in Phase 1 
of testing with that recorded in Blacks (2007) Unit cell Tests. 

40 50 60 70 80 90 100 110 120 130 140 150
40

60

80

100

120

140

160

180

200

220

240

Measured - Load (N)

P
re

d
ic

te
d
 -

 L
o
a
d
 (

N
)

 

 

Observed

H & W (1974) - Ave Phi

Priebe (1995) - Stress  based m, Peak Phi

after H & W (1974) - Current Author - Ave Phi - Ar & Ld Corr

L/d

T4T1T5T6

Ar

Ar - 5

L/d - 4

T3T7

Ar - 1

L/d - 4
Ar - 2.5

L/d - 4

Ar - 3.3

L/d - 4

Ar - 3.3

L/d - 4
Ar - 3.3

L/d - 6

Ar - 3.3

L/d - 8

2 4 6 8 10 12 14 16
0

0.005

0.01

0.015

0.02

0.025

L/d

N
o
rm

a
lis

e
d
 P

u
n
c
h
in

g
 D

e
p
th

 

 

Black (2007), Ar=5.9

Black (2007), Ar=3.6

Black (2007), Ar=2.5

Tests 1-3, Ar=3.3



Chapter 5 Physical Modelling of Isolated Vibro Stone Column Foundations 
 

300 

 

 F
ig

ur
e 

5.
80

 C
om

pa
ris

on
 o

f l
oa

d 
di

sp
la

ce
m

en
t p

er
fo

rm
an

ce
 o

f i
so

la
te

d 
st

on
e 

co
lu

m
ns

 in
 P

ha
se

 1
 o

f t
es

tin
g 

 w
ith

 o
th

er
 si

ng
le

 st
on

e 
co

lu
m

n 
la

bo
ra

to
ry

 in
ve

st
ig

at
io

ns
 re

po
rte

d 
in

  t
he

 li
te

ra
tu

re
.



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

301 

 

6.0 Physical Modelling Of Vibro Strip Foundations 

6.1 Introduction and Test Programme 

The results from the laboratory testing of vibro stone column strip foundations configured with 

a single row of three columns are presented and discussed in this chapter. In contrast to failure 

modes observed in Phase 1 of testing for isolated columns, where all columns failed in an 

axisymmetric manner, the configuration of column strip foundations suggests that they may 

exhibit non axisymmetric behaviour due to the interaction of neighbouring columns. 

Column strip behaviour had previously been examined by Bachus and Barksdale (1983) and 

more recently McKelvey (2002) through physical modelling work. When assessing the 

deformation patterns observed during her tests, McKelvey stated that: 

‘In order to obtain a true 3-dimensional representation of the deformation process, it would 

have been very advantageous to have several cameras mounted at different positions outside the 

consolidation chamber during the loading process.’ 

The following sections confirm the above assertion as the newly developed experimental system 

described in Chapter 3, incorporating two cameras and two perpendicular planes of interest, 

produced a new insight into the group mechanics governing foundation performance. A 3d 

representation of the failure process was obtained which had never been done before. In a lot of 

the tests, it was seen that the majority of column deformation was captured by the side view 

camera, looking along the direction of the strip rather than the primary camera viewing through 

the front window, which would have been considered the most critical view in terms of 

investigating the group mechanics governing foundation behaviour. In addition, this 

investigation was particularly important and novel as displacement and strain fields in a non-

axisymmetric condition had never been evaluated before in transparent soil. 

The test programme is summarised in Table 6.1 and Figure 6.1, along with the group 

configurations and key variables adopted in each test.  The aim of strip footing tests is to assess 

the effect of varying L/d, L/D, Ar, column spacing and footing overhang and on the 

performance of the composite foundation 

Again, the purpose of examining the influence of L/d was to determine whether there is a 

critical or optimum column length for floating columns, whereby current design practice could 

be made more efficient. As stated in Section 2.4.1, previous literature (Hu 1995, McKelvey 

2002 and Black 2007) has reported that L/d has an important role in governing the failure 

mechanisms of column groups, with decreased column punching for increased column length, 

leading to increases in bearing capacity. Three strip footing tests (T1-T3) were conducted on a 
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row of three columns to further investigate the role of the parameter and gain a new insight only 

achievable using the novel and progressive technique. All columns had a final installed diameter 

of 18mm and lengths of 72mm, 108mm and 144mm, representing L/d ratios of 4, 6 and 8, 

corresponding to the lengths used in Phase 1 of testing.  

Similar to the isolated column tests, the influence of footing size was examined. As stated in 

Section 2.4.1, previous laboratory investigations into the effect of Ar on the performance of 

column groups, by increasing column diameter between tests were performed by Hu (1995) and 

Black (2007) on large groups and small column groups (both circular footings) respectively. 

Such an investigation has never been conducted for column strip foundations, while an 

assessment of the influence of footing overhang and spacing certainly has not. Three strip 

footing tests (T3-T5) were conducted to investigate the role of the footing overhang or clearance 

and gain a new insight into the mechanics of column structure interaction. Again, all columns 

had a final installed diameter of 18mm and footing clearances of 5, 8 and 11 respectively were 

provided at a fixed column spacing of 1.55d, matching those of the isolated column tests. The 

final test of the strip footing investigative programme was carried out at a higher spacing of 

1.94d in order to investigate the role column spacing in influencing the group mechanics 

governing foundation performance and behaviour. 

Image Capture and analysis techniques were implemented in a similar manner to Phase 1 of 

testing, but with a second camera positioned to the side of the box, viewing the outer column, 

through the side window of the chamber. A full set of results data for the series of tests is 

presented in Appendix B, containing velocity vector fields, displacement contours in the x and y 

directions (mm) and total shear strains (%) depicting foundation deformation until failure. Just 

as was the case for the isolated column tests, these plots were originally generated for every 

1mm of footing displacement, but it was decided that cumulative footing displacement 

increments of 0mm, 5mm, 10mm, 20mm and 30mm were sufficient to explain stone column 

failure mechanisms. As in Chapter 5, a selection of mostly contour displacement plots have 

been extracted from Appendix B for presentation in this chapter, while the notation of the 

displacement contour plots is as before. Again each caption in this chapter and in Appendix B 

describes the order of the subplots presented from left to right across the page. 

The findings of the tests are presented and discussed in Sections 6.2 to 6.5. In contrast to failure 

modes observed in Phase 1 of testing for isolated columns where all columns failed by 

compressing and bulging in an axisymmetric manner, a number of failure modes were observed 

for strip footings depending on the geometrical configurations employed. These are summarised 

in 6.2, while Sections 6.31, 6.32 and 6.33, provide more detailed observations relating to 

parametric studies of the effect of L/d, overhang and spacing respectively on soil structure 

interactions and group mechanics prevalent in vibro stone column foundations and their 
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performance. Load displacement plots are presented alongside test images and comparative 

plots generated by collating the data matrices for each test. The chapter concludes with Sections 

6.4 and 6.5, evaluating the implications of the findings of these tests on current design practice 

and on the current state of research respectively. 
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Table 6.1 Phase 2 Group Tests:Test Programme. 

Test 
Footing 

Size (mm) 
L/d L/D Ar  

Dia. 

(mm) 

Spacing 

(mm) 

Overhang 

(mm) 

Cu 

(kPa) 

Objective 

1 

(L) x (W) 

84 x 28 
4 

2.57 

0.86 
3 

 

18 
1.55d 5 

 

12 

Assess the effect of increasing L/d from 4 to 6 to 8 at a constant Ar of 3 

by comparing with Tests 2 and 3. L/D values are increased 

correspondingly and will be examined 

2 

 

84 x 28 
6 

3.86 

1.29 
3 

 

18 
1.55d 5 

 

12 

Assess the effect of increasing L/d from 4 to 6 to 8 at a constant Ar of 3 

by comparing with Tests 1 and 3. L/D values are increased 

correspondingly and will be examined 

3 

 

84 x 28 
8 

5.14 

1.71 
3 

 

18 
1.55d 5 

 

12 

Assess the effect of increasing L/d from 4 to 6 to 8 at constant Ar of 3 by 

comparing with Tests 1 and 2. L/D values are increased correspondingly 

and will be examined 

4 

 

90 x34 
8 

4.24 

1.60 
4 

 

18 
1.55d 8 

 

12 

Assess the effect of increasing Ar from 3 to 4 at fixed column spacing, 

by increasing overhang and thus increasing L/D values by comparing 

with Test 3. 

5 

 

96 x 40 
8 

3.60 

1.50 
5 

 

 
1.55d 11 

 

12 

Assess the effect of increasing Ar from 3 to 4 to 5 at fixed column 

spacing, by increasing overhang and thus increasing L/D values by 

comparing with Test 3 and 4. 

6 
 

90 x34 
6 

4.24 

1.60 
4 

 

18 
1.94d   4, 8 

 

12 

Test6: Assess the effect of changing column spacing from 28mm to 

33mm. Mid-range L/d and Ar of 6 and 4 respectively were used. 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

305 

 

 

6.2 Summary of Failure Modes of Column Strip Foundations 

The group mechanics and resulting strongly non axisymmetric modes of deformation produced 

were governed by column spacing; aspect ratio (L/d) and foundation overhang, in order of 

decreasing importance. The failure modes observed are summarised in Figure 6.2. 

As outlined in Table 6.1, Tests 1 to 5 of the series were performed at a spacing of 1.55d. The 

most immediately apparent aspect of the geometry of deformation at this spacing, as revealed by 

the test images and data was the non-uniformity of the deformation of each column due to the 

interaction of neighbouring columns. In all cases, the front series of images ascertained that the 

centre column deformed much less than the edge columns due to the confinement offered on 

both sides. However, in addition, this ‘group effect ‘ caused global concentration of the 

mechanism in the unrestrained direction, perpendicular to the row of columns, as revealed by 

the side view images. The tendency of the columns to deform predominantly in this direction, is 

discussed in sections 6.3.1 – 6.3.3 assessing the ratio of radial deformation of the edge columns 

at right angles to direction of the row of columns to along it. At a spacing of 1.55d, this ratio 

varied from 2-4. 

In test 1, carried out at a low column spacing of 1.55d and high Ar of 3.08, a local shear failure 

occurred close the surface of the columns, resulting in the columns failing prematurely, without 

mobilising their full strength or developing the traditional bulge failure mechanism. The 

mechanism was evident from the side view image sequence, where a clear diagonal rupture 

plane formed at low footing displacements. On examination of the column deformation along 

the row of columns, it is apparent that the rupture plane is conical in nature, as column-column 

interaction forces the shearing of the central column to a greater depth than the two edge 

column. 

 

Increasing column length in Tests 2 and 3 at this spacing (1.55d) was shown to protect the 

composite foundation from early shear failure. The longer column developed more bearing 

capacity through a combination of compression and lateral bulging up to 17mm and 22mm of 

foundation displacement respectively, followed by the formation of a distinct rupture plane. It 

was then observed that increasing foundation overhang (Tests 4 and 5) completely prevented the 

formation of rupture planes by protecting the upper column through column structure 

interaction, thus allowing full development of the bulging mechanism. 

 

The final test of the strip footing investigative programme was carried out at a higher spacing of 

1.94d in order to investigate the role column spacing in influencing the group mechanics 
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governing foundation performance and behaviour. The results of Test 6 (Figures) show that 

increasing column spacing to 1.83 d and correspondingly decreasing the footing clearance 

provided produces a failure mode upon loading which is considerably different in shape to those 

observed at low column spacing.  This time, the columns acted more independently, bulging in 

all directions and visibly compressing the soil in between. The ratio of bulging was 

approximately 1. The low overhang distance saw, the top of the column bulge up to 10mm.. 

However as a whole, the column group acted as a block, penetrating the soil below, with little 

radial influence on the surrounding soil. Significant base penetration occurred as a result with 

the central column punching up to 5mm and the edge columns up to 1mm.  

 

6.3 Parametric Studies 

 

6.3.1Effect of L/d on SSI, Group Mechanics and Bearing Capacity  

The overall impact of L/d on foundation behaviour can be observed on comparing the results 

plots of Test 1 (L/d 4), Test 2 (L/d=6) and Test 3 (L/d=8), presented in Figures 6.10 to 6.39. The 

plots provide a direct evaluation of the influence of column length on deformation behaviour at 

0, 5, 10, 15 and 20mm displacement. All tests were performed at an Ar ratio of 3. The first ten 

of these plots (Figures 6.10 to 6.19) concern local deformation observed from the camera 

positioned in front of the row of columns. The second group of ten concern local deformation 

observed using the side view camera (Figures 6.20 to 6.29) and the third group of ten concern 

global deformation (Figures 6.30 to 6.39). The first test images and the final ones at full footing 

displacement of 30mm, for each of the tests are presented in Figures 6.3 to 6.9 respectively.  

In Test 1, a short column of L/d equal to 4 is tested at a low column spacing of 1.56d, low 

foundation overhang (5mm), and a relatively high resulting Ar of 3. An early local bearing 

capacity type failure occurred close the surface of the column before the development of a 

bulging failure mechanism, as seen in Figures 6.3 to 6.5. As a result the ultimate bearing 

capacity of the foundation was reached at an early stage of loading. For this reason footing 

displacement was stopped at 25mm. Thus the test images at full footing displacement presented 

in Figure 6.5 relate to 25mm displacement as opposed to 30mm, while the contour displacement 

information presented as 30mm data for comparison purposes actually relates to 25mm 

displacement. Due to the badly deformed column shape at full footing displacement in this test, 

an intermediate set of test images at 12mm showing the shape of the rupture surface as it 

developed have also been included (Figure 6.4). In addition, it must be stated that during 

foundation loading in test 1, the laser shut down unexpectedly as a cooling mechanism, 

resulting in lost data between 12mm and 25mm displacement. For this reason the test data 

presented for the 20mm displacement increment, also represents deformation at 25mm 
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displacement. Luckily, early failure occurred in this test meaning that the lost data was not 

critical. Confirmation of this can be gauged from the 12mm and 25mm contour displacement 

plots, which show there was very little development of the mechanism after 12mm.  

As was the case for the isolated stone columns, the low shearing resistance of the clay ensured 

that significant displacements and strains occurred at an early stage of loading in all tests. At 

5mm displacement, the influence of column length was already seen, as large horizontal 

displacements of up to 1.2mm were observed in Test1, while Tests 2 and  3 showed only very 

small movements in the range 0.2 to 0.5 (Figure 6.11). It seems as though column length has 

again affected the magnitude of horizontal deformations observed at this early stage, just as was 

observed at 5mm displacement in the isolated column tests.  Interestingly, much of the bulging 

observed for the edge column in  tests 1 and 2, was towards the central column (up to 0.5mm 

and 0.2mm respectively), while the central column showed considerable bulging towards the 

edge column in the highly strained region just under the footing (up to 1.2mm and 0.2mm 

respectively) (Strain information in Appendix B). Turning to Figure 6.16 allows characterisation 

of the development of column-column interaction in the model foundations. Examining the test 

1 data on the left hand side, it seems as though bulging of the top of central column prevented 

inner bulging of the edge column. Yet just below that in the a region centred at 20mm depth 

there was an unexpected large displacement of  2mm, which nothing of the like was observed in 

any of the other tests. From 30mm to 50mm depth, it seems as if the central region has sheared 

downwards relative to the edge column by 1mm. Note that flattening of contours through the 

centre of the edge columns was as a result of soil tracking data being masked by target markers 

in this region, but nevertheless this doesn’t explain the clear shearing in the composite 

foundation at the edge of the columns. This could also explain the fact that unexpected upward 

vertical movements of over 2mm which were observed close to top of the edge column in 

(Figure 6.16), by way of suggesting possible dilation at right angles to the shearing surface.  

The side view data confirms that this was the case. On Figure 6.21, a section of the top of the 

column has clearly slid downward to the left along a shear plane, causing 1mm deflection of the 

interface above a depth of approximately 37mm where the shear plane intersects the interface on 

this side. This depth corresponds almost exactly with the depth of the -1mm contour line on 

Figure 6.16. Interestingly, the global concentration of stress towards this side of the column as a 

result of the shearing also caused punching of the corner of the base of the column into the 

underlying clay. The angle of the shear was approximately 58 degrees which is likely to have 

been a function of the properties of the granular material. However PIV tracking was 

unsatisfactory in tracking the column on this occasion, and thus did not allow full visualisation 

of the shear plane at low footing displacements. Test videos showed that air pockets present in 

the soil just in front of the column dominated the intensity variations within soil mesh and thus 
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dominated tracking for the side view data in tests 1 and 2. Nonetheless as the footing 

progresses, the patterns revealed still show the prevalent failure mechanisms and soil structure 

interaction.  In addition, the column interface on the left side and base had enough intensity 

variation to be tracked successfully and gives the reader a lot of quantitative information 

regarding deformation of the edge column on its own. 

This was the only occasion in the research project when the author was forced to question the 

quality of tracking of either material. The problems arose due to the complex nature of the 

system with one camera viewing along the laser plane. The lessons were learned and no more 

precision related issues were encountered for the duration of the rest of the project.  

With regard to test 1, it is believed that the column-column interaction prevalent at this short 

column depth resulted in early shear failure. Considering again Figure 6.11, the plot has 

therefore characterised the beginning of the development of column-column interaction in the 

model foundations. Interestingly, the longer columns of length 8d, showed a different pattern of 

horizontal displacement, with the central column bulging over 0.5mm at a depth of 

approximately 40 to 60mm. The edge column bulged up to 0.5mm in the unrestrained direction 

only, and at a much higher position in the column, only 15 to 35mm from the surface. This 

pattern can be seen as characterising the beginning of the conical failure mechanism in test 3. 

Consider again vertical deformation at 5mm displacement (Figure 6.16). Here the conical nature 

of deformation is apparent all three tests. In test 3, it can be seen that the 0.5mm compression 

line extends to depths of approximately 45mm and 63mm, in the edge and central columns 

respectively. Similarly, in Test 2, it can be seen that the 0.2mm compression line extends to 

depths of approximately 33mm and 50mm in the edge and central columns respectively. Thus at 

this early stage more compression has occurred in the longer column, just as was the case in the 

isolated column tests. It is hypothesised that that the provision of longer columns focuses the 

stress down the centre of the columns, increasing compression and reducing magnitudes of 

bulging, thus explaining why the longer columns did not show bulging of the central column 

just under the footing, or inward bulging of the edge column. The edge column bulged in the 

unrestrained direction only, in contrast to test 2 which showed inward bulging. Examination of 

the corresponding plot for Test 1 shows that the 0.5mm and 1mm compression lines extend to 

depths of approximately 30mm and 65mm, and 28mm and 40mm for the edge and central 

columns. Thus it is apparent that the rupture plane is also conical in nature, with column-column 

interaction forcing the shearing of the central column to a greater depth than the two edge 

columns. Examining the side view data (Figures 6.21 and 6.26) it can be seen that the maximum 

bulge in test 3 at this early stage was 2mm at a depth of approximately 20mm, while no 

conclusion can be made for test 2 as the interface showed no noticeable bulging and the contour 

information was masked by poor tracking. From the findings of the first phase of testing the 
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author was expecting to see the max bulge occur at the lowest depth in the longest column, and 

this indeed transpired as displacement progresses. 

In terms of the development of the shear mechanism in Test 1, at 10mm displacement (Figure 

6.12 and 6.17), the top central section had continued to shear over 6mm downwards,  limiting 

the outward bulging of the edge column to 1mm in the region above the 20mm depth mark. As 

footing displacement progresses, the front view shows a limited amount of column bulging 

along the length of the strip. Closely spaced vertical contours close to where the rupture plane 

slices the front interfaces of the columns characterise this mode of failure when viewed from the 

front. The conical nature of the rupture plane is also evident in the test images presented Figure 

6.4.  

This pattern continued up to 25mm displacement, but the downward shearing of the top section 

did not develop much past the value of 6 as the section of sheared soil had already dispersed or 

smeared into the clay until lateral restraint is in the soil prevents further propagation (Figure 

6.5). Instead the columns transferred stress through to the column bases causing penetration of 

1mm and 1.5mm on average for the edge columns and central column respectively.  

This pattern of how length affects vertical stress distribution continued as footing displacement 

progressed (Figures 6.12 to 6.14, 6.17-6.19, 6.22-6.24, 6.27 -6.29) and became more obvious 

due to the higher magnitudes of deformation. At 10mm displacement (Figure 6.17), both the 

edge and central columns in test 3 (length 8d) had compressed more than 0.1mm over their 

entire length. Considering larger magnitudes of vertical movement ascertains that the conical 

deformation pattern was maintained through the loading sequence, with the 1mm and 0.5mm 

displacement contour lines extending to approximately 60mm and 78mm, and 80mm and 

100mm in the edge and central columns respectively. In addition, it can be ascertained from 

Figure 6.12 and 6.23 that a maximum bulge of 2mm occurred in the edge column away from 

centre column, while a symmetrical 3mm bulge occur in the perpendicular direction. Both 

figures agree that the region of maximum bulging was located at a depth of 20mm from the 

surface. In contrast, examination of the corresponding Test 2 data reveals that the 0.5mm 

compression line was contained within a depth of 50mm, again showing that compression was 

transferred to a much lower level in the longer columns of Test 3. This was again accompanied 

by inward edge column bulging of up to 0.2mm, and where no inward bulging of the column 

was observed (Figure 6.12). These trends continue at 20mm displacement, where the nature of 

the conical mechanism was similar to before. As seen on Figures 6.18, the 0.5mm and 1mm 

compression lines extended to depths of approximately 115mm and 100mm, and 135mm and 

125mm for the edge and central columns in Test 3, in contrast to depths of 60mm and 50mm in 

both columns in Test 2. The mechanisms had further developed though, in that the ratio of 
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radial deformation of the edge columns observed in test 3 at right angles to direction of the row 

of columns to along it was now 3, while both views confirm that it is contained within the top 

30mm. In contrast, shear failure had occurred in Test 2 whereby the footing had sliced through 

the upper column. Videos compiled from the test images were used to detect the onset of the 

prevalent failure mechanisms. The last conclusion is a good example of one drawn from the 

relevant side view test video, where close examination ascertained that the columns failed a 

combination of compression and lateral bulging up to approximately 17mm foundation 

movement followed by the formation of a distinct rupture plane. The rupture plane occurred as 

the upper column bulged unrestrained until the footing clearance reduced from an initial value 

of 5mm to 0mm, resulting in rotational failure as displacement progressed from this point up to 

30mm.  The corresponding video for Test 3 revealed that the same mechanism formed shortly 

afterwards, at approximately 22mm,  

This type of analysis of stone column deformation would not have been possible to detect using 

the classical laboratory technique of post examination of exhumed columns after failure. For 

example Hu (1995) proposed a conical mechanism, whereby a large group of columns deformed 

through a combination of bulging, shearing, bending and punching. The likelihood is that there 

were probably transition points in the loading process whereby the mode of failure changed. For 

instance, regions of showing predominantly lateral deformation at low foundation displacements 

could develop rupture planes at higher displacements, for argument sake, over 1d as in test 2. 

Finally at full displacement, as seen on Figures 6.19, it can be concluded that the columns in 

Test 3 had compressed by 0.5mm over their full length, while those in test 2 had only 

compressed by 0.2mm, while the development of the conical mechanism had continued as 

before. The bulge profile of the columns was more developed in longer columns, resulting in a 

greater radial zone of influence in the surrounding soil than in Test 2. The ratio of  the 

maximum radial deformation of the edge columns at right angles to direction of the row of 

columns to that along the row was approximately 2. 

The fully developed conical failure mode can be characterised by well-defined zones of 

compression extending to maximum depths centrally and zones of lateral bulging which grow in 

size towards the footing edge. The magnitude of observed movements for the shorter columns, 

both vertically and horizontally were limited however for compared to those observed when the 

column length was increased to 8d, as was the radial zone of influence. The conical mechanism 

will be described in more detail in Section 6.3.2 in the context of examining the influence of 

footing size on its development. 

Observations concerning global deformation were made by examining the horizontal and 

vertical contour displacement plots presented in Figures 6.30 to 6.39. As expected from the 
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observations described above, the radial and vertical zones of influence of the edge column 

increased with length at all displacements. Interestingly, the radial zones of influence in this 

plane were much smaller than for the corresponding isolated column test. This is no doubt 

partly due to the global concentration of the deformation mechanism in the opposite direction. 

In reality the only thing there is to say about the zone of influence of the shorter edge columns 

of length 4d and 6d in this plane, is that they were contained within a cylinder of diameter of 2d, 

and the nature of the rupture plane which developed in Test 1, which caused the column to be 

very badly deformed, resulted in a slightly larger zone. As regards Test 3, the radial zone of 

influence was much greater. At 5mm, 10mm, 20mm and 30mm displacement the 0.1mm 

horizontal contour or 1% radial strain contour extended distances of 35m, 438mm, 40mm and 

55mm from the centre of the column. Examining the vertical contours it is clear that there is 

another reason for the very small radial zones of influence. The predominantly downward nature 

of soil deformation in the treated area and the limited size of the test chamber, means that the 

untreated soil to the left of the treated zone was mostly contained within the passive soil zone 

which was moving upward as defined by the positive vertical contours. Indeed by 30mm, there 

is no doubt that both the retaining and passive zones had extended close the chamber wall. 

Although not 100% clear at 5mm displacement (Figure 6.36), it is clear from Figure 6.37 that all 

columns had compressed by up to 0.1mm at 10mm displacement. Comparison with the 

corresponding isolated column plot (Figure 5.29) where the 0.1mm vertical displacement line 

extended to approximately 110mm in all three tests, ascertains that column-column interaction 

has been more effective in the longer columns in terms forcing the mechanism to a deeper level. 

Interestingly, as footing displacement progressed, the combination of bulging at a high position 

in the column and large passive zone caused considerable heave at the ground surface of up to 

4mm at the final footing displacement of 30mm. Although there were boundary effects which 

affected the shape and propagation of the passive soil zone, it is reasonable to assume that 

deformation in the critical treated zone was unaffected due to the soft nature of the soil and the 

dense nature of the columns. 

  

Overall, increasing column length was found to increase column compression, increase the 

radial and vertical zones of influence of the composite foundation, and prevent or delay the 

onset of early shear failure. As a result, increasing column length from 4d to 6d and 8d at a 

spacing of 1.55d was shown to improve the load and bearing capacities of the composite 

foundation by 29% and 67% (Figure 6.40 and Figure 6.41).  

 

 

6.3.2 Effect of Foundation Overhang on SSI, Group Mechanics and Bearing Capacity  
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The overall impact of foundation overhang on column behaviour can be observed by comparing 

Test 3, Test 4, Test 5 with foundation overhangs of 5, 8 and 11 (0.27d, 0.44d and 0.61d) 

resulting in Ar ratios of 3, 4 and 5 respectively. All tests were performed at an L/d ratio of 8. The 

first test images and the final ones at full footing displacement of 30mm, for Tests 4 and 5 are 

presented in Figures 6.42 to 6.45 respectively. The contrasting behaviour of each column during 

loading is depicted by Figures 6.46 to 6.75. The first ten of these plots (Figures 6.46 to 6.55) 

concern local deformation observed from the camera positioned in front of the row of columns. 

The second group of ten concern local deformation observed using the side view camera 

(Figures 6.56 to 6.65). While the third group of ten concern global deformation (Figures 6.66 to 

6.75). Note that global deformation information is not available for test 5, due to issues with the 

soil mix for this test. Nevertheless the effect of footing size is clear. 

Just as in Tests 1 to 3 above, significant deformations and strains occurred at an early stage of 

loading in all of these tests due to the soft nature of the soil. The most highly strained areas were 

in the clay at the column midpoint position and in the clay adjacent to the upper column, just 

below the footing edge. Considering the latter, this makes sense as this is where the 

discontinuity imposed by the footing is felt most strongly. It is immediately apparent on 

examining all the plots introduced in the last paragraph that increasing overhang of the 

foundation beyond the column diameter provided increased stress in the underlying transparent 

clay, preventing lateral deformation (bulging) at the top of the column, and pushing the bulging 

mechanism to a lower level. 

At 5mm displacement, the effect of footing size on column-column interaction at the midpoint 

positions was already noticeable. As illustrated in Figure 6.47, the smallest overhang of 5mm 

caused the onset of bulging in the edge column in the unrestrained direction away from the 

central column. Increasing overhang to 8mm prevented this, with bulging observed for the 

central column only. A further increase to 11mm saw inward bulging of the edge column only 

causing bending in test 5. This pattern continued as footing displacement progressed became 

clearer due to the higher magnitudes of deformation. At 10mm displacement (Figure 6.48), the 

largest unrestrained bulge was observed in test 3, where over 2mm of lateral deformation 

occurred at a depth of 25mm. In Test 4, soil structure interaction pushed the mechanism to a 

deeper level with a smaller maximum bulge of 1mm observed from a depth of 20mm to 50mm. 

In contrast, Test 5, showed only 0.5mm unrestrained bulging at a deeper level of 30mm to 

70mm, with over 1mm inward bulging or bending. By 20mm displacement, the effect of the 

overhang of the deformed column shapes had become apparent and it is interesting to note that 

the lower section of the edge column showed both inward and outward bulging which did not 

occur in Tests 4 and 5. At 30mm (Figure 6.50), the upper section of the edge column in test 3, 

bulged by  2 to 4mm , which dissipated to 0.5mm at a radial distance of 20mm from the column 
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interface. In contrast the region of maximum lateral deformation in Test 4, is in the highly 

strained clay area  just below the footing edge, where over 6mm deformation is seen. The edge 

column in Test 5 bulged at a deeper level with over 1mm lateral deformation observed to a 

depth of 135mm. 

The corresponding compression data is presented in Figures 6.51 to 6.55. At 5mm displacement, 

compression of over 0.5mm was evident in the top half of all columns (Figure 6.51). The 

development of a conical mechanism was clear in Tests 3 and 4, but in Test 5 the 0.2mm 

compression line confirmed inward bending of the top of the column. As footing progressed, 

compression data in the upper columns was masked by the dominant mechanism, unrestrained 

bulging in the opposite direction but nevertheless the conical mechanism was evident in all 

three tests. By 10mm, the 0.1mm lined show that the columns in Tests 3 and 5 had compressed 

over there full length, while the corresponding contour in test 4 showed no compression below a 

depth of 0.1mm. This resembles the authors’ observations regarding the effect of overhang on 

isolated stone columns, where 7.5mm footing clearance resulted in less compression and 

consequently less punching than the smaller and larger clearances of 5mm and 11mm. This 

pattern continued through 20mm displacement to full footing displacement. 

The fully developed conical mechanism for column strip footings can be assessed using Figure 

6.55. There was no ‘elastic cone’ that penetrates downward like that proposed by Hu (1995) for 

large column groups, just deformation resulting from column-column interaction under the 

footing which forces the mechanism to a greater depth at the centre. The soil at mid column 

positions was the most highly strained area of the foundation. It was pushed down with the 

footing relative to the adjacent columns resulting in deformed column shapes (front the front 

view) which indicate that the central column failed through 1d compression, as a result of 

confinement. However, unlike in large column groups where confinement in all directions 

allows the central column fail in an axially symmetric manner corresponding somewhat to 1 

dimensional compression, the nature of the configuration of a column strip foundation allowed 

the columns deform predominantly in the unrestrained direction, perpendicular to the length of 

the strip. As a result the compression contours extended to maximum depths at mid column 

positions as in Figure 5.51. Vertical displacements in this confined region were still less than the 

displacement of the footing as there would have been displacement around the edge of the 

footing in the unrestrained perpendicular direction. 

Now considering Figures 6.56 to 6.65 in conjunction with the findings of the last paragraph, the 

full 3 d representation of the loading sequence reveals as expected that column bulging was 

more prevalent in the unrestrained direction. However this time, no shear planes developed at 

any stage of footing displacement due to the protection offered by the larger footings to the 
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upper columns. By 5mm displacement, it is immediately apparent from both the lateral and 

vertical displacement information, that the largest footing overhang of 11mm, forces the 

mechanism downward to a much a greater depth in test 5 than in Tests 3 and 4, while in contrast 

to the failure pattern visible from the front of the foundation, where the upper columns show 

limited deformation, a large bulging mechanism developed at an early stage, centred a depth of 

around 40mm. At 10mm displacement, it can be seen that the bulge mechanisms for Tests 3, 4 

and 5 were centred at depths of approximately 20mm, 30mm and 40mm respectively and the 

larger footings had caused bulging over the full depth of the columns. Figure 6.63 shows that 

the 1mm compression line in Test 5 extended to approximately 90mm, roughly twice the depth 

of the corresponding contours in tests 1 and 2.  By 20mm displacement, the effect of footing 

size on the deformed column shapes had become evident. Although all columns showed some 

bulging to about 130mm depth, the footing sizes result in vastly different column shapes. 

Interestingly, Figure 5.61 illustrates that tests 3 and 5 have shown significant propagation of 

compression down the columns compared to the data at 10mm but in contrast test 4 has shown 

very little. Instead the upper part of the column has bulged as seen on Figure 6.59.  At the final 

footing displacement (Figure 5.60), the columns in test 3 and 4 had bulged over 8mm 

corresponding to a bulge ratios of 2, compared to that observed on the perpendicular plane. The 

column in test 5 has bulged over 10mm corresponding to a bulge ratio of approximately 4. 

Observations concerning global deformation for tests 3 and 4 were made by examining the 

horizontal and vertical contour displacement plots presented in Figures 6.66 to 6.76. At 5mm 

displacement the 0.1mm or 1% radial strain contour line in test 4 had extended close to the 

chamber wall, while the corresponding contour in test 3 had only extended a radial distance of 

25mm from the edge column. This pattern continued as footing displacement progressed, as the 

larger footing caused far greater lateral displacement in the soil model. At the final footing 

displacement in Test 4, the 1mm and 2mm horizontal contours had extended radial distances of 

20mm and 25mm compared to corresponding distances of 15mm and 5mm in test 3. In terms of 

the vertical displacements in the soil, it can be seen that column-column interaction had forced 

the mechanism to a deeper level in test 3 than in test 4. The corresponding local total shear 

strain data is perhaps the easiest way to see that in contrast to test 3 where strains were observed 

in the full treated zone, the lower columns below a depth of 130mm were not significantly 

strained in test 4. In addition, the greater radial influence of the treated soil in the test chamber 

in test 4, means that the passive soil zone was limited to the region within 40mm from the test 

chamber at all footing displacements, compared to test 3 where the zone propagated a further 

10mm, close to the edge column. 
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Overall, increasing footing size by providing increased overhang of 8mm and 11mm in Tests 4 

and 5 ensured that no rupture planes developed by protecting the upper column. In addition, 

increased footing clearance forced the bulging mechanism to a lower level increasing 

compression and bulging magnitudes in the lower columns 

 

As a result, increasing footing size was found to significantly enhance the load capacity of the 

isolated stone column foundations as presented in Figure 6.76, which illustrates that increased 

overhang from 5 to 8 to 11 resulted in moderately enhanced load capacities of 19% and 25% 

respectively. Due to the higher stiffness of the column compared to the clay, it is natural for 

bearing capacity to decrease with increasing Ar, in spite of the fact that bigger footings can 

obviously take more load.  Thus correspondingly, decreasing Ar from 5 to 3.3 and then 2.5 was 

seen to increase bearing capacity by 22% and 29% respectively as illustrated in Figure 6.77.  

 

The key result to be drawn is that the geometry of the footing interacts with the geometry of the 

individual columns in affecting column-structure and column-column interactions and 

producing an eventual failure mechanism for the composite foundation. Just as for the isolated 

column tests, this has led the author to examine the performance of the Priebe (1995) ULS 

design method, the most well-known of the homogenised methods, in relation to the bearing 

capacities achieved in Tests 1,4,5 and 6, as described in section 6.5. 

 

6.3.3 Effect of Column Spacing on SSI, Group Mechanics and Bearing Capacity 

The impact of column spacing on soil structure interaction and group mechanics in vibro strip 

foundations can be observed by comparing the behaviour observed in Tests 1 to 5 at a spacing 

of 1.55d with that observed in Test 6 at a spacing of 1.83d. In order to maximise information 

from the test regarding interaction effects, this test was performed at the mid-range area 

replacement ratio and aspect ratio for this phase of testing of 4 and 6 respectively. Unfortunately 

this meant that there was no directly comparable test, meaning that the author could not quantify 

the effect of column spacing on the load capacity. The test, exhibited column-column and 

column-structure interaction effects which were considerably different in nature to those 

observed at low column spacing. Consequently, while this section concerns the presentation of 

the data plots for test 6 only, the author will make reference to the other tests for comparison 

purposes. The development of foundation deformation is described below, first locally (Figures 

6.80-6.83) and then globally (Figures 6.84-6.85).  As before these plots have been extracted 

from Appendix B, as they illustrate the development of the prevalent group interactions in a 
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more effective and efficient manner. The first test images and the final ones at full footing 

displacement of 30mm, are presented in Figures 6.78 to 6.79 respectively 

Overall, the test shows that increasing column spacing to 1.83 d and correspondingly decreasing 

the footing clearance provided, produced a final failure mode whereby the columns acted more 

independently. Very large magnitudes of compression were recorded at an early stage of 

loading, while the confined soil did not protect the upper central column from bulging. There is 

evidence of friction failure along the interface whereby the central soil region moved downward 

more than the column edge, while there was a large variation in compression between the two 

lower columns. These observations seem to indicate that the columns had compressed 

independently of the confined soil and each other to some extent. The lack of overhang caused a 

high level of compression and bulging in the lower columns at 13mm displacement, causing 

bulging in all directions and visibly compressing the soil in between. The low overhang distance 

saw, the top of the column bulge up to 8mm in both the direction of the row of columns and at 

right angles to it, causing significant heave. But as a whole, the column group acted as a block 

with very little column bulging in the lower regions.  .  

 

Just as in Tests 1 to 5 the nature of the materials ensured that significant deformation and strains 

occurred at an early stage of loading. It is believed that the interactions which cause the above 

described mechanism to develop can for the most part be assessed using the 5mm and 10mmm 

displacement data. At 5mm displacement (Figure 6.81), the larger spacing and the resultant 

decrease in  column interaction, combined with the lack of footing clearance has seemingly 

caused a roughly cone shaped area  encapsulating the majority of the upper half of the improved 

zone to penetrate the model by 5mm as a block. An underlying zone where this vertical 

movement dissipates through compression extends to a depth of 100mm roughly 15mm from 

the column bases. The mechanism was conical at this point. This was especially evident in the 

lower parts of the columns. The middle column had compressed by 2mm over the vast majority 

of its length, compared to 0.5mm in the edge column. At the edge column interface close to the 

footing edge, a maximum of 2mm of compression had occurred, and this is reflected in the 

corresponding data from the side view. Closer inspection reveals deformation close to the mid 

column positions, as the group configuration produced mechanism whereby the vertical contour 

lines ran along the column interfaces in the middle region, indicating friction failure in the 

region to a depth of 50mm, with the central soil region penetrating more than the column edge. 

While there is of course column interaction preventing lateral deformation, this observation 

combined with the large variation in compression between the two lower columns, seems to 

indicate that the columns had compressed independently of the confined soil and each other to 

some extent. The mechanism is very different to what is seen in Figures 6.52 and 6.16 at lower 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

317 

 

spacing, where the treated area protected by 5mm to 11mm of  footing clearance, compressed in 

much smaller magnitudes and showed smooth left to right propagation of the contours through 

the column interfaces and mid column positions towards the centre of the group. As footing 

displacement progressed in these tests there is evidence that the central soil region settled more 

than the column but overall contour transition across the interface is smooth.  

 

The corresponding horizontal deformation data at 5mm is presented in Figure 6.80. The conical 

nature of the compression lines are not replicated here and the horizontal movements in the 

upper half of the columns suggest significant bulging in this region, which intuitively would be 

expected, given the nature of stone columns. The middle column had bulged over 3mm at this 

point. This is very large, considering the largest corresponding bulge in any of the other tests 

was 0.5. Examination of the strain data in Figure B.74 (Appendix B), confirms that the top of 

the column was the most heavily strained area of the foundation. This provides a direct contrast 

to all the other tests where the most heavily strained area at the early stages of 5mm or 10mm 

was centred on the mid column position (or just on the inward side of the edge column) just 

below the footing. (Figures B.6, B.19, B.34, B.49, B.59 in Appendix B). These observations 

along with the far greater magnitudes of compression indicate to the author that stress 

concentration on the column may have been of a greater magnitude than in the other tests at low 

spacing. However this is only speculation as contact stresses were not measured. In addition it 

can be seen that apart from a small area near the top there was no inward bulging in the second 

column, due to the prevalence of compression. The centre of the column had bulged in a fairly 

uniform manner along its depth with the maximum of 1mm deformation observed in the upper 

half, centred at a depth of about 40mm. While these magnitudes of lateral deformation were 

very small compared to the magnitudes of vertical movement and compression, their 

development at this early stage played an important role as displacement progressed, as between 

5mm and 10mm, the edge column began to bulge close to the footing edge. Moreover the author 

believes that their position towards the base of the columns explains why the columns failed as 

a block as footing displacement progressed  Just like in Tests 1 to 5, as compression reached the 

base of the improved area, it was transferred laterally through bulging over its entire length 

rather than by punching 

 

At 10mm displacement this pattern continued. Judging by the 10mm and 14mm lines, column 

compression slowed down visibly in the upper edge column due to the increased prevalence of 

bulging in the region, while the middle column had punched by about 1mm, showing again that 

the central soil region experienced the most vertical displacement, but interestingly, this pattern 

dissipated towards the base of the group and the 0.5mm contour did not leave the treated zone 

As regards horizontal deformations, the magnitude of bulging in the column did not increase but 
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the highly strained zone spread to the upper column (Appendix B), causing increased bulging in 

the edge column. 

 

By 20mm displacement (Figures 6.80 and 6.81), the edge column had bulged in an unusually 

sudden fashion past the footing edge and a clear shear plane had formed in the soil model 

causing heave of up to 5mm at the surface. The shear plane is perhaps most easily identified in 

the global data presented in Figures 6.81 and 6.82. In order to investigate the cause of this 

exacerbation of the mechanism, the author consulted the intermediate data and found that it had 

occurred between 12 and 13mm footing displacement. The two corresponding data plots are 

presented in Figures 6.86 and 6.87. While the vector plots do not quantify the sudden change in 

the mechanism, they qualify it well, while the strain contours are also very effective. Just as 

upper edge column was about to bulge past the footing edge (Figure 6.86), it is clear that the 

region was significantly strained as 5mm of bulging had occurred and the 50% strain line had 

propagated across the column and into the adjacent soil. As it reached the edge (Figure 6.87), 

the lower half of the edge column suddenly compressed by a further 2mm on average causing 

simultaneous bulging towards and away from the central column. Very little strain was 

transferred to the surrounding soil however, with contour lines visibly aligning with the left 

interface of the edge column. In addition, the soil in the mid column region, at the base of the 

improved zone compressed as a result of bulging in the lower regions of the central column. The 

strain contours are also effective in illustrating the extreme nature of this transition point as the 

100% contour propagates to a depth of 90mm in the edge column, where the compression above 

took place. As seen the 5% total shear strain contour by now offset the boundary of the 

improved zone by about 4mm, depicting the block failure mechanism very well. Interestingly 

deformation in the upper columns above 30mm did not change much at all at this transition 

point. The side view data confirms a sudden increase in compression and bulging as a large 

bulge of 4 to 5mm at a depth of 27mm develops at the same stage of loading.  

 

By 15mm displacement (Figure 6.88), a shear plane to the left of the edge column which formed 

as a result of this transition can be easily recognised as the bulge mechanism had begun to 

displace the adjacent soil along it towards the surface. The 100% strain contour had aligned to 

the column interface in this region. From here on, the only development of the mechanism is 

continued bulging of the upper regions forcing soil upward along this rupture plane, causing 

over 8mm of heave at the surface 

 

 

. 
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6.4 Implications of Findings for ULS Design  

As in Chapter 5, the above findings regarding the influence of the geometry of the loaded area 

on the bearing capacity of vibro stone column foundations has led the author to examine the 

performance of the Priebe (1995) ULS design method, the most well-known of the 

‘homogenised’ methods, in relation to the bearing capacities achieved in the strip footing tests.  

In contrast to the isolated column tests, evidence of this general failure mode was observed for 

the column strip tests. By adopting local and general shear failure theories for a homogeneous 

soil, Bachus and Barksdale (1984) and Priebe (1991) considered that a strip footing supported 

by columns would fail on rupture surfaces as illustrated in Figure 6.89 respectively. In soft soil 

of approximately 12kPa, it seems unlikely that column bulging could be avoided upon column 

loading, but the combination of a high % replacement, low spacing and short column length, 

employed in Test 1 resulted in the development of a diagonal rupture surface and the full 

mobilisation of the shear strength of the column, with a very small amount bulging observed. 

The diagonal shear plane observed resembles the ground failure lines, presented in Figures 6.89. 

In contrast, the increased length provided in Tests 2 and 3 resulted predominantly in a bulging 

type mechanism, with a similar diagonal rupture plane forming in the final stages of footing 

displacement. Thus it could be said that these foundations exhibit a combination of the two 

simplified failure modes, bulging and shearing. 

 

It was immediately apparent on creating  Figures 6.90 for the strip footing tests that the 

traditional Hughes and Withers (1974) bearing capacity method had again significantly 

underpredicted foundation performance, this time by an average 50%. As regards Priebes (1995) 

method, similar to the conclusions relating to isolated columns, examination of Figure 6.90 

shows that calculating the mean cohesion using an area ratio approach resulted in an 

overestimation in bearing capacity of approximately 60% on average. For clarity the author 

plotted the best performing design methods on Figure 6.91. It can be seen that the best 

performing prediction method was the current authors modified cylindrical expansion approach, 

followed by Priebe’s (1995) approach using Terzaghi’s bearing capacity equation and factors, a 

stress ratio based mean cohesion and peak friction angle, with maximum errors of 13.5% and 

27% respectively. Thus although neither method model the ‘group effect’, both offer an 

improvement on Hughes and Withers’ (1974) approach, as they account for footing size by 

incorporating the area replacement ratio parameter. 

In terms of the current authors approach, it was observed that the bearing capacities of the 

shorter columns are best approximated using the critical friction angle for the granular material, 

while that of the longer columns was best predicted using the peak friction angle, but the peak 
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friction angle generally resulted in more accurate predictions. The Priebe method performed 

satisfactory for the shorter columns of length 4d and 6d (within 12%) but underestimated the 

bearing capacity of the longer columns by up to 27%.  

Overall it can be concluded that traditional ULS stone column design methods, which do not 

account for the size of the loaded area significantly underestimate the load capacity of isolated 

stone column foundations and column strip foundations, and the efficiency of their design could 

be improved by adopting current authors bearing capacity prediction method. The Priebe (1995) 

method could also be used but it was not found to be as accurate. If using the Priebe method, 

designers also need to be careful in the choice of bearing capacity equation/factors as well as the 

method of deriving the mean cohesion of the treated soil, to ensure that bearing capacities are 

not under or overpredicted.  

The author stated in Section 5.5 that increasing foundation size rather than column length is a 

more efficient way of increasing the bearing capacity of isolated vibro stone column 

foundations. Figure 6.91 suggests that column length plays a more important role for column 

strip foundations, as increasing column length was just as effective in improving the load 

capacity of strip footings. Consideration of the development of soil structure interaction during 

these tests however, reveals that this could be misleading as both the shear failure and block 

failure modes which compromised the shorter foundations, occurred as the upper columns 

bulged unrestrained past the footing edge. Thus it is hypothesised that if sufficient overhang, 

over 0.4d, was provided in all tests, neither shearing or block failure would have occurred, 

allowing the development of bulge failure in these shorter columns.  

Column-column interaction is generally believed to stiffen the interior columns of a group 

resulting in increased load capacity per column. In order to investigate the matter, the author 

compared the load bearing performance of single columns and column groups in this research 

work, using the Tests 1-3 of each test phase, with identical lengths, and close area replacement 

ratios of 3.3 and 3 respectively. The resulting plot is presented in Figure 6.92. Considering 

20mm displacement, the first strip footing test at an L/d of 4 underperformed by 23% compared 

to the corresponding single column (Ph1, T1), as a result of the early shear failure which 

occurred, preventing the mobilisation of the full load carrying capacity of the columns. Test 2, 

underperformed compared to the second isolated column test by 8%, while Test 3 over 

performed by 1%.  

It is clear that the geometry of strip footings, and the lack of restraint perpendicular to the row 

of columns, prevented the columns developing load capacities any higher than that of a single 

column. Again however, this may been in part due to the low footing clearances provided in 

these tests, and the resulting shear planes which developed  as column bulged past the footing 
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edge, causing the footing to slice through the column. Provision of larger footing clearances in 

Tests 4, 5 and 6 prevented shear failure and it is likely that that these foundations overperformed 

in comparison single columns. Unfortunately no direct comparison was possible. In contrast test 

6 is likely to have underperformed, due to ‘block failure’ deformation mode observed, 

considering that Black (2007) reported significant underperformance, for circular composite 

foundations which failed in a similar manner. 

Overall, it is reasonable to conclude that although the limited size of stone column groups in 

practice limit the bearing capacity of stone columns within a group to a values only slightly over 

that of a single column, if at all, designers of vibro strip foundations should try to take 

advantage of the beneficial effects of column-column interaction, by providing columns at least 

8d in length, and footing clearances of least 0.4d. 

 

6.5 Implications of Findings on Current State of Research 

6.5.1 Vibro Strip Foundations Discussion 

As stated in the introduction to this chapter, column strip behaviour had previously been 

examined by Bachus and Barksdale (1985) and more recently McKelvey (2002) through 

physical modelling work. The key parameters from each of the authors’ tests are presented in 

Table 6.2.  

Table 6.2 Key parameters in Physical Modelling Work on Column Strip Foundations 

Tests Ar Spacing 

(mm) 

Chamber 

Size 

(mm) 

L/d L/D Cu Overhang 

Lower Spacing  

McKelvey (2002) 2.5 1.4d 413 dia 6,10 1.5 & 3 

2.5 & 5  

20 0.1d 

Test 1-Test 5 3, 4 ,5 1.55d 200 x 200 4, 6, 8  0.9–1.7 

 2.6-5.1 

12 0.3d 

Higher Spacing 

Bac & Bark (1985) 5 2d 173x505 `12 2, 6 16.5 0.5d 

Test 6 4 1.83d 200x200   6 4.24, 1.6 12 0.17d 

0.44d  
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While Bachus and Barksdale did not examine the effect of Ar or L/d on foundation performance, 

examination of the load displacement relationships recorded by the authors, presented in Figure 

6.93, ascertains that the strip footings were configured with reasonably high spacing (2d) and 

footing clearance (1d), underperformed by 3% and 23% with respect to the performance of an 

isolated column with the same geometrical parameters, depending on the orientation of the strip 

in the authors rectangular chamber. Thus, the results are in agreement with the current authors 

assertion that the load capacity per column of column strip foundation cannot be expected to be 

higher than that of a single column due to the lack of confinement in all directions, and may 

underperform as a result of non-axisymmetric deformation.  It is also interesting to note that the 

3x1 orientation achieves approximately twice the ultimate bearing capacity of the 1x3 

configuration. The authors believed that this was because the latter orientation allows the 

columns to bulge unrestrained along the main axis of deformation without having a chamber 

boundary in close proximity, while the 3 x1 orientation positions the chamber boundary close 

on this side. Bachus and Barksdales (1985) findings thus confirm that the magnitude of lateral 

deformation in the unrestrained direction perpendicular to the row of columns, will be 

approximately twice that in the direction of the row.  

Bachus and Barksdales (1985) tests were conducted in an opaque soil model, thus unfortunately 

there was no way of visually examining column-column or column-structure interactions during 

loading.  McKelveys (2002) research however was performed using similar transparent soil to 

that the used in this work, but without soil seeding and thus without the ability to perform real 

time displacement tracking. The observed failure shapes of the central and edge columns in her 

tests are presented in Figures 6.94. 

These failure patterns resemble those of current authors with respect to tests 1-3, which best 

match the geometrical configuration of McKelveys foundations. In fact, Table 6.2 shows that 

the geometrical configurations of these tests are very similar,  with low column spacing  (1.4d 

and 1.55d for the current work and McKelveys respectively), high Ar ratios (3 and 2.5 

respectively) and  low footing clearances  (0.1d and 0.3d respectively). The main mutual 

observations for the front view are that: 

 The lateral deformation of the central columns was very small in magnitude and more 

uniform than the edge columns where bulging occurred in the unrestrained direction.  

 For the shorter edge columns bulging took place over almost the entire length, and 

although the longer edge columns deformed significantly in the upper region, the lower 

region did not undergo any obvious deformation. 

 No penetration occurred for columns of 6 d in length or greater, and while the current 

authors 4d long column showed some base penetration, it was irrelevant in terms of 
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affecting foundation performance, as the main mode of failure was shearing which 

developed at an early stage. Base penetration only occurred during the final stages of 

loading, when the ultimate bearing capacity had already been realized. 

 

Furthermore, in her PhD thesis, McKelvey (2002) qualitatively described the deformation 

processes observed at right angles to the main series of photographs, using a small number of 

what she described as ‘poor quality’ photographs taken at various positions surrounding the 

loading chamber. She described how the side edges of the footing sliced through the column 

material in both tests, in a similar manner to Tests 1, 2 and 3 described previously, as the initial 

low footing clearance or overhang of 2.5mm reduced as the column bulged unrestrained in the 

upper region, eventually expanding beyond the periphery of the footing. Due to the similarity in 

group configurations in the both authors work, it is reasonable to conclude that all similarly 

configured column strip foundations are likely to fail by developing diagonal shear planes in the 

upper region, if sufficient overhang is not provided.  

Nevertheless, both the current author and McKelvey observed large increases in bearing 

capacity with length. This was despite the fact that very little column bulging was recorded 

beyond a depth of 6d, while the shear planes occurred close to the top of the columns and 

negligible amount of base penetration occurred for all column lengths.  The variation in load 

displacement performance with length recorded by both authors is presented in Figure 6.95. It is 

clear that the 31% improvement in bearing capacity between Test 2 and 3 respectively, when 

length was increased from 6d and 8d, bears resemblance to that recorded by McKelvey (2002) 

when increasing length from 6d to 10d. Considering the similarity in the overall failure 

mechanism and variations in bearing capacity with length observed by both authors, it is 

reasonable to conclude that current authors findings both confirm and explain those of 

McKelvey, while indicating that increasing column length  to at least 8d is important in 

optimising the bearing capacity  performance of vibro strip foundations at low spacing. 

 

However, this work has the added benefit of achieving continuous real time soil tracking and 

the ability to observe and quantify the development of pre failure strains up to failure. 

Furthermore, the ability to obtain a 3 dimensional representation of the deformation process has 

provided the author with the opportunity to gain a new insight into the group mechanics of vibro 

strip foundations. The resulting findings have led the author to hypothesise that this 

improvement with length could be due to the fact that increased length influences the vertical 

stress distribution in vibro stone column foundations in a way not observed before in physical 

models, causing increased compression, resulting in an increase in bearing capacity. Again this 

is only speculation. However it can be concluded that increased compression reduced the 
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magnitude of bulging in the upper column delaying the onset of this slicing of the footing 

through the column as footing progressed, which is likely to have contributed to the increased 

bearing capacity. 

 

As regards the parametric study of Ar, the findings of this research do not confirm or contradict 

the work of Hu (1985) and Black (2007), as it was performed in a different way. Ar was varied 

between tests by providing footing clearances of 5, 8 and 11 respectively at a fixed column 

spacing of 1.55d, and thus by increasing the size of the foundation, rather than changing column 

diameter. Provision of footing overhang transferred the stone column failure mechanism to a 

deeper level, ensured that no frictional failure or shear planes occurred. Thus again, the key 

result to be drawn from these strip tests is that the geometry of the footing interacts with the 

geometry of the individual columns in producing an eventual failure mechanism for the 

composite foundation, therefore governing the ultimate bearing capacity of the foundation too.    

6.5.2 General Discussion 

The mutual observation of the current author and McKelvey (2002) that no column punching 

occurred in any vibro strip footing tests for either short or long columns, led the author to 

collate physical modelling data in the literature with the purpose of examining why, as 

McKelvey (2002) herself and Hu (1995) reported significant punching for pad and circular 

footings at similar L/d ratios. Plotting normalised punching depth against L/d (Figure 6.96), it is 

clear that at typical area replacements ratios from 2.5 to 4.16 there is no universal L/d ratio 

which can be assumed to prevent punching, as its prevalence is dependent on the group 

configuration. While the author accepts that use of a single normalisation factor is questionable, 

since there were many variables associated with these physical modelling tests, that may not 

correspond exactly, such as material properties, loading rate and total foundation displacement, 

the author believes that the diagram provides a new insight into the quantitative influence of the 

group interactions caused by neighbouring columns on the tendency of the stone columns to 

punch into the underlying clay.  

The plot shows that single and strip foundations exhibited little or no base penetration 

regardless of column length. In contrast, on loading a pad foundation on a four column group in 

kaolin, McKelvey (2002) observed that at an L/d ratio of 6, columns underwent significant 

punching in addition to the expected bulging failure. Measurements showed that these columns 

punched into the clay by as much as 0.4d. When the column length was increased to 10d, 

punching did not occur, and deformation was concentrated in the upper region. Similarly, in 

circular foundation tests, by the same author, with L/d and Ar ratios of 6 and 4.16, the columns 

punched a depth of 0.2d into the underlying clay, but when the length of the columns was 
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increased to 10d no penetration occurred. Meanwhile, Hu’s (1995) large groups exhibited the 

most punching, up to 0.9d. This is believed to be due to the confinement of large quantities of 

soil between neighbouring columns of larger groups, which would reduce column bulging, by 

increasing lateral resistance, forcing the failure mechanism to a greater depth. 

 

The author believes that this pattern can be explained by examining the size and shape of the 

footing in each case, and applying Hu’s (1995) rationale that punching depth is governed by the 

L/D parameter. Plotting normalised punching depth against L/D (Figure 6.97), it is clear that the 

rectangular nature of strip footings, resulting in one high L/D value (the higher ratio is used in 

this plot) and one low ratio, resulted in little or no punching, as the higher value will govern the 

vertical distribution of stress.  It is the author’s belief that this strong non-axisymmetric 

behaviour, whereby group interaction along the length of the column strip caused a global 

concentration of deformation in the unrestrained direction of the shorter strip footing dimension. 

The soft nature of the surrounding soil provides little lateral restraint to the upper column and 

hence little opportunity for an increase in mean stress, thus allowing bulging and shearing to 

occur in this region.  Consequently, less stress was transferred down the columns to the bases in 

these tests, meaning punching did not occur. This explains why negligible amounts of 

penetration were observed at L/d ratios of 4, 6 and 8 in Tests 1,2  and 3, and at aspects ratios of 

6 and 10 in McKelveys tests. Applying this logic, to the isolated stone columns in phase 1 of 

testing, with L/D ratios of 2.2 to 4.4 and area replacement ratios in the typical range, it is clear 

why bulging dominated the  deformation behaviour with little or no punching, as it did in 

Hughes and Withers (1974) test. 

In contrast, the nature of column configurations under pad or circular footings would intuitively 

concentrate the failure mechanism towards the centre of the group, forcing the failure 

mechanism deeper into the soil, leading to more punching as observed by Hu, 1995; McKelvey, 

2002 and Black, 2007. Considering McKelveys data with regard to the L/D framework 

ascertains that the columns of a circular foundation, of length 1.5D and with 23% replacement 

(Ar = 4.35), punched a depth of 0.2d mm into the underlying clay while the columns of a pad 

foundationTS-14, with similar L/D and AR values of 1.66 and 4.16 respectively, penetrated the 

underlying layer by a depth of 0.4d. When the length of the columns of both the circular and 

pad foundations was increased to 2.5D and 2.77D respectively, no penetration occurred. 

McKelveys data therefore suggests that a column length in the region of 2.5D is effective for 

preventing column punching in small pad or circular foundations, slightly higher than the 

corresponding range 1.5D-2D suggested by Hu (1995). This indicates that the depth of the 

conical mechanism may depend on material properties but overall, it is reasonable to suggest an 

effective length of somewhere in the range of 1.5D-2.5D, for preventing base penetration. With 
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regards to material properties, it is interesting to ask the question as to why more penetration 

occurred for McKelveys  pad foundation (TS-14) compared the circular one (TS-01) of similar 

length (6d) and area replacement ratio (4.16 and 4.35). It is hypothesised that this as a 

consequence of the soil strengths used in both tests: A lower undrained shear strength of 

17.5kPa was employed in TS-01 compared to32kPa in TS-14. It is likely that the higher strength 

material provided increased lateral restraint to bulging and added to the confinement at mid 

column positions, causing  the development of shear planes (Figure 6.98), which resulting in 

downward sliding of the upper section towards the centre of the composite foundation 

producing more punching below. 

Overall it can be concluded that the L/D ratio governs the magnitude of punching in vibro stone 

column foundations.. Yet considering again McKelvey and Hu’s pad and circular foundations, 

Figure 6.99 illustrates that the corresponding improvements in bearing capacity associated with 

increasing column lengths in order to achieve this effective L/D ratio are modest, They amount 

to 8% 10% and 13% respectively, which is actually considerably less than for the strip footings 

in Figure 6.95 which did not show penetration at any length. The author believes that this is due 

the nature of column configuration under pad or circular footings which concentrate the failure 

mechanism towards the centre of the group, thus even if shear planes form, they would be truly 

conical in nature (unlike those observed in these strips, which appear conical from the front but 

are diagonal rupture planes) meaning they would cause sliding into the confined area at the 

centre of the group resulting in a high bearing capacity, even if column punching occurs. This 

indicates to the author that this approach of optimising column length for the avoidance of 

punching may not necessarily be the most suitable way of optimising bearing capacity. It may 

be better to examine the effect of length with regard to how it affects the overall mechanism.  

 

For instance, the results of the current authors work, in conjunction with these authors, leads to 

a conclusion, that increasing column length is particularly important in optimising the bearing 

capacity for vibro strip foundations, more so than other group configurations, as it helps prevent 

early shear failure, while punching failure is not a major issue. The results of the current tests, 

thus lead to author to propose a critical length of at least 8d for column strip foundations. 

Punching failure is more prevalent where the group configuration concentrates the failure 

mechanism towards the centre of the group, forcing the failure mechanism deeper into the soil, 

such as pads or circular footings. Yet in these cases, nature of the mechanism resulted in high 

bearing capacities even if punching occurred (McKelvey 2002; Hu (1995).   

 

Combining the above conclusions with those drawn in section 5.6 for single stone columns 

loaded in an isolated manner and the those modelling the unit cell, leads the author propose that 
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there is no single optimum aspect ratio for vibro stone columns,  instead a different optimum 

ratio for each different group configuration, as presented in Table 6.3. Table 6.3 outlines the 

corresponding critical or optimum lengths for single columns and column groups of different 

configurations, as derived from the author’s tests and his comparison with those of Hughes and 

Withers, 1974; Bachus and Barksdale, 1984; Hu (1995); McKelvey, 2002 and Black, 2007. Of 

course, if the reader considers an 8.5% increase in bearing capacity efficient when the length of 

a single column is increased from 4d to 6d, then 6d would be the optimum length, and the same 

applies for the corresponding increases in bearing capacity with length for the other group 

configurations. 

 

Table 6.3 Optimum Lengths for the Bearing Capacity of Vibro Stone Column Foundations: 

Derived From These Tests and Other Physical Modelling Research to Date. (BC only) 

Test 

Configuration 

Isolated Column Pad, Circular 

Foundation 

Strip 

Foundation 

Idealised Unit Cell 

(Large Group)  

 

Critical Length 4d >6d >8d >8d 

Role Increased 

compression. 

Reduced 

bulging. Slight 

Increase in BC 

Must Contain 

Conical 

Mechanism  - 

Deepest at 

Centre – Prevent  

punching 

Increase 

Compression 

and Prevent 

Early Shearing 

Prevent Punching -

The Dominant 

Mechanism due to 

Lateral Restraint 
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Figure 6.1: Overview of Group Configurations 

 

 

 

 

Figure 6.2: Overview of Failure Mechanisms 

Test 1 - Shearing      Test 2 - 0 to 17mm Bulging 

                 17 to 30mm Shearing 

       Test 3 - 0 to 22mm Bulging 

                22 to 30 mm Shearing 

Test 4 - Bulging 

              

        Test 5 - Bulging 

              

       Test 6 – Bulging, Punching 

                      and Group Failure 

              

Test 1 - Ar = 3,  L/d = 4                Test 2 - Ar = 3,  L/d = 6                         Test 3 - Ar = 3,  L/d = 8 

 

 

 

Test 4 - Ar = 4,  L/d = 8                Test 5 - Ar = 5,  L/d = 8                         Test 6 - Ar = 4,  L/d = 6 

 

 

 

Spacing = 28mm                                     Spacing = 28mm                               Spacing = 28mm                                                                 

 

 

 

Spacing = 28mm                              Spacing = 28mm                               Spacing = 35mm 

 

 

 

Overhang = 5                                    Overhang = 5                                   Overhang  = 5 

 

 

 

 Overhang = 8                                 Overhang = 11                                    Overhang  = 3, 8 
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Figure 6.3: Test Images from Test 1: 0mm Displacement (a) Front View (b) Side View 

 

Figure 6.4: Test Images from Test 1: 12mm Displacement (a) Front View (b) Side View 
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Figure 6.5: Test Images from Test 1: 25mm Displacement (a) Front View (b) Side View 

 

Figure 6.6: Test Images from Test 2: 0mm Displacement (a) Front View (b) Side View 
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Figure 6.7: Test Images from Test 2: 30mm Displacement (a) Front View (b) Side View 

 

Figure 6.8: Test Images from Test 3: 0mm Displacement (a) Front View (b) Side View 
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Figure 6.9: Test Images from Test 3: 30mm Displacement (a) Front View (b) Side View 
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Figure 6.10: Front View Comparison of Local Horizontal Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.11: Front View Comparison of Local Horizontal Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.12 Front View Comparison of Local Horizontal Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.13 Front View Comparison of Local Horizontal Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.14: Front View Comparison of Local Horizontal Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 
L/d=8. 
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Figure 6.15: Front View Comparison of Local Vertical Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.16: Front View Comparison of Local Vertical Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 

 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

340 

 

 

 

Figure 6.17: Front View Comparison of Local Vertical Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 

 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

341 

 

 

 

Figure 6.18: Front View Comparison of Local Vertical Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.19: Front View Comparison of Local Vertical Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.20 Side View Comparison of Local Horizontal Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.21 Side View Comparison of Local Horizontal Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.22 Side View Comparison of Local Horizontal Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.23 Side View Comparison of Local Horizontal Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.24 Side View Comparison of Local Horizontal Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.25 Side View Comparison of Local Vertical Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.26 Side View Comparison of Local Vertical Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.27 Side View Comparison of Local Vertical Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.28 Side View Comparison of Local Vertical Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.29 Side View Comparison of Local Vertical Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8
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Figure 6.30: Comparison of Global Horizontal Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.31: Comparison of Global Horizontal Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.32: Comparison of Global Horizontal Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.33: Comparison of Global Horizontal Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.34: Comparison of Global Horizontal Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.35: Comparison of Global Vertical Displacement Contours at 0mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

359 

 

 

 

 

 

Figure 6.36: Comparison of Global Vertical Displacement Contours at 5mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.37: Comparison of Global Vertical Displacement Contours at 10mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.38: Comparison of Global Vertical Displacement Contours at 20mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8. 
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Figure 6.39: Comparison of Global Vertical Displacement Contours at 30mm Displacement: Test 1 L/d = 4, Test 7 L/d = 6 and Test 3 L/d=8.
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Figure 6.40 The Effect of L/d on Bearing Capacity of Column Strip Foundations – Load v 

Settlement.  

Figure 6.41 The Effect of L/d on Bearing Capacity of Column Strip Foundations – BC/Cu v 
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Figure 6.42: Test Images from Test 4: 0mm Displacement (a) Front View (b) Side View 

 

Figure 6.43: Test Images from Test 4:30mm Displacement (a) Front View (b) Side View 
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Figure 6.44: Test Images from Test 5: 0mm Displacement (a) Front View (b) Side View 

 

Figure 6.45: Test Images from Test 5: 30mm Displacement (a) Front View (b) Side View
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Figure 6.46: Front View: Comparison of Local Horizontal Displacement Contours at 0mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.47: Front View: Comparison of Local Horizontal Displacement Contours at 5mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.48: Front View: Comparison of Local Horizontal Displacement Contours at 10mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.49: Front View: Comparison of Local Horizontal Displacement Contours at 20mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.50 Front View: Comparison of Local Horizontal Displacement Contours at 30mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.51: Front View: Comparison of Local Vertical Displacement Contours at 0mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.52: Front View: Comparison of Local Vertical Displacement Contours at 5mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.53: Front View: Comparison of Local Vertical Displacement Contours at 10mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.54: Front View: Comparison of Local Vertical Displacement Contours at 20mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar =5 
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Figure 6.55: Front View: Comparison of Local Vertical Displacement Contours at 30mm: Test 3 - Ar= 3, Test 4 - Ar =4, Test 5 – Ar 
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Figure 6.56 Side View: Comparison of Local Horizontal Displacement Contours at 0mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.57 Side View: Comparison of Local Horizontal Displacement Contours at 5mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.58 Side View: Comparison of Local Horizontal Displacement Contours at 10mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.59 Side View: Comparison of Local Horizontal Displacement Contours at 20mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.60 Side View: Comparison of Local Horizontal Displacement Contours at 30mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.61 Side View: Comparison of Local Horizontal Displacement Contours at 0mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.62 Side View: Comparison of Local Vertical Displacement Contours at 5mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.63 Side View: Comparison of Local Vertical Displacement Contours at 10mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.64 Side View: Comparison of Local Vertical Displacement Contours at 20mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.65 Side View: Comparison of Local Vertical Displacement Contours at 30mm: Test 3 – Ar=3, Test 4 – Ar=4, Test 5 – Ar = 5 
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Figure 6.66 Front View: Comparison of Global Horizontal Displacement Contours at 0mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.67 Front View: Comparison of Global Horizontal Displacement Contours at 5mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.68 Front View: Comparison of Global Horizontal Displacement Contours at 10mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.69 Front View: Comparison of Global Horizontal Displacement Contours at 20mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.70 Front View: Comparison of Global Horizontal Displacement Contours at 30mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.71 Front View: Comparison of Global Vertical Displacement Contours at 0mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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            Figure 6.72 Front View: Comparison of Global Vertical Displacement Contours at 5mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.73 Front View: Comparison of Global Vertical Displacement Contours at 10mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.74 Front View: Comparison of Global Vertical Displacement Contours at 20mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.75 Front View: Comparison of Global Vertical Displacement Contours at 30mm Displacement : Test 3 – Ar=3 and Test 4 – Ar=4 
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Figure 6.76: The Effect of Ar on Bearing Capacity of Column Strip Foundations, Load v 

Settlement 

 

Figure 6.77 The Effect of Ar on Bearing Capacity of Isolated Column Strip Foundations,. 
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Figure 6.78: Test Images from Test 6: 0mm Displacement (a) Front View (b) Side View 

 

Figure 6.79: Test Images from Test 6: 30mm Displacement (a) Front View (b) Side View 
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Figure 6.80: Test6: Local Horizontal Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.81: Test6: Local Vertical Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.82: Test6, Side View: Horizontal Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.83: Test6, Side View: Vertical Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.84: Test6: Global Horizontal Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.85: Test6: Global Vertical Displacement Contours at 5mm, 10mm, 20mm and 30mm Displacement. 
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Figure 6.86 Ph2, Test 6: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 12mm footing 
displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. Front View. 

 



Chapter 6 Physical Modelling of Vibro Strip Foundations 
 

405 

 

 

 

Figure 6.87 Ph2, Test 6: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 13mm footing 
displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. Front View. 
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Figure 6.88 Ph2, Test 6: Velocity vector fields, displacement contours in the x and y directions (mm) and total shear strains (%), respectively at 15mm footing 
displacement, using original geoPIV command sequence. Local column deformation and surrounding soil. Front View. 
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Figure 6.89 The General Failure Proposed by Priebe (1991) and the Rupture Failure Mechanism 

Barksdale and Bachus (1983). 

 

Figure 6.90 Performance of Load Capacity Prediction Methods for Tests 1 to 5 (a) 
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Figure 6.91 Performance of Load Capacity Prediction Methods for Tests 1 to 5 (b) 

 

Figure 6.92 Comparison of Bearing Capacity Performance of Isolated Column Foundations and 
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Figure 6.93 Normalised Bearing Capacity Relationships for Isolated Columns and Column Strip 

Foundations Presented by Bachus and Barksdale (1985) 

 

 

 

 

 

 

 

 

 

 

Figure 6.94 Outlines of Exhumed Columns of Strip Footing: (a) , L/d=6; (b) , L/d=10 

(McKelvey 2002) 
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Figure 6.95 Variation in Normalised Bearing Capacity Performance of Vibro Strip Foundations 

at Low Spacing with L/d. 
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Figure 6.96Variation in Normalised Punching Depth with L/d 

 

Figure 6.97 Variation in Normalised Punching Depth with L/D 
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Figure 6.98 Conical Shear Planes Oberved by McKelvey (2002) for Column Pad Foundations 

 

Figure 6.99 Variation in Normalised Bearing Capacity Performance of Column Pad and Column 

Circular Foundations with L/d 
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7.0 Conclusions and Recommendations for Future Work 

7.1 Introduction. 

Interim conclusions have been presented throughout this thesis. To avoid repetition, this chapter 

only presents the most important conclusions from each plane of research. Section 7.2.1 

presents a brief discussion on the state of the art laboratory facilities developed as part of this 

project and the breakthroughs made in enhancing the experimental technique. Section 7.2.2 then 

presents the main conclusions from the physical modelling investigation into the performance of 

vibro stone column reinforced foundations in deep soft ground. These conclusions are followed 

in Section 7.3 by a discussion of future research that could build upon this work. 

7.2 Conclusions 

The vibrated stone column technique is a ground treatment process used to improve the load 

bearing capacity and settlement characteristics of soft compressible soils, that otherwise would 

not be used for construction. Current design practice is based on the unit cell concept whereby it 

is proposed that each column in the group acts independently (Hughes and Withers, (1974); 

Brauns, (1978); Priebe, 1995). However previous investigations (Hu, 1995; McKelvey, 2002, 

Black, 2007 and Black et al. 2010) have shown that group columns exhibit complex behaviour 

and the overall stability is dependent on soil, column and foundation interactions, which are not 

properly understood. With the exception of Hughes and Withers (1974) work, most of this 

physical modelling work was based on the post examination of exhumed columns after loading 

to failure. For this reason, it was decided to investigate the issue using the novel physical 

modelling methodology of transparent soil in conjunction with laser aided imaging. The 

technique enabled visualisation inside the soil, real time continuous displacement tracking and 

the quantification of pre-failure strains up to failure. 

7.2.1 Equipment Development and Imaging System Optimisation 

The pioneering transparent soil modelling with laser aided imaging at the University of 

Sheffield, by Hird et al. (2008) and Stanier (2011) highlighted a number of limitations in the 

technique, namely: 

 Low capacity and inefficient sample preparation facilities. 

 Non applicability to non-axisymmetric structures like stone column groups. 

 Precision errors due to ambient room lighting. 

 Accuracy errors due to poor centroiding on LED control points. 

 Lack of a robust correction procedure for the non coplanarity of control and target 

planes 

These limitations are addressed in the following paragraphs respectively: 
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In order to increase the capacity and efficiency of the laboratory facilities and deliver the 

experimental programme, new test chambers, a high capacity sample preparation system 

including three large de-airing chambers, split moulds and a fully automated consolidation 

system were designed and fabricated. 

 

 In the second phase of the project the non-axisymmetric behaviour of columns within column 

groups was investigated. This was an extremely novel proposal as displacement and strain fields 

in a non-axisymmetric condition had never been evaluated before in transparent soil. Enabling 

non axisymmetric conditions to be modelled involved the design, fabrication and assembly of a 

new test system, incorporating a customised load frame with a load test system capable of 

providing movement in three axes using multiple linear actuators and a lower compartment to 

house the laser and scanning beam box (SBB) below a bespoke load testing platform with a 

PerspexTM insert positioned centrally over the SBB allowing laser projection through the base of 

the test chamber. Foundation loading was completed using two cameras and two perpendicular 

planes of interest, in order to obtain a 3-dimensional representation of the non-axisymmetric 

deformation process. 

 

In order to nullify the negative effects of ambient lighting on the precision of the imaging 

system a new split RGB channel technique was developed and used in conjunction with flat 

drilled paint filled target markers installed on the back face of a target panel which was bolted to 

the front of the test chamber. Preliminary tests had shown these to be the optimum target marker 

type for the imaging system.  

 

To the authors knowledge no reference had been made to image manipulation in geotechnical 

modelling literature before the onset of this research work, but it became apparent during the 

project that image of some kind of image enhancement would be necessary in order to achieve 

satisfactory precision for the imaging system. A new image enhancement technique has been 

developed for improving the precision of PIV tracking and validated on a range of laboratory 

soils in relation to the Whites’ (2002) recommended upper bound precision limit. Validation 

tests showed that the method reduced soil tracking errors in pixel space by 99%-100% across 

the range of materials tested.  

The author also optimised the overall measurement precision and accuracy achieved in the 

experimental tests. The accuracy of the system was optimised through the implementation and 

validation of an area weighted centroiding routine previously developed at the University of 

Sheffield (Effendi 2007) and scale and refraction corrections. Precision errors have been 

minimised through, a new split RGB channel technique, the new image enhancement technique 

described, camera movement corrections and the optimisation of the patch size and leapfrog 
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parameters for soil tracking in image space. The final accuracy and precision of the test system 

expressed as standard error vector sums was 53 μm and 0-4.3μm. 

A range of PIV calibrations were also conducted to optimise the transparent soil mix in relation 

to the seeding particle and silica contents and determine the optimum camera parameters for use 

in the displacement measurement system 

 

7.2.2 Vibrated Stone Column Foundations: Deformation Behaviour and Performance  

It is the author’s view that the work described in this thesis contributed to the increased 

understanding of the behaviour of isolated vibro stone columns and small groups, installed 

beneath small rigid footings, through the two testing phases on isolated stone columns and 

column groups. A total of 7 isolated column tests and 6 column strip footing tests were carried 

out in repeatable transparent clay beds formed by computer controlled consolidation from 

slurry, while the stone columns in this research work were installed using a replacement 

technique with stress controlled compaction, ensuring repeatable dense and uniform columns, 

whereby the initial stress state in each column and the surrounding soil was assumed to be 

consistent throughout the test programme. This allowed the author to gain a new insight into the 

deformation process that takes place at pre failure strains and the soil structure interactions and 

group mechanics that govern the behaviour of vibro stone column foundations with respect to 

the critical geometrical parameters.  

7.2.2.1 Isolated Stone Columns 

The main findings from the isolated column tests are summarised in the following paragraphs. 

Visualisation of real-time internal displacement has indicated that a short isolated stone column 

of length 4d fails through a combination of compression and bulging with only a small amount 

of column base penetration (1mm on average), confirming Hughes and Withers (1974) proposal 

of a critical column length of 4d.  Increasing column length to 6d and 8d, was found to increase 

column compression, reduce the magnitude of the maximum bulge and reduce punching leading 

to increases in bearing capacity of 8.5% and 13% respectively. While these are moderate 

increases it could be concluded that a length of 6d is optimum for bearing capacity. The isolated 

current test results also ascertained that the vast majority of isolated column bulging is 

contained within 4 diameters from the surface of the model regardless of column length and 

compression dissipated at a depth of 6d in all cases. 

In soft soil of approximately 12kPa, the radial zone of influence (1% radial strain) of a stone 

column, for typical area ratio range of 5 to 2.5 was found to be at least 10d from the centre of 
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the column. At an Ar of 1 the radial zone of influence was contained within a cylinder of 

approximately 5d, in disagreement with Hughes and Withers corresponding postulation of 2.5d. 

The geometry of the footing in an isolated column foundation interacts with the geometry of the 

individual columns in protecting the upper column from bulging and producing an eventual 

failure mechanism for the composite foundation, therefore governing the ultimate bearing 

capacity of the foundation too.   Increasing footing size and correspondingly decreasing Ar from 

5 to 3.3 and then 2.5 was seen to increase bearing capacity by 28% and 51% respectively. Thus 

increasing foundation size rather than column length was found to be more effective in 

increasing the bearing capacity of isolated vibro stone column foundations.  

Cylindrical cavity expansion based design methods which neglect to account for footing size 

were found to considerably underestimate the load capacity of the model foundations. A new 

design method based on that of Hughes and Withers (1974) has been proposed which accounts 

for observed soil structure interaction effects. The performance of each isolated column 

foundation was predicted to within 6% of the measured load capacity for all area ratios tested. 

Priebes (1995) method was also found to perform well, predicting the bearing capacities to 

within 8%. 

The newly proposed design method could also be used to predict the bearing capacity of a vibro 

stone column foundation using the normalised bearing capacity performance of a standard plate 

test performed with an Ar of 1 on a sacrificial column on site. 

7.2.3.2 Vibro Strip Foundations 

The main findings from the column strip foundation tests are summarised in the following 

paragraphs. 

In contrast to the isolated columns, which all failed in a similar axisymmetric manner through a 

combination of compression and lateral bulging into the surrounding soil, early shear failure, 

bulging, bending, punching and block failure were all observed for column strip foundations, 

depending on the geometrical configurations employed.  

At a low spacing the predominant failure mechanism for vibro strip foundations is bulging or 

shearing in the unrestrained direction or a combination of both, while the centre column 

deformed much less than the edge columns due to the confinement offered on both sides. 

Bulging ratios quantifying the ratio of bulging in the perpendicular direction to that along the 

row of  approximately 2 were observed. 

Column length played a particularly important role in optimising the bearing capacity of column 

strip foundations. The shortest columns of length 4d failed at an early stage of loading through a 
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local shear failure near the surface. Thus the load capacity performance was poor. Increasing 

column length 6d and 8d was found to increase column compression and the radial and vertical 

zones of influence of the composite foundation, and prevent or delay the onset of local shear 

failure. As a result, increasing column length from 4d to 6d and 8d at a spacing of 1.55d was 

shown to improve the load and bearing capacities of the composite foundation by 29% and 67% 

(Figure 6.37and Figure 6.38). It was concluded that the critical length in terms of optimising the 

bearing capacity of a vibro strip foundation is 8d.  

The vertical zone of influence and the 5% total strain contours run close to the boundary of the 

improved zone for at a length of 8d regardless of footing overhang or spacing, confirming that 

the full treated zone is stressed but strain is not transferred to the soil below. In contrast the 

upper columns bulge into influencing the surrounding soil 

Increasing foundation overhang at a fixed close spacing of 1.55d from 0.3d to 0.44d and 0.61d 

protected the upper column and forced the mechanism to a lower level, increasing compression 

and bulging magnitudes in the lower columns. In addition, increased footing clearance ensured 

that no rupture planes developed, while edge column bending occurred for the largest footing 

size. Load capacities increased correspondingly by 22% and 29% respectively. Bulging ratios  

of 2, 2 and 4 were recorded at area replacement ratios of 3, 4 and 5 respectively. It was 

concluded that provision of a footing overhang of over 0.4d should prevent shear failure in 

vibro strip foundations 

The conical mechanism reported by Hu (1995) for large column groups is evident for strip 

footing configurations at low spacing. However, there is no ‘elastic cone’ like that proposed by 

Hu (1995), just deformation resulting from column-column interaction under the footing which 

forces the mechanism to a greater depth at the centre. 

In contrast, increasing column spacing to 1.83 d and correspondingly decreasing the footing 

clearance provided produced a final failure mode whereby the columns more independently. 

Very large magnitudes of compression and bulging were recorded at an early stage of loading. 

There is evidence that this is due to the columns deforming independently of the confined soil 

and each other to some extent. The diminishing of footing overhang during loading caused very 

sudden compression and bulging in the lower columns at 13mm displacement, causing a further 

decrease in the ultimate load capacity. A rupture plane formed as a result of the high strain in 

the upper columns which dominated the mechanism from there on. The foundation performed 

poorly in terms of load capacity as a result 

The nature of the configuration of vibro strip foundations and their limited size in practice were 

found to limit the bearing capacity of stone columns within a strip configuration to values only 

slightly over that of a single column, if at all. Short columns of length 4d underperformed by 



Chapter 7. Conclusions and Recommendations for Future Work 
 

418 
 

23% due to early shear failure, while the longer columns of length 6d and 8d underperformed by 

8% and overperformed by 6% respectively. The author’s findings were confirmed, using the 

work of Bachus and Barksdale (1985) 

Whereas increasing foundation size rather than column length was found to be more effective in 

increasing the bearing capacity of isolated vibro stone column foundations. Column length was 

just as effective in improving the load capacity of strip footings. The best performing prediction 

method was the current authors modified cylindrical expansion approach presented in Section 

5.5, followed by the Priebe (1995), with maximum errors of 13.5% and 27% respectively. Thus 

although neither method model the ‘group effect’, both offer an improvement on Hughes and 

Withers’ (1974) approach, as they account for footing size by incorporating the area 

replacement ratio parameter. 

Column punching was not an issue for vibro strip foundations at low spacing. It was concluded 

that this pattern can be explained by examining the size and shape of the footing in each case, 

and applying Hu’s (1995) rationale that punching depth is governed by the L/D parameter. By 

collating physical modelling, the author concluded that the effective depth of in terms of 

preventing significant punching is 2.5D for all vibro stone column configurations. 

Finally it was concluded that there is no single optimum column length for a vibro stone column 

as increasing column length affect s deformation behaviour and performance in different ways 

depending on the group configuration. Consideration of the findings of this research work in 

conjunction other physical modelling work to date has indicated optimum lengths of 4d for 

isolated columns, 6d for small pad/circular configurations and 8d for strip configurations or 

very large groups where the unit cell condition is realised.  

 

7.2 Recommendations for Future Work 

The author has quantified the effect of soil structure interaction on the bearing capacity 

performance of vibro stone column foundations but time constraints meant that although the 

influence of column spacing on deformation behaviour was observed, its effect on performance 

was not quantified. Further tests investigating the issue with all other parameters fixed are 

proposed, as a design factor for column spacing could be established and incorporated in the 

current authors design method. 

However, the maintenance of prototype stress levels is not possible in small scale physical 

models performed at 1g. Due to the nature of sample preparation, the transparent clay is in an 

overconsolidated state, and while the the effective stress levels in the models by increased 

applying a surcharge of 3kPa during testing, similarity with field stresses was not achieved. 
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Thus it is recommended that all the conclusions made in this thesis are validated through 

centrifuge testing.  For example, footing geometry was found to be of critical importance in 

determining the deformation behaviour of vibro stone column foundations and their 

performance. Provision of footing overhang transferred the stone column failure mechanism to a 

deeper level. It is possible that the transfer of stone column failure mechanism to a deeper level 

may affect foundation performance differently if field stresses are replicated, producing a 

normally consolidated profile.  

While footing size is incorporated in both of the aforementioned design methods, shape is not. 

Considering the increased column protection observed for larger footing overhangs, and the fact 

that approximately double the magnitude of column bulging was observed at right angles to the 

column row in a vibro strip foundation, it may be a good idea for designers to tailor foundation 

shapes to provide greater footing clearances in this direction. However, further tests examining 

the behaviour and performance of various footing shapes with all other parameters fixed would 

be necessary to clarify this. 

Due to the choice of an opaque column sand, it made sense to concentrate on vibro strip 

foundations in Phase 2 of testing, in order to maximise the information gained from the side 

view camera. However a new generation of transparent soils for modelling granular materials 

currently under development mean that the next logical step is to model vibro stone column 

foundations using transparent columns as well as transparent clay. Investigations of this type 

using multiple lasers could significantly enhance the technique. For example, it may allow the 

modelling of four or five column pad footings whereby a visualisation plane (possibly diagonal) 

on the mid column plane would generate critical displacement and shear strain, impossible to 

generate using opaque columns. Whether, by using opaque or transparent columns, vibro pad 

foundations are worth investigating in relation to geometrical design parameters using the 

transparent soil technique in conjunction with PIV. Some of the more complex group 

configurations sometimes used in practice such as a double row strip foundation could also be 

valuable.  

In the present tests, a replacement installation technique with stress controlled compaction has 

been used. Displacement installation would clearly produce a very different stress state. 

Installation effects for vibro stone columns in the field were discussed in considerable depth in 

the literature review. Although there can be no doubt that these will impact on foundation 

behaviour and performance, it was not practical to replicate the vibro installation process in this 

research due to the nature of the transparent soil. Further development of the material, whereby 

suction effects are less prevalent or else use of an alternative transparent soil to model sand, or 

possibly a combination of the two, would be necessary if the vibro installation technique is to 

replicated in transparent soil modelling. The vibro replacement technique has already been 
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replicated by Webber (2008) who constructed model stone columns at various grid sizes in 

flight under 50 times gravity in drum centrifuge tests at Zurich, before they were loading by an 

embankment constructed in stages. They also investigated smear and disturbance effects during 

installation by examining changes in the micro structure of the clay material the in reconstituted 

and reconsolidated silty clay. A similar investigation using smaller column groups and rigid 

foundation loading, as opposed flexible embankment loading, would follow this investigation 

well. Although it may not have the visualisation benefits of this work, the influence of 

installation effects, critical geometrical design parameters on foundation performance could be 

examined as well as possibly most critical factor, gravity, which has been referred to throughout 

this thesis as its most important limitation.  

In relation to the material, the author accepts that findings of this investigation only relate to a 

specific combination of soil and column properties. While the future parametric studies 

recommended in this section would require consistent material properties between tests, another 

test programme whereby geometrical parameters are fixed and material properties varied would 

be beneficial as the effect of column density, soil strength, soil consolidation properties as well 

as installation technique could be investigated. The author believes that the failure mode of a 

stone column is very sensitive to material properties and the investigator may observe 

significant variation in deformation behaviour and performance with the aforementioned 

parameters. 
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